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SieHïnaenn behorende bij hel proefschrift: 

Thyroi dd problem s in pediatri e oncolog y 
damage ,, preventio n and consequence s 

1.. Ter bescherming van de schildklier tijdens behandeling met 131I-MIB G is de 

combinatiee van thyroxine, strumazol en kaliumjodide effectiever dan alleen 

kaliumjodidee (ditproefschrift). 

2.2. De diagnose schildkliercarcinoom bij kinderen heeft, ondanks de goede overleving, 

langdurigee nadelige gevolgen voor de patiënt (ditproefschrift). 

3.. Het verlagen van de plasma TSH concentratie tijdens bestraling leidt niet tot 

minderr schade van de schildklier (ditproefschrift). 

4.. Behandeling van maligniteiten bij kinderen met chemotherapie is, in aanvulling 

opp de schade die al is veroorzaakt door bestraling, niet nadelig voor de schild-

klierfunctiee op lange termijn (ditproefschrift). 

5.. Zelfs personen met een preventief behandelbare aandoening zijn niet altijd gebaat 

mett voorkennis over hun genetische afwijking (ditproefschrift). 

6.. Elk kind met een oncologische aandoening verdient een endocriene evaluatie direct 

voorr en na de behandeling en langdurig tijdens de follow-up. 

7.. Als een schildklier niet beschermd kan worden tegen het ontwikkelen van een 

schildkliercarcinoomm door bestraling, verdient het de overweging om hem direct 

tee verwijderen (naar T. Vu/sma, 2004). 



8.. Ter verkrijging van de "Best Available Evidence" bij ziektebeelden met kleine 

aantallenn patiënten, zoals neuroblastoom stadium IV, kan het nodig zijn om te 

werkenn met een cohort studie in plaats van de in algemene zin te verkiezen 

randomizedd controlled trial (RCT). 

9.. Onderzoek met minimaal risico voor de patiënt zou zonder "informed consent" 

gedaann moeten kunnen worden om selectie bias te voorkomen fcie: ]V Tu et ai, 

NEJMNEJM April'7 2004). 

10.. Het verlies van een dierbare is nergens goed voor. 

11.. Toetsen van kennis spoort het verwerven ervan aan: pleidooi voor een prominente 

roll  van examinering in het curriculum van co-assistenten en assistenten in opleiding 

tott specialist. 

12.. Hoop doet leven, maar valse beloftes zijn dodelijk; om deze reden moet het OM 

kwakzalverss veel vaker vervolgen (%ie H. Kingma , Volkskrant 21 februari 2004). 

13.. Zeker voor chronisch zieke kinderen kan de omgang met paarden bijdragen aan 

eenn gezonde ontwikkeling. 

14.. Omnia Dolores Humanos Amicitiae Sanat (spreuk van de Griekse god Asklepios). 

HMM Merks-van Santen 

Januarii  2005 
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Elkk mens heeft een unieke zichtbare levensweg - ergens beginnend, ergens eindigend 

opp aarde. Wat daarvoor en daarna komt is onzichtbaar en onkenbaar voor velen; alsof 

verborgenn achter sluiers. De eigen unieke levensweg wordt gedurende langere of 

korteree periodes met anderen gedeeld; daarna scheiden de levenswegen zich weer. 

Somss roept de scheiding sterke emodes op, zoals verdriet. Bijvoorbeeld het overlijden 

vann een belangrijke persoon. Het afscheid is dan echter van het lichaam, niet van de 

ziell  van de ander. 

Dee opgedane ervaringen zijn onvernietigbaar en onvergetelijk. 

Marryy van Santen-Schroten, 2001 

Terr nagedachtenis aan mama 

Voorr papa 

Voorr Marieke 

Voorr Hans 
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Vj~enerall  Introduction: 

Thee thyroid gland, pediatric malignancies and 

thee effects on the thyroid gland during and 

afterr treatment for childhood cancer. 
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Preface e 
Thee prognosis for many childhood malignancies is improving. It has been estimated 

that,, at this moment, one out of every 750-800 young adults is a survivor of childhood 

cancerr ]. Consequently, (late) side effects of given treatments are becoming more 

apparentt and more relevant. One of the most common sequelae of cancer treatment 

iss damage to the endocrine system. The hormones produced by this system, especially 

thyroidd hormone, are of major importance for optimal growth and development into 

adolescence. . 

Thee observed endocrine disruptions may be the result of several factors, related to 

thee tumor, the chemo- and/or the radiation therapy, which can all act additive or even 

synergistic.. For example, growth retardation in a child following cancer treatment may 

bee caused by radiation-damage to the long bones and the spine, pituitary dysfunction 

(GHH and/or TSH deficiency) due to craniospinal irradiation, and low levels of IGF-

11 or TSH due to a bad nutritional state or the administration of cytotoxic drugs. For 

thiss reason, it is important to be aware of the whole spectrum of endocrine effects 

thatt may be seen after cancer treatment. 

Thyroidd (axis) damage due to cancer in childhood may occur after treatment for 

neuroblastomaa (NB), Hodgkin's disease, acute lymphoblastic leukemia (ALL) , 

rhabdomyosarcoma,, naso-pharynx carcinoma and brain tumors. The tumor or the 

treatmentt may cause structural or functional damage to the hypothalamus, the pituitary 

glandd or the thyroid, the latter expressed as (subclinical) hypothyroidism or even 

hyperthyroidism.. Pituitary or hypothalamic thyroid axis dysfunction is mosdv expressed 

ass hypothyroidism. Structural abnormalities of the thyroid are often benign but thyroid 

cancerr is a frequently reported late effect of radiotherapy 

Inn this chapter, the field of pediatric endocrinology, with special attention to the thyroid-

pituitary-hypothalamicc axis, the field of pediatric oncology, with special attention to 

neuroblastomaa and thyroid tumors and finally the consequences of treatment for 

childhoodd cancer on the endocrine system arc discussed, resulting in the outline of 

thiss thesis. 



1.11 The thyroid system 
1.1.a.. Endocrine glands 

Thee endocrine glands involved in this thesis are the hypothalamus, the pituitary gland 

andd their peripheral target organs. The hypothalamus is a vital link between the various 

regionss in the brain and the six main anterior pituitary hormones 2. Most hormones 

aree stimulated through their own "axis", which have a "negative feedback mechanism", 

meaningg that high concentrations of the end products negatively influence the 

concentrationn of the hormones secreted bv the pituitary and hypothalamus. 

Thee thyrotropic axis exists of thvrotropin-releasing hormone (TRH), released by the 

hypothalamus,, which stimulates the pituitary gland to secrete thyroid stimulating 

hormonee (TSH, also called thyrotropin), to stimulate the thyroid gland in producing 

andd secreting the thyroid hormones thyroxine (TJ and in minor amounts tri-

iodothyroninee (T^). 

Thee corticotropic axis consists of corticotropin-releasing hormone (CRH) produced 

byy the hypothalamus, followed by adrenocorticotropic hormone (ACTH, also called 

corticotropin)) produced by the pituitary gland and subsequently the gluco- and 

mineralo-- corticoids and androgens by the adrenal cortex. The posterior pituitary 

hormonee vasopressin may also stimulate ACTH secretion. 

Thee gonadotropic axis produces testosterone (males) or estrogens and progesterone 

(females)) from the gonads after stimulation by luteinising hormone (LH, also called 

lutropinn ) and follicle stimulating hormone (FSH, also called follitropin) from the 

pituitaryy gland and gonadotropin-relcasing hormone (GnRH) from the hypothalamus. 

Thee somatotropic axis produces several growth factors. The main circulating growth 

factorr is insulin-like growth factor 1 (1GF-1), mainly secreted by the liver after sdmulation 

byy growth hormone (GH, also called somatotropin) produced by the pituitary gland and 

growthh hormone-releasing hormone (GHRH) from the hypothalamus. The production 

off  Gl 1 is inhibited by the hypothalamic hormone somatostatin. 

11 .astly, the lactotropic cells in the anterior pituitary gland produce prolactin (PRL) that 

elicitss lactation. Its production is controlled by dopamine and TRH secreted by the 

hypothalamus. . 

Thee posterior pituitary gland secretes two hormones, vasopressin (anti-diuretic 

hormone,, ADH) and oxytocin, which are synthesized in the hypothalamus and 
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subsequentlyy stored in the pituitary. ADH is responsible for maintaining a normal plasma 

osmolalityy and oxytocin is required during labor (uterus contractions) and lactation 2 . 

Thiss thesis is targeted to the thyroid axis. 

1.1.b.. The thyroid gland & thyroid hormone 
Thee thyroid gland 

Off  the peripheral endocrine end-organs, as described above, the thyroid gland is one of 

thee major endocrine glands in humans. The normal mature human thyroid exists of two 

lobess at both sides of the trachea, joined by the isthmus. Its name is derived from the 

Greekk word for "shield gland" due to its topographic relationship to the larvngeal thyroid 

cartilagee that resembles a Greek shield. The size of the thyroid, with a mass of about 10-

200 grams in adults, depends on the quantity of dietary iodine \ 

Inn the thyroid, two specific cell types are present; the thyrocytes (follicular cells) and the 

C-cellss (calcitonin-producing or parafollicular cells). The thyroid cells aggregate into 

follicless forming the basic structure of the thyroid, which is unique for endocrine organs. 

Thee follicles vary in size and contain proteins produced by the follicular cells. The shape 

off  the follicular cells depends on the activated state of the cells, which is usually cubical 

too columnar. The cells are polarized with the apical membrane directed towards the 

follicularr lumen. Iodide, taken up by the basolateral cell membrane, is transported through 

thee cell and the apical cell membrane into the follicular lumen, w7here the organification 

off  iodine and thyroid hormone production takes place. The lumen mainly contains the 

glycoproteinn thyroglobulin (Tg), which has an essential role in the production of thyroid 

hormonee and is an important reservoir for thyroid hormone and iodine. 

Thee C-cells arc situated either within the follicular wall immediately beneath the basal 

membranee or between follicular cells or they may form small groups of cells between 

thee thyroid follicles. The C-cells derive from the neural crest; primordial cells migrate 

ventrallyy and become incorporated within the last (ultimobranchial) pharyngeal pouch4. 

Theyy move with the ultimo-branchial body to the point of fusion with the midline 

primordiumm that gives rise to the thyroid gland. The ultimobranchial body fuses with 

andd is incorporated into the thyroid gland, and C-cclls subsequently are distributed 

throughoutt the gland. The distinctive feature of C-cells, compared with thyroid follicular 

cells,, is the production of calcitonin 4. Calcitonin is secreted continuously under 



conditionss of normocalcemia, but increases in response to an increase of the plasma 

calciumm concentration. 

Thyroidd h o r m o ne 

Thvroidd hormone, T and T,, is essential for a large number of processes and functions 

inn almost all tissues of the body. It is produced exclusively by the thyroid gland and is 

neededd for growth and development and the metabolism of the cells \ Antenatal and in 

thee first few years of lif e it is essential for the development of the brain 6. The distinct 

featuress of a lack of thyroid hormone arc best seen in people living in iodine-deficient 

regions,, where severe iodine deficiency results in so-called endemic cretinism . The 

grosss metabolic effects of a deficiency in thvroid hormone include reduction in oxygen 

consumptionn and changes in protein, carbohydrate, lipid, electrolyte, vitamin and 

hormonee metabolism H. 

Forr the production of thvroid hormone, iodine is necessary. The amount of required 

iodinee for an adequate thyroid function depends on body mass and the relative need: 

forr neonates the recommended daily iodine intake is 50 (Ag/day and for adults this is 

150[ag/day9. . 

Iodidee is actively transported from the blood into the thyrocyte by the sodium iodide 

symporterr (NIS), an integral plasma membrane glycoprotein in the basolateral cell 

membranee of the thyrocyte. The transport of iodide by NIS depends on the presence 

off  a sodium gradient across the basal membrane of the thyroid cell; the downhill transport 

off  2 Na~ ions results in the entry of one iodide ion against the electrochemical gradient. 

Thee synthesis ot thyroid hormone can be divided into several steps (figure 1): 

Afterr uptake by NIS, I is translocated across the apical membrane towards the follicular 

lumen,, mediated by pendrin and the apical I transporter in. At the apical membrane 

outsidee the cell, 1 is oxidized by H.,0,, catalyzed bv thvroperoxidase (TPO), in P, 

boundd as hvpo-ioditc in TPO. Hypo-iodite reacts with tyrosine residues in Tg resulting 

inn mono-iodotvrosinc (MIT) and di-iodotvrosinc (D1T) residues. T PO also catalyses 

thee coupling of iodotvrosine residues in the Tg-molecule. Two DIT-residues form T4, 

whichh is the main reaction' ', and a D I T with a MI T form T v In this way, Tg contains 

MIT ,, DIT, T, and some T, residues in the peptide chains. After stimulation bv TSH, 

Tgg is endoevtosed from the follicular lumen into the thvrocvte. The Tg-consisting 
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Figur ee 1. Th e biosynthesis of thyroi d hormone (adapted from Physiol. Rev. 80: 1083-1105, 2000, with 
permission).. Schematic reprcscniauon of ihe biosynthctic pathway of thyroid hormones T, anil T, in the 
thyroidd follicular cell.Circle, active accumulation of I , mediated by the N a + /I symporter (NIS); triangle, 
Na+-K+-ATPase;; square, thyrotropin (TSI I) receptor; diamond, adenylate cyclase; ellipse, G protein; cylinder, 
11 efflux toward the follicular lumen; TPO, thyroid peroxidase (TPO)-catalyzed organification of 1 ; arrows, 
endocytosiss of iodinated thyroglobulin (Tg), followed by phagolysosome hydrolysis of endocytosed iodinated 
Tgg and secretion of both thyroid hormones. 

endosomess fuse with lvsosomcs to phagolysosomes. In the phagolysosomes Tg is 

brokenn clown to amino acids, including T T,, MI T and D I T Also, T is partially 

deiodinatedd to T. in the thyroid gland, due to the presence of deiodinasc 1 and II in 

thee thyroid 12. T4 and T, are subsequently secreted into the circulation. The larger part 

off  MI T and D I T is deiodinated and part of the I is re-utilized for Tg iodination. 

Afterr secretion into the blood, almost all of T, and most of T, bind reversibly to three 

transportingg proteins: thvroxinc-binding globulin (TBG), transthyretin (TTR) and 

albumin,, oi which normally the largest part binds to TBG. The function of the carrier 

proteinss is most likely maintenance of a large extra thyroidal pool of thyroid hormone, 

off  which only a small fraction or free hormone is immediately available to tissues. 

Normally,, around 0.03 % total plasma T4, and 0.3 % of the total serum T, arc present 

inn tree or unbound form (free T and free T,). 

NISS not only mediates active iodide transport into the thyroid gland, but its expression 

hass also been detected in manv other tissues such as the salivary glands, the gastric 
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mucosa,, the placenta and in the lactating mammary gland, with the difference that 

thesee tissues can not organifv accumulated I and that TSH exerts no regulatory 

influencee on its accumulation '". Iodide is further detected in ovaries and small amounts 

aree detected in sweat and expiratory air t3. About 2/3 of the daily dietary iodine is 

excretedd through the kidneys. Also 10-20 micrograms of I is lost via the faeces in the 

formm of iodotyrosines. 

Nextt to iodide, NIS transports several related monovalent anions, which arc: TcO, , 

C1033 , Re04 , SCN , BF4 , NO^ , Br and CI . It was long believed that perchlorate 

(CLOO ) was also transported via NIS, however, this has never been proven and controversy 

onn the subject still exists (electrophysiological methods versus tracer uptake experiments)'' ! 4. 

Iodidee uptake by NIS is inhibited by the different anions in order of affinity: perchlorate 

(CL044 )> perrhenate (ReC>4~)>I > fhiocyanate (SCN )> chlorate (CKX, )> bromide 

(Brr )'4. As is seen, iodide is not the most highly selected anion. Even so, NIS can concentrate 

iodidee from the circulation even if the concentration is very low (10 "8to 10 "M) . CIO is 

aa 10-100 times more potent inhibitor than SCN Hl, and its inhibition of NIS is also 

usedused in the perchlorate-discharge test to demonstrate iodide organification defects in 

thee thyroid ^ Next to these anions and TSH, also certain cytokines (which may also inhibit 

Tgg synthesis) and Tg suppress NIS activity (in vitro and in vivo) w. 

l.l.c.. The regulation of the thyroid: TSH, iodine and the 
Wolff-Chaikofff  effect 

Thee production of thyroid hormone is regulated by two major factors: 

thee hypothalamic-pituitarv-thyroid axis 

thee circulating iodine content 

Thee hypothalamic-pituitary-thvroid axis 

Ass shortly described above, the production of thyroid hormone is regulated by the 

hvpothalamic-pituitary—thyroid-axis,, in which at least four steps can be distinguished: 

1.. The hypothalamus produces thyrotropin-releasing hormone (TRH) 

2.. TRH stimulates the adeno-pituitarv to produce thyroid stimulating hormone (TSH) 

3.. TSH stimulates the thyroid to produce T and T^ 

4.. T4 and T, inhibit the secretion of both TRH and TSH. 
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Additionally,, TSH secretion might be fine regulated bv a short loop feedback at the pituitary 

levell  through the TSH-receptor in the plasma membrane of the thyrotropic cells . 

TSHH has the most important external control on thyroid function. It acts through 

cyclicc AM P and phospholipase C. TSH stimulates expression of the NTS gene, which 

increasess the uptake of iodide into the cell ' . Furthermore, TSH stimulates iodide 

organification,, thyroid hormone formation, Tg endocvtosis, proteolysis and the release 

off  thyroid hormones . Next to these metabolic effects, TSH stimulates thyroid cell 

proliferationn (a.o. by modulation of the cAMP cascade) and increases the blood supply 

off  the thyroid gland. 

Hypothalamus s 

Thyroid d 
gland d 

F iguree 2 .The hypothalamus-p i tu i tary- thyro id axis 

(adaptedd trom Surks, N Engl J Med. 1995) 

Iodine e 

Too protect against the development of hyperthyroidism during exposure to an excess 

off  iodine, by an overproduction of thyroid hormone, the thyroid gland has an intrinsic 

autorcgulatoryy mechanism which responds to the intra-thyroidal concentration of 

iodinee and is independent of" TS11. In contrast, in case of iodine deficiency, the thyroid 

hass several mechanisms to increase its efficiency of thyroid hormone production to 

preventt the development of hypothyroidism. 
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ExcessExcess iodine 

Thee thyroid reacts to an excessive amount of iodine bv the following ways: 

-- an acute inhibition of the vascularization (this phenomenon called "plummeting 

off  the thyroid" is also used to reduce the size of the thyroid preceding surgery ' ). 

-- an acute extra release of T. (and T,) 

-- a decrease in the response to TSH 

-- an inhibition of H , 0, production and inhibition of T PO resulting in a block of 

iodidee organification l8,19. This phenomenon is also known as the Wblff-Chaikoff 

effect,, named after two of the scientists by whom it was first reported in 1948 2". 

Thiss phenomenon is thought to go together with the formation of an organic 

iodocompoundd (XI , iodolacton or alpha-iodohexadecanal) 2!. The exact metabolic 

basiss for the Wblff-Chaikoff effect has still not yet been elucidated1" . It has been 

demonstratedd that the acute inhibition ot the iodide organification due to iodine 

excesss can be suppressed by the administration of anti-thyroid drugs, indicating 

thatt the formation of compounds that arc responsible for this effect (XI or 

iodolacton)) both require prior oxidation of iodide to a reactive form ~. 

Figur ee 3. Effects of iodide on thyroi d 
metabolism,, (from The Thyroid and iis Diseases, 
chapierr 1, www, thyroid man ager.org. with 
permission).. The various steps inhibited by I 
(indicatedd by / ./). Three possible mechanisms are 
outlined,, the generation of 02 radicals, the 
synthesiss of a XI compound, and the iodinadon 
off  target proteins. 

Iodinee excess has several more effects on the thyroid gland, either directly or indirectly 

throughh compound XI , as shown in figure 3. This comprises inhibition of TSH signal 

transductionn via cAMP or DAG pathways, the glucose transport and oxidation, lactate 

production,, calcium efflux, and blocks endoevtosis 22. 

http://ager.org


Onee of the steps that is inhibited by XI is uptake of iodide into the cell. By this 

mechanism,, the thyroid can escape or adapt to the VXblff-Chaikoff effect. The decreased 

influxx of iodide is caused by a decrease of NIS mRNA. After lowering of the 

intrathyroidall  concentration of iodide, subsequently also the production of XI or 

iodolactonn is ceased, and the thyroid hormone production wil l be restarted 23^4. This 

autoregulation,, which lasts for 26 to 50 hours, has been named the escape-mechanism. 

Inn this way, through the combination of the Wolff-Chaikoff effect (block in iodide 

organification)) and its escape mechanism (decrease of NIS activity), euthyroidism is 

restoredd while exposed to prolonged iodine excess. 

Despitee this auto regulatory system, iodine excess mav result in hypothyroidism or 

hyperthyroidism.. In individuals that lack the escape-mechanism or that have an inefficient 

escape-mechanism,, iodine excess wil l lead to the development of hypothyroidism due 

too a continuous blockade of the organification. This has been described in individuals 

withh hypothyroidism and seaweed goiters —. Also, iodine induced hypothyroidism can 

oftenn be observed in fetuses and (preterm) neonates, because the escape mechanism of 

thee Wolff-Chaikoff effect develops in the last 4 weeks of pregnancy '\ In the elderly, 

hypothyroidismm and goiter are frequent during exposure to excess iodine, probably due 

too a higher incidence of auto-immune thyroiditis and/or defective organification. 

Furthermore,, iodine excess causes hypothyroidism in a part of the patients with underlying 

thyroidd diseases, such as Hashimoto's thyroiditis, post-partum thyroiditis, Graves' 

hyperthyroidismm or after partial thyroidectomy ''. 

Iodinee induced hyperthyroidism Qod-Basedow disease) was first described after the 

administrationn of dried seaweed in an iodine deficient region in France. This is most 

probablyy caused by an excessive production and release of thyroid hormone by pre-

existingg autonomous nodules. In iodine sufficient regions, iodine induced hyperthyroidism 

iss very rare, but it may be seen in elderly and patients with non-toxic goiter 9. 

Alsoo medication containing iodine can cause hypo-or hyperthyroidism partially by the 

samee mechanisms, and are described in section 1.3.b and in table 1. 

IodineIodine deficiency 

Inn case of iodine deficiency, the thyroid increases the efficiency of thyroid hormone 

production,, mostly mediated bv increased TSH levels, in the following wavs: 



thee iodide uptake is increased by activation of NIS; in iodine sufficient or repleted 

countriess the iodide uptake may be 10-30 % in 24-48 hours, in iodine deficient 

countriess this can be increased up to 80% in a few hours. 

thee thyroid shifts its production towards T, at the expense of T , due to increased 

thyroidall  expression of both D l and D2, and thus increased intrathyroidal T to 

T,, conversion . Also the amount of available D I T may be lower. 

thee iodine turnover is more rapid, littl e Tg is stored in the follicular lumen and thus 

iodinee is not "wasted" in storage. 

too conserve iodine, it is recycled within the thyroid gland. 

itss vascularization is increased, independent of plasma TSH ~6. 

thee thyroid mass is increased, which is presumably effective for producing more 

thyroidd hormone a.o. by competi t ion with the renal clearance. Cont inuous 

stimulationn by TSI I, however, may, in time, lead to a more heterogeneous thyroid 

withh nodules and less productive action16. 

1.1.d.. Iodothyronine deiodinases 

Inn normal thvroid glands, mainly T and a small amount of T^ are produced " . T functions 

primarilyy as prohormone and is converted to T, by iodothyronine deiodinase 2s. T, has the 

mostt metabolic effects, due to its strong affinity for the nuclear receptor - . The conversion 

too T, occurs by enzvmatic outer ring deiodination ot T . Inner ring deiodination of T 

resultss in the metabolite reverse T, (rT^). Normally about one-third of T is converted 

Typee 2: 5-deiodinari 

Dll  & D 3 

Figuree 4. Deiodination of T4 through T3 to T, 
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too T, and about one-third to rT,. T, and rT, are both further metabolized, mainly to the 

metabolitee 3,3'-T, ^ (figure 4). 

Thee 3 enzymes catalyzing these deiodinations are type I (Dl) , type II (D2) and type II I 

(D3)) iodothyroninc deiodinases. Expression of D l and D3 is under positive control 

andd that of D2 is under negative control by thyroid hormones. This implies that the 

contributionn of D l and D2 to the peripheral T, production is dependent on the thyroid 

state,, with D l prevailing in the hyperthyroid and D2 in the hypothyroid state 2-\ 

Thee clinical importance of the deiodinases in the regulation of thyroid hormone 

bioactivityy is noticed for example during conditions such as non-thyroidal illness and 

malnutrition.. In non-thyroidal illness (NT1) a decreased concentration of plasma T, is 

foundd with an increase in plasma r T y Plasma FT4 remains usually within normal limits. 

Thee changes in plasma T, and rT, can be explained by a diminished conversion of T4 to 

T ,, and of rT, to 3,3-T2 by D l in the liver, which has recently been explained by a 

decreasedd D l expression in the liver 28. A diminished activity of transporters mediating 

uptakee of T, and rT, in the liver appears to be another important mechanism ":,'~9. In 

patientss with large hemangioma's, subclinical or even overt hypothyroidism may be 

present,, of which it has been demonstrated to be induced by the expression of high 

D33 activity ("consumptive hypothyroidism")3l '. Furthermore, several drugs can inhibit 

thee peripheral production of Ty Examples are dexamethasone, propranolol, and 

iodinatedd compounds such as the anti-arrhythmic drug amiodarone. 

l.l.e.. Pediatric thyroid disorders 

Thyroidd disorders during childhood can be divided into congenital and acquired 

diseases. . 

Congenitall  thyroid diseases 

Congenitall  hypothyroidism (CH) can be the consequence of iodine deficiency, thyroid 

dysgenesiss (around 70 % or cases in iodine sufficient areas), inborn errors of thyroid 

hormonogenesiss (15 % of cases) or due to pituitary or hypothalamic disorders (15%) 

311 *32. It occurs frequently in children with Down syndrome 3-\ Recently, a cohort of 

newbornss with central CH has been described who appeared to be born from mothers 

withh undetected Graves' disease 34. 
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Becausee thyroid hormone can be transferred over the placenta until the term date, the 

newbornn with CM is often phenotypically normal  3\ Because low thyroid hormone 

concentrationss early in infancy can result in mental and motor retardation and the 

recognitionn of CH is clinically difficult, a neonatal screening has been introduced ",'3f\ 

InIn the Netherlands, screening is based on the determination of plasma T with additional 

determinationn of TSH in the 20% samples with the lowest T4 concentrations (T, <. -

0.88 SD). In the T4 values of < -1.6 SD also the T4/TBG ratio is measured to exclude 

lowT44 due toTBG deficiency v . The occurrence of CH is about 1:3100 newborns 3K. 

Congenitall  hyperthyroidism is mostly the result from transplacental passage of maternal 

TSHH receptor stimulating antibodies and is almost always transient 3I. Permanent 

congenitall  hyperthyroidism is very rare. One case has been described in which a germline 

mutationn resulted in TSH receptor activation V). 

Acquiredd thyroid diseases 

Acquiredd thyroid diseases can be divided into hypothyroidism, hyperthyroidism, 

nodules,, goiter and thyroid carcinoma. 

Acquiredd hypothyroidism can be of thyroidal or central (pituitary or hypothalamic 

dysfunction)) origin. Causes for acquired thyroidal hypothyroidism can be auto-

immunity,, iodine deficiency, drugs, radiation and surgery M. Auto-immune thyroid 

disorderss can be the result from Morbus Hashimoto, it can be found in relation with 

Diabetess Mcllitus (DM), as part of the autoimmune polyglandular syndrome or it can 

bee associated with chromosomal abnormalities such as Down, Turner or Klinefelter 

syndrome.. The effects of drugs, radiation and surgery on the thyroid are discussed 

laterr in this introduction (sections 1.3, 1.4 and 1.5). 

Acquiredd damage to the pituitary or hypothalamus can be the result of tumors 

(particularlyy craniopharyngioma, glioma and Langerhans' cell histiocytosis (LCH)), 

granulomatouss disease, cranial irradiation, infection (meningitis), surgery or trauma. 

Usuallyy the synthesis of other tropic hormones are also affected, particularly growth 

hormonee 1!. 

Thee consequences and clinical signs of hypothyroidism include mental and motor 

retardationn in the very young, lethargy, cold intolerance, constipation, dry skin and/or 

hairr texture, periorbital edema, growth retardation, goiter and delayed or even 
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precociouss puberty. Other metabolic consequences are secondary dyslipidemia (a.o. 

increasedd total cholesterol, VLDL and LDLdue to a reduced number of LDL receptors 

inn the liver and decreased biliary excretion of cholesterol) and an elevated plasma 

phosphatee concentration 4li. 

Laboratoryy evaluation is done by measuring TSH in combination with free T4 (FT^. 

Thyroidall  hypothyroidism is diagnosed when FT4 levels are low in combination with 

ann increased level of TSH. In case of central hypothyroidism, the concentration of 

TSHH remains tow to normal despite low circulating levels of FT4. Additional diagnostic 

informationn can be obtained bv measuring anti-peroxidase antibodies (anti-TPO), T4, 

T vv rT^, TBG, Tg and by performing a TRH test (TRH 10 Jig/kg, with a maximum 

(adult)) dose of 200 |lg). In normal individuals the peak TSH secretion is found after 

15-300 minutes, with a return to normal values after 3 hours. In hypothalamic 

hypothyroidismm a delayed peak is found after 60-90 minutes, without a return to the 

baselinee value. In pituitary hypopituitarism, there is (almost) no TSH response 31. 

Treatmentt for hypothyroidism consists of the supplementation of T with adequate 

monitoringg of plasma TSH and FT,, growth and pubertal development. 

Thee combination of a TSH elevation (TE) with serum FT and T levels within the 

normall  range is called compensated or subclinical hypothyroidism. Subclinical 

hypothyroidismm is relatively common in adults (approximately 6 % in the general 

population,, more in females than in males 4'), but the clinical consequence of this 

findingg is still an issue of debate. Because the T4 set-point is different between persons, 

aa plasma FT level within the normal range may be too low for the individual patient 

causingg TSH to rise. The risk of progression into overt hypothyroidism enhances 

withh increasing TSH levels and with circulating auto-antibodics4,'4% and approximately 

2-15%% per year will progress into overt hypothyroidism41'43 . The occurrence of 

secondaryy dyslipidemia, cardiac dysfunction and arteriosclerosis has been suggested 

butt up to now it has not been demonstrated in patients with subclinical hypothyroidism 
4(l,4\\ In children, subclinical hypothyroidism can be associated with auto - im muni tv 

(forr instance in Down syndrome 44 or DM  4;1), is seen after exposure to radiation 46'4 

andd iodine deficiency 4H . In children with DM, an association with symptomatic 

hypoglycemiaa has been made 4\ 



InIn general, the strength of evidence for treatment of subclinical hypothyroidism in 

childrenn is not strong. Treatment, to prevent progression into overt hypothyroidism 

andd dvslipidemia, is advised when TSH values are > 10 mL/L , or when circulating 

auto-antibodiess or dvslipidemia are present 4\ In prc-pubertal children with DM, T4 

supplementationn for subclinical hypothyroidism resulted in significant improvement in 

growthh velocity 4'\ 

Afterr exposure to radiation, it has been suggested that a prolonged TSH elevation is 

nott preferable and, theoretically, the risk to develop thyroid carcinoma is diminished 

byy keeping the stimulation by TSH weak 4 . For this reason, it is suggested to keep the 

levell  of TSH in these children within normal values (0.4-4 mU/L), however there is 

noo long term evidence to support this (discussed in chapter 11 and 12). 

Acquiredd hyperthyroidism is most frequently caused by Graves*  disease, an auto-immune 

disorder.. Other rare causes are autonomous functioning adenoma, a constitutive 

activationn of the TSH receptor or as part of the McCune-Albright syndrome. Central 

hyperthyroidismm can be the result of a TSH-secreting pituitary adenoma or a selective 

pituitaryy resistance to thyroid hormone. Treatment can be medical, surgical or with 

radiationn (external or radio-iodide) 31 :>l,. 

Goiterr is caused by the generation of new thyrocytes and follicles, caused by stimulation 

off  TSH, growth-stimulating immunoglobulins, Insuline like growth factor 1 (IGF-1) 

andd epidermal growth factor (EGF). Worldwide, the main cause in children is iodine 

deficiency.. Furthermore, it can be caused by auto-immunity or it can be a 'simple' 

non-toxicc or colloid goiter -11. Goiter can be associated writh euthyroidism, 

hypothyroidismm and hyperthyroidism. Some colloid goiters regress spontaneously, 

otherss undergo periods of growth and regression, resulting ultimately in the large 

nodularr thyroid glands (multinodular goiter) later in life. 

Thyroidd nodules (a lump in the thyroid, or "an area with a different texture than the 

normall  parenchyma" M) are not frequently seen in the first 2 decades of life, but when 

theyy are found, in children they are more likely to be carcinomatous than in adults ",2. 

Thee occurrence of nodules mav be present in 2,0-5.6 % (the latter in borderlinee iodine 

sufficientt areas) in healthy children ?-°4. In a survey performed in 1995 and 1996 in 

thee Netherlands, the reported incidence of nodules in 937 healthy schoolchildren was 
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foundd to be 1.2 % ^. This study was performed in 1995-1996, and it must be remarked 

thatt in the past 10 years the sensitivity of ultrasonography has improved and perhaps, 

now,, in 2004, nodules can be detected more sensitively than 10 years ago. 

Impalpablee thyroid nodules that are found by ultrasound imaging by chance, have 

beenn called thyroid incidentiloma. The clinical significance of thyroid nodules and 

incidentalomaa is debatable; in a cohort of 267 adult patients (mean age 51 years, 

rangee 26-75), 317 incidentally found nodules were aspirated of which 44 (13.9 %) 

provedd to be malignant :>(\ None of these patients had been irradiated. This 

demonstratess that malignancies may be present, but, considering the fact that the 

prognosiss of occult thyroid cancer is quite good, the impact remains debatable. In 

8,66 % of autopsy cases, latent carcinoma of the thyroid was found Sf', For children, 

ass their lifespan is longer, the clinical impact of thyroid incidentaloma may be 

different.. Factors which can be a risk factor to develop thyroid nodules include 

iodinee deficiency, irradiation and infection. The size, consistency and possible 

existencee of hypo- or hyperthyroidism should be investigated. 

Imagingg with ^Technetium pertechnetate (<->9mTc04 ), 123I~ or 13II~ can be done to 

judgee whether the nodules are hot (functioning) or cold (hypo/non-functioning). In 

presencee of an elevated TSH (which can be elevated due to the presence of thyroidal 

hypothyroidismm or which can be given iv as recombinant) imaging is most clear. 

Thee choice of the imaging agent depends on several factors. w T c O (t of 6 hours) 

iss taken up but not organificd and quickly disappears from the thvroid gland. It is 

cheapp and delivers only a small radiation dose to the thyroid gland. LMI has a longer t, 

(8.11 days),is mainly a p- and also ay-emitter. 12T has a short t,̂  (0.55 days), is expensive, 

butt is very well detected by y-cameras and delivers about 1 % of the radiation dose 

thatt is delivered by ,31I . For these reasons, 123I is the isotope of choice for uptake 

studiess in children. Benign nodules can be functioning or hypo-functioning , but 

malignantt nodules are almost never "hot" ^ . 

Finee needle aspiration cytology (FNAC) is the most useful and diagnostic procedure 

too obtain information on the nodular features. The presence of malignant cells is 

independentt of the size of the nodule ^. It has been shown that T, or iodide 

supplementationn can diminish the size of the nodule, most effectively in young 



patientss "lW>11. However, it is still debatable whether it is indicated to treat nodules :'8. 

Thyroidd nodules after irradiation are discussed in section 1.4 and chapters 3, 11 and 

12.. Thvroid carcinoma are discussed in section 1.2 and chapters 7 and 8. 

1.2:: Pediatric malignancies of special importance for this thesis 

General l 

Comparedd to cancer in adults, cancer in children is rare. In the Netherlands, in total 

aroundd 400 children to the age of 16 years are diagnosed with a malignancy every yearfhl. 

Inn the years 1989-1997, in the Netherlands, the groups of malignant diseases that 

weree diagnosed in children were leukemia (27.6 %), brain tumors (19.1 %), lymphoma 

(11.33 %), Wilms' tumor (6.7 %), neuroblastoma (5.1%), rhabdomyosarcoma (4.6%), 

otherr sarcoma's (3.9 %i), ret inoblastoma (3.6 %) osteosarcoma (2.4%) gonadal 

carcinomaa (2.2%), E wing sarcoma (1.6 %), thyroid carcinoma (1.2 %) and skin 

melanomaa (1%)61. 

Tumorr genesis in adults and children is different. In many neoplasms in adulthood, a 

multistepp process has been shown to take place during tumor development and 

p rogress ion,, of which the deve lopment of a d e n o m as of the co lon in to 

adenocarcinomass is one of the best examples r'". 

Becausee pediatric cancers arise early, its origin is dominated by genetic inheritance 

andd familial predisposition, more than environmental factors % In sporadic pediatric 

tumors,, only few or even single initiation events, such as specific translocations and 

subsequentt oncogene activation or deletions leading to loss ot tumor suppressor 

functionn are responsible for tumor development(}1. A special category is the secondary 

malignancyy in a childhood cancer survivor, which is often induced by ionizing 

radiationn (sec section 1.4). 

Thee prognosis for a child diagnosed with a malignant disease depends mainly on the 

tumor-typee and stage of disease. The overall 10-year survival for children with leukemia 

iss in the range of 80 %, but for neuroblastoma stage IV it is only 20-30 % 6'. In 

general,, the overall 10-vears survival for children with cancer in the Netherlands has 

improvedd over the years to an overall percentage of 70 %, thanks to new treatment 

strategiess and developments in scientific research. 



Duee to the fact that the numbers of long term survivors increase, the late effects of 

thee disease in relation to the given treatment are more profound and need serious 

interest.. This initiates the discussion of the ethical boundaries of treatment in relation 

too quality of life. Examples are adjustments of the standard prophylactic cranial 

irradiationn which is given to prevent central relapse of ALL in young children because 

off  its serious effects on the mental developmentf '4 and the awareness of clinical heart 

failuree due to treatment with anthracyclines 6:\ 

Inn this thesis, special attention will be paid to the endocrine effects of treatment for 

neuroblastoma,, differentiated thyroid carcinoma and medullary thyroid carcinoma. 

Forr this reason, these tumors will be described in more detail. 

1.2.a.. Neuroblastoma 

Neuroblastomaa (NB) is an embryonic tumor of the sympathetic nervous system, 

derivedd from the primitive neural crest. Of all childhood solid tumors, NB is known 

withh the broadest spectrum of clinical behavior. Some tumors (stage IVs) regress 

spontaneously,, some can be cured using chemotherapy and others arc resistant even 

too very intensive chemotherapy <>( '. 

NBB accounts for 5-10 % of all childhood cancers. Per 100.000 children under the age 

off  15 years, there are 1.3 new cases per year (r. The peak age of incidence is between 

00 and 4 years, with a median age of 23 months. Forty percent of children are under 

onee year of age at diagnosis ('('. 

Thee origin of NB is thought to be in the immature neuroblast cells, which arc primitive 

neurall  crest cells. The neural plate is formed in the ectodermal germ layer, in the 3rd 

weekk of gestation. After fusion of the neural ridges into the neural tube, the neural 

crestt is formed. The neural crest cells form the sympathetic peripheral neural system, 

thee facial skeleton, the thymus, the parathyroids, the enteric nervous system and the 

skinn melanocytes66. 

Thee mature sympathetic nervous system consists of a neuronal part and a hormonal 

part,, that both produce catecholamines, as neurotransmitter or as hormone. 

Inn the development of the neural crest, segmentation and migration are characteristic 



phenomena.. The primitive neural crest cells (neuroblasts) migrate to a position lateral 

too the neural tube, forming primitive ganglia on both sides of it. Eventually they form 

thee para-ganglia (ventral to the spine), visceral sympathetic ganglia (abdominal organs) 

andd the adrenal medulla. In all these localizations, X B can develop (figure 5). The 

moree differentiated sympathetic cells (ganglion cells) can not only give rise to the 

developmentt of XB, but also to ganglioneuroma. The differentiated hormone-

produc ingg cells (chromaffin cells) can also give rise to the deve lopment of 

pheochromoevtomaa . 

Histologically,, two cell tvpes can be distinguished in XB ; the ncuroblast/ganglion cell 

andd the Schwann cell. For undifferentiated XB , the presence of a small round blue 

celll  tumor is very typical. In the International Neuroblastoma Pathology Classification 

(IXPC),, 3 tvpes XB are distinguished: X B (undifferentiated, poorly differentiated or 

differentiating),, ganglioneuroblastoma (intermixed or nodular) and ganglioneuroma '. 

Thee clinical symptoms of XB can be caused by the primary tumor, the metastases, or 

cann be a paraneoplastic phenomenon. The primarv tumor can be localized at any site 

off  the normal sympathetic nervous system structures, e.g. adrenals, svmpathetic chain 
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orr the abdominal paraganglia, as shown in figure 5. About 25 % of the NB are found 

inn the neck and thorax, 70 % in the abdomen and 5 % in the pelvis b(\ Metastases 

occurr mostly in bone (presenting with a limp), bone marrow (presenting with anemia 

orr thrombocytopenia), lymph nodes (presenting with lymphadenopathy), or in the 

orbitaa (presenting with proptosis and peri-orbital ecchymoses). Paraneoplastic signs 

cann be an opsomyoclonus (A or a secretory diarrhea mediated by vasoactive intestinal 

polypeptidee (VIP). 

Thee diagnostic criteria have been defined by the International Neuroblastoma Staging 

Systemm (INSS) working party ft'\ Stages 1 and 2 are localized disease, stage 3 is 

unresectablee NB and stage 4 presents with any primary tumor with dissemination of 

disease.. A special stage is 4s, w-hich is only diagnosed in children before age 1. This 

stagee also shows a localized primary tumor with dissemination limited to the skin, 

liverr and/or bone marrow, but has an excellent prognosis and may even regress 

spontaneouslyy ('(\ 

Thee diagnosis is made by the finding of a solid tumor at physical examination suspect 

off  NB, and can be confirmed by raised excretion of catecholamines in the urine, 

elevatedd serum LDH and ferritin, bone marrow evaluation, a positive radio-MlBG 

scann and a tissue biopsy. Additional investigations can be done by CT, MRI, ultra-

soundd and 123I-Meta-iodobenzylguanidine (MIBG)-administration 66. 

Thee treatment is based on age, stage and N-Myc copy numbers. Localized tumors, at 

ann age of less than 2 years and no N-myc amplification do not need more than surgical 

resectionn or sometimes even less than that. All the other patients need intensive multi-

modalityy therapy. 

Differentt treatment protocols are currently being followed ()' '. One of the main 

differencesdifferences in treatment protocols for stage 3 unresectable and stage 4 tumors in 

childrenn older than 1 year is the possibility of treatment with ,31I-MIBG , which is 

givenn in several centers in the world. The goal of  131I-MIB G treatment before surgery 

iss to replace the pre-operative chemotherapeutic regimen, so that less toxicity is obtained 

beforee surgery and more room is left for cytotoxic treatment after surgery. This 

treatmentt has been given since 1989 in Emma Children's Hospital, AMC, as "upfront" 

therapy,, followed by chemotherapy, surgery and ABMT (further discussed in section 



1.44 and chapters 2, 3 and 4). Also, as adjuvant palliative therapy for recurrent NB, 1311-

M1BGG is given, resulting in temporary remissions and prolongation of life. 

Thee prognosis for children with NB depends amongst others on the stage of disease, 

age,, the presence of N-myc amplification and the loss of tumor-suppressor genes 

(chromosomee lp). The N-myc oncogene is present in 25-35% of NB, which results in 

aa strong ovcrexprcssion of N-myc mRNA and protein, causing a highly aggressive 

behaviorr and a bad prognosis 2. Chromosome 1 p loss is more frequently observed in 

stagee 3 and 4, and is correlated with increased plasma ferritin and LDH concentration. 

Inn general, the prognosis for stage 1 and 2 survival is very good (90 and 85 % 

respectively)) M'. 

Whenn N-myc amplification is present, however, only 50 % will survive. In stage 3, 

long-termm survival is reported around 65 %. For stage 4 patients, the prognosis is one 

off  the worst of all pediatric malignancies, with a 5-year survival rate of 25 %>. 

1.2.KK Thyroid carcinoma 

Thyroidd carcinoma in children is very rare, with an annual incidence of 0.02-3.0 per 

100.0UOO "\ In the Netherlands in the years 1989-1997 103 children < 19 years were 

diagnosedd with thyroid cancer 6I. Thyroid carcinoma is more frequent in girts than in 

boyss (3.2:1) 4. Histologically, four types of thyroid carcinoma can be distinguished: 

follicular,, papillary, medullary and anaplastic. 

Differentiatedd thyroid carcinoma 

Differentiatedd thyroid cancer (DTC) is mostly sporadic, although some familiar cases 

havee been described. Also, several syndromes are known with an increased incidence 

off  thyroid cancer, for example Gardner's syndrome (familial adenomatous polyposis 

coli)) and Cowden disease ^ . 

Inn children, of the differentiated carcinoma, the papillary carcinoma (PTC) or the follicular 

variantt of papillary carcinoma is the most dominant histologic type (69-94 %) "". This 

typee of adenocarcinoma typically shows tumor cells around a fibrovascular core and, 

nott infrequently, areas of follicular differentiation. The papillary lesions are often 

infiltrative,, and encapsulation is rare. Lymphocytic "reactions" and psammoma bodies, 

spirall  rings of calcification, are prominent. The cell nuclei have a ground-glass or 



Gt.'' nt'T a l I n t r ;H1ÜC t i(;-n 

"cat'ss eye" appearance and intracellular inclusions are common. Vascular invasion is 

rare.. Many tumors look much like follicular cancers, but have the characteristic nuclei 

off  papillary cancers. These constitute the "follicular variant" of papillarv cancer ~°. 

Overr the years, PTC has been associated with continuous elevated levels of TSH, 

previouss Hashimoto disease, exposure to ionizing irradiation and mutations in the 

RETT proto-oncogene K2. 

InIn children, exposure to irradiation is the only proven causal factor to promote the 

developmentt of differentiated thyroid carcinoma. Radiation-induced thyroid 

carcinomass arc discussed in section 1.4. 

Follicularr carcinoma (FTC) in children has been reported in the range of 0-30 % of 

alll  diagnosed thyroid tumors in the pediatric age group \ Follicular adenocarcinomas 

varyy from those with a definite follicular pattern to those with solid sheets of cells. 

Thee lesions are more frequently encapsulated, but capsular and blood vessel invasions 

aree typical, which can lead to spreading to lungs and bones. The nuclei are normo- or 

hyperchromated,, or may be quite vesicular 6. 

Thee classification of thyroid cancer, despite the use of standardized nomenclatures 

andd standard histological criteria, is difficult and inter-observer variation has been 

reportedd to be 7 % for PTC and 27 % for FTC 83. The anaplastic carcinoma is very 

raree in children and is associated with a bad prognosis. As these carcinomas wil! not 

bee dealt with in this thesis, this tvpe will not be discussed. 

Molecularr genetic studies have shown aberrant expressions of the RET proto-oncogene 

too be present in PTC. In the sporadic tumors that are RET/PTC negative, a high 

prevalencee of BRAFV3Wk mutations was found recently 84-8\ Also, an increased 

expressionn of active phosphorylated MAP kinase has been demonstrated in PTC], 

modulatingg cellular proliferation m. NTRK1 is another gene often activated in PTC. 

InIn adults, activation of RAS and GSP is frequent, mainly in FTC, but also in PTC. In 

children,, however, only a sporadic mutation of RAS has been described (after radiation-

exposure)) in FTC]  H , and these oncogenes do not appear to plav a role in the 

pathogenesiss of sporadic pediatric thvroid carcinoma HM. Mutations of p53 are most 

frequentlyy found in anaplastic carcinoma, but rarely in PTC and FTC, and are probablv 

importantt in the dedifferentiation process. 



Thee clinical features and outcome in pediatric populations arc comparable for FTC 

andd PTC types, although thev are distinct pathological entities 4. The presentation is 

inn 60-80 % a palpable mass in the thyroid region or lymphadcnopathy, and the disease 

iss often in a more adyanced stage when compared to adults ",'89. Lymph node metastases 

aree found in approximately 74% and lung metastases in 18 % 9". Bone and central 

nervouss manifestations are very rare. 

Duee to the fact that differentiated thyroid carcinoma in children is an uncommon 

malignancy,, the treatment strategy is still controversial regarding the optimal initial 

andd subsequent long term treatment and follow-up 4. For the majority of patients, 

totall  thyroidectomy with or without lymph node dissection is recommended. However, 

inn case of a unilateral tumor with no metastases, in some centers a hemithyroidectomy 

iss performed 89^1. Chemotherapy plays no role in the treatment ol these tumors. 

Adjuvantt therapy, is given with radio-iodide to ablate residual normal thyroid tissue 

afterr subtotal thyroidectomy or lobectomy and to treat functioning metastases 92. After 

ablationn therapy, plasma Tg levels can be used as tumor marker for monitoring tumor 

progressionn of recurrence. For follow-up of lowT-risk adult patients (no distant 

metastases,, stage T4-tumors, poorly differentiated histotypes or incomplete surgery), 

withh no evidence of disease up to a 12-month period, a recent protocol advises the 

usee of plasma Tg after recombinant TSH administration during follow-up and 

ultrasonographyy to detect neck recurrences, without additional diagnostic whole body 

scanningg q-\ For follow-up of high risk patients, special protocols should be followed. 

Thee prognosis of differentiated thyroid carcinoma is very favorable with extremely 

loww mortality- rates. The chance for survival after thyroid carcinoma for children and 

adolescentss is better than for adults, despite its more advanced presentation \ 

Recurrence,, however, is seen frequently and can become manifest decades atter the 

firstt diagnosis. Late effects of the tumor and treatment are discussed in chapter 7. 

Medullaryy thyroid carcinoma 

Medullaryy thyroid carcinoma (MTC) is a different type than differentiated carcinoma, 

whichh derives from the parafollicular, or C-cells, of the thyroid gland. It occurs 

sporadicallyy in about 70-80 % of cases and in 20-30 % it is a familiar tumor (as part of 

thee endocrine syndromes Multiple Hndocrinc Neoplasias (MEN) type 2A and 2B or 
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ass familial MTC not associated with MEN) l'4. The familial forms arc inherited as an 

autosomall  dominant trait. Distinct germ-line mutations in the RET proto-oncogene, 

mappedd in the pericentromeric region of chromosome 10, have been identified in 

patientss who are affected with familial MTC 9\ MTC is the first neoplastic manifestation 

inn most MEN2 kindred's due to its earlv and overall higher penetrance. MEN type 

2BB is the most aggressive and distinctive of the MEN2 variants, with MTC in 100 % 

andd pheochromocytoma in 50 % , but no parathyroid disease %. Also, these patients 

havee a decreased upper/lower body ratio, a marfanoid habitus, mucosal and intestinal 

ganglio-neuromatosiss r . In MEN 2A, MTC (90 to 100 %), pheochromocytoma (50 

%)) and parathyroid tumors (20-30 %) are founcl%,tr. Metastases of MTC may be in 

thee central and lateral, cervical and mediastinal lymph nodes or more distantly in 

lung,, liver, or bone. 

Ass MTC is not sensitive to chemotherapy or to radiotherapy, total removal by surgical 

resectionn is the only curative option. Calcitonin is the most specific circulating and 

immunohistochemicall  marker for MTC. If basal values or pentagastrin stimulated 

valuesvalues are elevated, surgery must be performed as soon as possible. 

Inn case of a known mutation of the MEN syndrome, the thyroid is removed 

prophylactically.. Due to the risk associated with delaying thyroidectomy, the morbidity 

off  early surgery is outweighed 9 '9*. In MEN 2B patients, thyroidectomy should be 

performedd before the age of 6 months to 1 year, in case of MEN2A prophylactic 

surgeryy is recommended before the age of 5 years 9 -w. However, MTC has also been 

foundd in MEN2A patients of only 1 year of age, indicating that MTC in MEN2A can 

alsoo be very aggressive. The policy regarding central lymph node dissection at initial 

thyroidectomyy is controversial  llin. After surgery, elevated or increasing values of CT 

aree generally the first sign of persistent or recurrent disease "".I n carriers of mutations 

inn RET, codon 634, nodal metastases have been demonstrated to occur after an average 

timetime of 6.6 years after malignant transformation 11)2. For this reason, it has been advised 

too follow the levels of CT for detection of recurrent MTC, basal and after calcium or 

calcium/pentagastrinn stimulation, after 2 and 5 years and at longer intervals if stimulated 

calcitoninn levels are unchanged " . Several studies have reported on the long-term outcome 

off  children after prophylactic thyroid surgery for MTC. It was seen that patients given a 



thyroidectomyy following genetic testing versus following diagnosis of MTC had a lower 

tumorr load l l l \ In 18 children followed for a mean period of 3 years after prophylactic 

thyroidectomy,, all stimulated calcitonin levels were nearly undetectable 1(l4. Of 207 patients 

withh a RET point mutation, 4 had elevated calcitonin levels on pentagastrin simulation 

afterr thyroidectomy, of which in 3 patients nodal metastases were found 1('2. 

Inn case of elevated calcitonin levels, subsequent localizing of the tumor can be done 

usingg CT-scanning, ultrasound, MRI and bone scintigraphy. More specific nuclear 

compoundss have been developed to trace MTC, such as 123I-MIBG, ^"Thallium-

chloridee , wTc-pentavalent-dimercapto-succinic acid, radio-labeled somatostatin 

analogues,, monoclonal antibodies directed against calcitonin (anti-CT) or carcino-

embryonicc antigen (anti-CEA), '"F-fluoro-D-deoxyglucosc-positron emission 

tomographyy (PHT) and somatostatin receptor scintigraphy with 'WmTc-EDDA/HYNiIC-

TOCC ]ll \ However, despite all these techniques, localizing the metastases can be extremely 

difficult.. External radiotherapy and chemotherapy can be given as palliation94. Radiation 

therapyy with radio-iodide is not indicated, as the C-cells do not trap iodide. Nuclear 

medicinee approaches that may be used for therapy (if the cells take up the compound) 

aree , i ! I-MlBG , M1In-pentetreotide and monoclonal antibodies against CEA coupled 

too IM I . The somatostatin analogs (octreodde, lanreotidc and interferon-Cl) have been 

administeredd therapeutically in advanced stages of MTC, and appears to have a 

symptom-relieff  effect and show low toxicity with a very good compliance 'w. Selective 

venouss catheterization to localize the tumor after pentagastrin stimulation by measuring 

CT2688 by multiple venous sampling can be done, with extensive surgical exploration 

off  the area in which elevated levels are found r'. As the gain-of-function mutation in 

thee RET-proto-oncogene leads to an increased activity of tyrosine kinase and cell 

growth,, the use of protein-tyrosine kinase inhibitors has been studied in vitro 

demonstratingg inhibition of cell growth and RET tyrosine kinase activity lllf>. Trials 

usingg genetic cytokine immunotherapy give promising results, but dose-dependency 

andd systemic toxicity are a problem in studies done both in animals and in man. lor 

thiss reason, effective gene therapy using recombinant adenovirus has been studied. In 

animall  and in vitro studies, it has shown to be effective with less toxicity1" . In humans, 

thiss has not been tested yet. 



Inn chapter 8, a case-report is presented of the difficulties that can be met, when no 

tumorr can be detected while the circulating levels of calcitonin are extremely high 

afterr early thyroid surgery in MEN-2A syndrome. 

1.2.c.. Endocrine effects caused by a pediatric malignancy 

Thee endocrine system may be distorted by a pediatric malignancy, dependent on the 

localizationn of the tumor. For example, the function of the hypothalamus and/or 

pituitaryy gland may be damaged in presence of a brain tumor, like medulloblastoma, 

craniopharyngioma,, prolactinoma, hamarthoma or astrocytoma, resulting in one or 

moree deficiencies or overproduction of the hypothalamic and/or pituitary hormones 
l l l s ll  l". In 43% of brain tumor patients, TSH abnormalities were found before starting 

treatmentt (irradiation) m . 

Tumorss can also be located in one of the peripheral endocrine organs, such as the 

thyroid,, testis, ovary, or the adrenal gland causing dysfunction of these organs resulting 

inn either hyper- or hypoactivity. However, the function can also be completely normal 

inn presence of a tumor. Furthermore, an endocrine disorder may be the presenting 

signn of a pediatric malignancy, as paraneoplastic sign, due to the production of 

hormone-agonists.. An example is the production of HCG causing precocious puberty 

inn children with a germ cell or choriocarcinoma. 

1.3:: Chemotherapy and endocrine effects 
1.3.a.. General 

Anticancerr drugs are of great importance for pediatric oncology and contribute to a 

markedd increase in the cure-rate. In chemotherapy, single drug procedures are used, 

butt most often drugs arc given in combinations (multi-drug regimen). The mechanisms 

off  action of most anti-neoplastic drugs consists of interference with the synthesis or 

functionn of DNA  1I2. 

Cytotoxicc drugs have a narrow therapeutic range and are onlv effective when high, 

toxicc concentrations are reached. The dose of the drug that should be administered is 

calculatedd from the body weight or body surface of the patient. The clearance of a 

drugg is determined by many factors, and shows a high interindividual variability. This 

iss one of the reasons why the same dose administered to different children causes a 



relativelyy low toxicity in some, but show more serious toxic effects in others 1Ll. 

Al ll  the cytotoxic drugs that arc used (in pediatric oncology) can be divided into 

subgroups,, based on their mode of action. These subgroups will be discussed shortly, 

togetherr with the main toxicities caused by these drugs l l l '1!4. The generic names of 

thee drugs in each subgroup are shown in table 1 of chapter 10. 

-- Alkylating agents: 

Thesee agents are derived from mustine and alkylsulforic acid. Their most important 

actionn is irreparable damage to DN A, largely independent of the cell-cycle, by binding 

too proteins and nucleic acids, by which covalent cross-links are formed between two 

complementaryy DNA-chains. This causes an interruption in the DNA replication. Its 

mostt important acute toxicities are myelosuppression and hemorrhagic cystitis 

(cyclophosphamidc/ifosfamide). . 

-- Anti-neoplastic antibiotics or antbracydines: 

Thesee agents are produced by micro-organisms and interrupt the synthesis of DNA, 

RNAA and proteins by binding to DNA. Furthermore they inhibit topo-isomerase II , 

formm free radicals and may have effects on the cell membrane structure. The 

anthracycliness are the most frequently used anticancer drugs in children and in adults. 

Toxicityy can be myelosuppression and cardiac failure. Bleomycine, one of the anti-

neoplasticc antibiotics, can give serious lung toxicity. 

-- Anti-metabolites: 

Thesee agents interrupt the biosynthesis or the function of nucleic acids, due to changes 

inn molecular structure. The purine and pyrimidine-antagonists are competitive with 

thee regular nucleic acids due to their structural resemblance. The folic acid-antagonist 

inhibitss the reduction of dihydro-folic acid and inhibits the synthesis of the basic 

compoundss of nucleic acids. Reported toxicities are myelosuppression, he pa to toxicity 

andd nephrotoxicity. 

-- Plant alkaloids (rinca-alkaloids): 

Thee vinca-alkaloids, gained from Vinca Rosea, bind to intracellular tubuline-proteins 

andd inhibit the formation of microtubuli. These are essential for cell motility, 
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intracellularr transport and mitosis. The taxanes stimulate the synthesis of microtubuli 

fromm tubulinedimers and stabilize the microtubuli, through which the cell is specifically 

inhibitedd in its division. The main dose restriction is caused by neurotoxicity (vincristine) 

andd myelosuppression (vinblastine). 

-- Platinating compounds: 

Thee platina-containing compounds inhibit DN A-synthesis by the formation of platina-

crosslinkss between DNA-chains (platina-DNA-adducts). The most important side 

effectss are nephro-, ncuro- and ototoxicity (mainly caused by cisplatin) and 

hematotoxicityy (trombopenia, mainly after carboplatin). 

-- Topo-isomerase inhibitors (epipodophyliotoxims): 

Thesee inhibitors block the enzymes topo-isomerase I and II . Topo-isomerase I and II 

catalyzee the dent formation in the chains of DNA by which the molecule unfolds. For 

thiss reason, these agents are cell-cycle specific, with its main action in the late S and 

earlyy G2-fase. The most important toxicity is myelosuppression, especially leucopenia. 

-- Asparaginase: 

L-Asparaginasee is an enzyme, isolated from Escherichia Coli, which catalyses the conversion 

off  L-asparagine in L-asparric-acid and ammonia. A lack of L-aspartic acid causes problems 

inn the protein, RNA and DNA synthesis in leukemia cells. Side effects are depletion of 

fibrinogen,, liver and pancreas toxicity. Also anaphylactic reactions can occur. 

-- Glucocorticoids: 

Thesee steroids inhibit inflammation through catabolic effects and stabilization of the 

membranee of the lysosomes. These are also immunosuppressive. Side effects arc 

disturbancess in electrolytes, osteoporosis, hyperglycemia, immunosuppressive, 

psychologicall  effects, and hypercortisolism (Gushing syndrome). 

-- Retinoids: 

Thesee are derivatives of vitamin A, that include all trans-retinoic acid (ATRA), 13-cis-

retinoicc acid (13-cis-RA) and fenretinide. ATRA reduces (in vitro) the differentiation 

andd proliferation of cells in hemapoictic cellincs inclusive human myeloid leukemia 



celliness and is used for the treatment of acute promvclocvtic leukemia. ATRA or 13-cis-

RAA can cause arrest of cell growth and morphological differentiation of human NB cell 

liness and high dose pulse therapy with 13-cis-RA has shown to significantly improve the 

eventt free survival in high risk NB pat ients (after complet ion of intensive 

chemotherapy)'l r .. Major toxicities of 13-cis-RA are dryness of the skin and mucous 

membranes,, conjunctivitis and hypertriglyceridemia, and of ATRA pseudotumor cerebri. 

Endocr inee effects of chemotherapy 

Thee endocrine glands can be susceptible to cytotoxic agents for several reasons. Firstly, 

thee higher the rate of cell turnover, the more susceptible an organ wil l be to cytotoxic 

agents.. For example, the germ cells in males with a high rate of cell division are very 

susceptiblee to the toxic effects of chemotherapy. Secondly, a drug can target a particular 

biosynthcticc pathway. A third factor can be the distribution of the chemotherapeutic 

agentt and the ability of an endocrine organ to concentrate a particular drug 1U' . 

Also,, the pathogenesis for endocrine complications of anti-cancer drugs may differ. 

Glandularr dysfunction can be the direct result of cytotoxicity, or an agent can interfere 

withh the synthesis of a hormone at one of the metabolic levels (transcription, translation 

orr post-translation). Furthermore, an agent can interfere with the hormone and/or its 

receptorr or with the second or third messenger, resulting in a decrease or potentiation 

off  the interaction. Also, the carrier proteins or the binding sites on the carrier protein 

cann be affected by the agent, resulting in altered (free) hormone plasma concentrations. 

1.3.b.. The effects of chemotherapy on the thyroid gland 

Inn table 1 the reported effects of drugs on the various thyroid function determinants 

aree shown. Next to the cytotoxic drugs, also drugs given for supportive care, e.g. anti-

epileptics,, diuretics or oral anti-conceptives may interfere with the thyroid function 

determinants.. Nearly all effects described in table 1 are only present dur ing 

administrationn of the drug. 

(Cytotoxic)) drugs may lower or increase plasma TBG and subsequently increase or 

decreasee plasma T and T, concentrations, without affecting the concentration of free 

TT and TSH, and thus wil l not have clinical significance. Heparin may cause unreliable 
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Tablee 1 The changes in thyroid function caused hy (cytotoxic) drugs ' l(.-]]».I23.12?.]26.2~(J.: : 

Effectt  on thyroi d function Dru g g 

Decreasee of plasma TSH 

Decreasedd thyroid hormone secretion 

Increasedd thvroid hormone secretion 

Increasedd freeT., 
Decreasee of T4 absorption 

Increasedd TBG concentration 

Decreasedd TBG concentration 

Displacementt from protein-binding sites 

Increasedd hepatic metabolism 

Decreasedd T. 5'- deiodinase activity 

Cytokines s 

Dopamine e 
GluctKorticoids s 
Octreotide e 
I.-Asparaginase e 
Lithium m 
Iodinee (e.g. used for disinfectant or contrast) 
Amiodarone e 
Amii  noglute th i m i d e 
Combinationss of chemotherapy (see text) 
Iodinee (e.g. used for disinfectant or contrast) 
Amiodarone e 
Alkylatingg drugs (Cvclo + ifosfamide) 
Combinationss of chemotherapy (see test) 
Colestipol l 
Cholestyramine e 
Aluminiumm hydroxide 
Ferrouss sulfate 
Sucralfate e 
Hstrogenss (OAC) 
Tamoxifen n 
Heroin n 
Methadone e 
Mitotane e 
Ruoracill  (5-Fu) 
Androgens s 
Anabolicc steroids 
Sloww release nicotinic acid 
Glucocorticoids s 
L-asparaginasee (e.g. albumin and TBG) 
Combinedd alkylating and podophylline therapy 
Furosemide e 
Fenoclofenac,, diclofenac 
Mefanamicc Acid 
Salicylates s 
Heparin n 
Phcnobarbital l 
Rifampin n 
Phenytoin n 
Carbamazepin n 

Propyll  thio uracil 
Amiodarone e 
Beta-adrenergic-antagonistt drugs 
Glucocorticoids s 
Radio-contrastt dyes 
Interferonn alfa 
Interleukin-2 2 

outcomee of free T4 measurements due to displacement of thyroid hormones from 

theirr binding sites by free fatty acids 117. 

AA transient increase of free T3 has been described after the combination of 5-Fluoracil 

(5-FU),, epirubicin and cyclophosphamide 11H. The administration of glucocorticoids 

cann lower TBG, decrease TSH and inhibit the peripheral conversion of T4 into Ty 
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Afterr the administration of certain combinations of chemotherapy, permanent 

hypothyroidismm has been reported (cisplatin, bleomycin, vinblastine, etoposide and 

dactinomveinn ''' ', the combination of mcchlorethamine, vinblastine, procarbazine and 

prednisolonee 12(l, and the combination of busulphan and cyclophosphamide (without 

TBI )) given for conditioning before autologous bone marrow transplantation 121>122). 

Intra-venouss administration of cyclophosphamide and ifosfamide has been reported 

too induce a transient increase in T and FT4 together with a fall in plasma concentration 

off  TSH. No significant changes were found in the plasma concentrations of Tg, T, 

TBG,, or rT1 indicating a release of thyroxine from cellular pools like the liver 12\ 

Cytokiness probably have a direct effect on thyroid cell function and a secondary effect 

duee to increased thyroid anti-immunitv llf '. After treatment with interferon-alpha, 

reversiblee hypothyroidism has been described to occur in 10-15 % of treated patients. 

Intcrleukin-22 can cause an acute onset of painless thyroiditis with thyroxinemia followed 

byy primary hypothyroidism in 20-30 % of patients 1I6*124. Also hyperthyroidism has 

beenn described after the use of cytokines, most probably due to the development of 

anti-TPOO antibodies , 16J25. 

Iodinee containing drugs, like radio-contrast agents, topical iodine preparations, or 

ophtalmicc solutions, which can release large amounts of iodine after administration, 

mayy cause hypothyroidism or hyperthyroidism, most often in patients with underlying 

thyroidd disease and extra-thvroidal side effects due to an excess iodine (as described in 

sectionn '1.1.c)22. Most radiocontrast dyes also exert a separate effect on the thyroid gland 

functionn in that they inhibit T4 to T, conversion ,2f'. A commonly used drug in adults, 

alsoo with more than just an iodide excess effect on the thyroid, is amiodarone, an anti-

arrhythmicc agent, which contains 75 mg ot iodine per 200 mg tablet. This drug can 

causee thyrotoxicosis tvpe I (mainly in patients with underlying thyroid disease), type II 

(destructivee thyroiditis) or hypothyroidism (failure ot the escape-mechanism resulting in 

continuouss inhibition of the organification, this occurs often in presence of anti-TPO 

antibodies).. Furthermore, amiodarone inhibits iodothyronine-5'-deiodination (Dl) , 

mediatedd by inhibition of cellular T4 uptake, and inhibits binding of T3 to its nuclear 

receptorss (Tr , and TRfl] ) bv its metabolite desethylamiodarone 12 *128. The effects of 

amiodaronee can be present for months after withdrawal of the drug, most probably 
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duee to its destructive properties on thyroid tissue, which are caused by disruption of 

subcellularr organelle function due to binding of the drug to intralysosomal 

phospholipidss which renders them indigestible and leads to the forming of 

intralvsosomall  multilamellar inclusion bodies 12 . 

Thee occurrence of central hypothyroidism has been reported after the administration 

off  L-asparaginase (in combination with steroids) 12y, and also the combination of 

vincristine,, carmustinc or lomustine and procarbazine increased the occurrence of 

permanentt central hypothyroidism in adjuvant to brain irradiation ,3fl. Furthermore, 

inn survivors of childhood cancer, in an evaluation of "hidden" central hypothyroidism, 

itt was found that 16 % of 62 patients with centra] hypothyroidism had received only 

chemotherapyy 11". 

I.3.C.. The effects of chemotherapy on other endocrine organs and 
functionss (table 2) 

InIn table 2, the reported endocrine effects of cytotoxic agents, other than the thyroid 

axis,, are summarized. The effects may be transient and are dose and age dependent. 

Also,, many drugs are used in combinations, which is why the single drug effect is 

oftenn uncertain. 

-- Gonadal damage 

Inn table 2a the cytotoxic drugs are listed that have been associated with gonadal damage. 

Gonadall  dysfunction caused by cytotoxic agents has been reported frequently. Damage 

hass been described both for males and for females, mainly after the administration of 

alkylatingg agents, but also after treatment with procarbazine, nitrosoureas (carmustinc 

orr lomustine), platinum compounds, etoposide and anti-metabolites 116-131. 

Combinationss of drugs are generally more cytotoxic than individual agents. 

Thee ovarv is less vulnerable than the testis, but damage in females due to chemotherapy 

iss not uncommon, Treatment at the age of 13 to 19 years is an important risk factor to 

developp ovarian damage 46. The incidence of premature ovarian dysfunction is 

dependentt on the regimen of chemotherapy that is used; treatment with MYPP, COPP 

andd ChlVPP resulted in 38 to 57 % of patients in ovarian failure Ll2. MOPP induces 

permanentt primary hypogonadism in 12 to 46 % of women treated for Hodgkin's 
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Tab l ee 2. E f fec ts of c h e m o t h e r a py repor ted on endoc r i ne g l ands, o ther  than th e thyro i d 

Tabl ee 2a. Effects on the gonadal axis 

Endocrinee axis Endocrine effect Cytotoxicc agent 

Gonadall  axis - Sertoli cell (germ cell) damage * 

Leydigg cell damage (increase of LH) 

gynaecomasna a 

ovariann dvsfunction * 

 transient amenorrhea 
decreasedd estrogen and progesterone 

Aldesleukin n 
Busulphan n 
Carmusnnc c 
(Chlorambucil l 
Cisplatin n 
Cyclophosphamide e 
Cvtosinee arabinoside 
Daunorubicin n 

Doxorubicin n 
5-fluoroo uracil 
Ftoposide e 
Floo x uridine 
Fludarabinee PC) 
Hosfamidee l 

Busulphan n 
Melphalan n 
MVPP P 
Busult'an n 
Interferon-- 0t2b 
Mitotane e 
Adriamvcin n 
Busulphan n 
Carmustine' ' 
(Chlorambucil l 
Cyclophosphamide e 
Cvtoo sin e arabinoside ' 
Doxorubicinn ' 

Cisplatin,, Vinblastine 
Interferon-- a3n 

Interferon n 
(a2a,a2b,an3) ) 
Lomusane e 
Mechlorethamine e 
Melphalan n 
Methotrexate e 
Mustinc c 
Pentostatin n 
Procarbazine e 
Srreptozin n 
Thiotepa a 
Uracill  mustard 
Vinblastine e 
Vincristine e 

Pentostatin n 
Vincristine e 

Htoposide1 1 

Ifosfamide e 
Lomustinee ' 
Melphalan n 
Mitomycinn C 
Procarbazine e 

Alsoo combinations have been described, ' Mav have gonadal toxicity 

diseasee Ll3. Due to the fact that mostly combinations of drugs are given, it is difficult 

too ascertain the contribution of each individual drug. However, the majority of pre-

pubertall  and adolescent girls that receive standard combination chemotherapy will 

retainn or regain ovarian function. An estimated risk of 100 % to develop irreversible 

ovariann damage has been suggested after treatment with busulphan 46. 

Testicularr damage concerns germinal epithelial damage resulting in oligo- or 

azoospermiaa and in Leydig cell dysfunction resulting in low-normal testosterone with 

elevatedd LH values. Germinal epithelial damage is much more frequent than Î evdig cell 

damage,, and Leydig cell failure with androgen insufficiency is relatively uncommon 4f>. 

Thee available reports suggest that the chance for persistent Leydig cell damage is more 

likelyy in pre-pubertal boys than in adult males. For the germinal epithelium it is suggested, 
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Tablee 2b. Effects on other  endocrine funct ions 

Endocrinee axis Endocrinee effect Cytotoxicc agent 

AdrenaJJ axis 

Gonadotropicc axis 

Parathyroidd glands 

adrenall  insufficiency 

-- adrenal excess/ Gushing 
-- GH pulsatility/deficiency 
-- GH or IGF-1 resistance 
-- Low IGF-1 levels 
-- hypoparathyroidism 

-- hyperparathyroidism 

Minerall  Metabolism - Diabetes insipidus, nephrogenic 

-- SIADH* 

Renall  salt wasting 

Diabetess Mellitus/hyperglycemia 

Osteomalaciaa or osteoporosis 

-- Rickets 
-- Ihpomagnesaemia 

-- Hypocalcemia 

Increasedd phosphate 
HH vpop hos p h ate mi a 

Busulfann (central) 
Glucocorticoidss (central) 
Mitotanee (adrenal) 
Glucocorticoids s 
Glucocorticoids s 
Glucocorticoids,, Dactinomvcin (?) 
Dexamethasoo ne 
Carboplatin n 
Ciss p latin 
Hstramustine e 
Itosfamide e 
Streptozocin n 
Carboplatin n 
Chlorambucil l 
Cisplatin n 
Cyclophosphh amide 
Ifosfamide e 
Amfotericinee B 
(Carboplatin n 
Carmustine e 
Cisplatin n 
lnterteron-a2aa and Ct2b 
Fludarabinee PQ4 

Glucocorticoids s 
L-Asparaginase e 
Hstramustine e 
Fludarabinee P ü4 

Glucocorticoids s 
Mercaptopurinee (6-MP) 
Methotrexate e 
Itosfamide e 
Carboplatin n 
CisplaDn n 
Carboplatin n 
Cisplatin n 
Dactinomvcin n 
I'istramuu stinc 
Interferon n 
lnterferon-a2a a 
Hstramustine e 
Itosfamidee (tubular damage) 

Melphalann (case reports) 
Tbiotepa a 
Vincristine e 
Vinblastine e 
Vinorelbine e 
Cyclophosphh amide 
Ktoposide e 
Irbsfamide e 
Methotrexate e 
Methotrexatee (rare) 
Penn to statin 
Streptozocin n 

lnterieukin-2 2 
PLicamycin n 
Tumorhsiss syndrome 

butt not proven, to be the other way around; the adult testis is more susceptible than the 

pre-pubertal.. In time, germ cell function can improve, so a normal ferrilitv may be 

possiblee even if sustained damage has been done to the germinal epithelium ,J4. For 

example,, procarbazine containing regimes often lead to permanent infertilitv in males, 

whilee cisplatin based chemotherapy mostlv results in temporary azoospermia l3:. It has 

beenn reported that after treatment with alkylating agents, 10-57 % of males have 

elevatedd LH levels46. Permanent damage is more likelv after combination chemotherapy, 
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suchh as MVPP (mustine, vinblastine, procarbazine and prednisolone) and MOPP 

(mechlorethamine,, vincristine, procarbazine and prednisolone) given for Hodgkin's 

disease.. The alternative regimen A BVD (doxorubicin, bleomycin, vinblastine and 

dacarbazine)) is significantlv less gonadotoxic. 

Gvnaecomastiaa has been described after several cytotoxic drugs (sec table 2), and has 

beenn interpreted as a manifestation of l.eydig cell failure resulting in an alteration of 

thee estrogen/ androgen ratio 13j. 

-- Hypothalamic damage 

Thee direct effects of cytotoxic agents on the hypothalamus or pituitary gland have not 

beenn exactly defined yet. Some reports have been made on additional negative effects of 

cytotoxicc drugs in addition to cranial radiation ' nu3-\ Recently, hypothalamic damage in 

cancerr survivors treated only with cytotoxic agents has been described; in 31 patients, 48 

%% was diagnosed with GH deficiency, 52 % with central hypothyroidism and in 32 % 

pubertall  anomalies were found Dfj. 

-- Growth retardation 

Thee glucocorticoids are one of the best known drugs to cause growth retardation and 

arcc frequently administered to children during cancer treatment, as anti-emetic or as 

partt of the cytotoxic regimen. The glucocorticoids enhance bone resorption, inhibit 

osteoblastt activity and reduce the bone matrix production B ' . Long term exposure to 

glucocorticoidss interferes with GH pulsatility and decreases total GH secretion. 

However,, normal GH and 1GF-1 concentrations are found in these patients, suggesting 

thatt peripheral resistance to GH also occurs. Growth retardation caused by 

glucocorticoidss is dose dependent and can be severe, however, these effects arc transient 

and,, in most cases, after removal of glucocorticoids a period of accelerated catch-up 

growthh is seen n . 

Reducedd growth velocity in children treated with multiple cytotoxic drugs is common, 

andd it is likely that the effects of underlying disease and the different drugs interact or 

actt additivelv. There are several combinations of chemotherapy that have been reported 

too increase the adverse reaction of growth after irradiation, such as vincristine, 

lomustine,, cisplatin, cvtosine arabinosidc and methotrexate, and also in several studies 
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chemotherapyy (multi-drug regimens, higher dose and longer duration) was the major 

factorr attributing to growth retardation. 

-- Adrenal dysfunction: 

Thee most frequent cause of adrenal dysfunction is the administration of glucocorticoids. 

Primaryy adrenal insufficiency has also been described after mitotane. Secondary adrenal 

insufficiencyy was described after busulfan in the 1960s but this has never been 

confirmedd llf '. 

-- Disorders in the glucose metabolism: 

Alsoo with respect to insulin resistance and hyperglycemia in cancer therapy, the 

administrationn of glucocorticoids in high doses is the main cause. Furthermore, the 

occurrencee of Diabetes Mellitus (DM) has been described after the administration of 

interferon-alpha,, L-asparaginase and streptozocin. Drugs that can cause glucosurea 

withoutt affecting glucose metabolism (renal damage) are ifosfamide and mercaptop urine. 

Mesnaa (2-mercaptoethane sulfonate sodium), which is given to prohibit hemorrhagic 

cystitiss by ifosfamide, can give urinary ketones ' ]< \ 

-- Disorders of water clearance: 

Thee plasma osmolarity is normally regulated by the antidiuretic hormone (ADH), 

secretedd by the posterior pituitary. Inappropriate ADH release (SÏADH) is seen after 

administrationn of vinca-alkaloids, cyclophosphamide, dsplatin and melphalan. Renal 

saltt wasting is described after cisplatin. Nephrogenic diabetes insipidus has been 

describedd after the administration of ifosfamide and streptozocin 116. 

-- Disorders of mineral metabolism: 

Hypocalcemiaa can be induced by the tumor lysis syndrome which can occur after the 

administrationn of a wide variety of cytotoxic agents (fludarabinc, mitoxantrone, 6-

mercaptopurine,, methotrexate, chemotherapcutic regimen for BMT and various 

combinations).. Also, without the occurrence of the tumor lysis syndrome, hypocalcemia 

hass been reported following the administration of cisplatin, carboplatin, anti-tumor 

antibioticss and L-asparaginase. Osteoporosis is observed in children receiving 



methotrexate,, platinum compounds, glucocorticoids and several combinations of 

chemotherapy.. Rickets has been correlated to the use of ifosfamide and cstramustine U(\ 

-- Disorders of the lipi d metabol ism: 

Hypertriglyceridemiaa may be caused by L-asparaginase, interferon-alpha and retinoic-

acidd derivatives. Hypercholesterolemia has been reported after treatment with mitotane 

andd cisplatin 11(>. Also obesities and an increased risk for the metabolic syndrome, 

whichh is a cluster of cardiovascular risk factors including insulin resistance, glucose 

intolerance,, dvslipidemia and hypertension, has been described in childhood cancer 

survivorss after treatment with chemotherapy only 4f'. 

1.4:: Radiotherapy and endocrine effects 

1.4.a.. Radiation Physics 
Radiationn is the transfer of energy, and can be distinguished into ionizing radiation 

andd non-ionizing radiation. 

Non-ionizingg radiation does not have the energy to facilitate the release of electrons 

fromm target tissues. Kxamples are radio waves, infra-red light and ultra violet light. 

Ionizingg radiation is the energy that can be released by unstable atoms to achieve 

stability.. Ionizing radiation can have different adverse biologic effects on tissue, including 

damagee to DNA , mRNA or proteins, bv the production of free radicals, the disruption 

off  chemical bonds, and the production of macromolecules 13s. Radiation is used for 

therapyy with the intention to destroy cancer cells, irreversibly, by these effects. However, 

itt may also induce damage to healthy (surrounding) cells. As carcinogenesis can be 

causedd by the activation or overamplification of oncogenes, or the deactivation of 

tumorr suppressor genes or D NA repair genes, ionizing radiation can initiate 

carcinogenesiss bv introducing genetic lesions. In general, ionizing radiation is more 

likelyy to induce DNA strand breaks than point mutations. These strand breaks can 

leadd to translocations, inversions, additions and deletions, which, if the cell docs not 

diee or the DNA is not repaired in the right wav, can lead to malignancies l v>. 

Severall  types or ionizing radiation can be distinguished l-,s-14": 

Alphaa particles are nuclei consisting of 2 protons and 2 neutrons. These particles 
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havee a limited ability to penetrate intact barriers or skin, but when they arc inhaled 

orr ingested they can penetrate epithelial tissue layers to a 50 Jim depth, which is 

enoughh to produce cellular injury. 

-- Beta particles are electrons, mostly negative (e.g. emitted from the nuclei of  131I 

andd L' Ce). These particles have greater penetrance than alpha-particles and can 

penetratee to the germinal layer of the skin. Beta emitters are most commonly used 

inn medical applications. 

Neutrons:: these arc an uncommon, but very destructive type of radiation (produce 

100 times more tissue damage than y-rays), emitted only after nuclear detonation. 

-- X and y-rays: both are electromagnetic radiations with wavelengths in the range 10"11 

too 10" . Gamma rays (photons) originate from atomic nuclei and X-ravs originate 

fromm outside the atomic nucleus. In all other aspects these two radiation types are 

identical.. The y-rays are emitted from radio-active materials, like cesium-, cobalt- and 

iodinee isotopes or after nuclear detonation, when they release energy to gain stability. 

X-rayss are produced when high-energy particles impinge on a suitable target such as 

tungsten.. Its electromagnetic energy varies from 2ero to a maximum which depends 

onn the kinetic energy of the impinging electrons or on the material that is used as a 

target. . 

Thee units of activity for radiation emission for radionuclides are measured by the 

numberr of atomic disintegrations per unit time. Expressed in System Units (systcmc 

international:: SI): one Becquercl is one transformation per second (replaced the Curie 

(Ci):: one Ci equals 3.7 x 101" transformations per second: 1 mCi=37 MBq). 

Thee SI units of measure of energy absorbed from X- and y rays are the Gray (Gy) and 

thee Sievert (Sv), wThich have replaced the rad (radiation absorbed dose) and the rem 

(rontgenn equivalent man), respectively: 100 rads equals 1 Gy (=the absorption of one 

joulee per kg) and 100 rem equals 1 Sv. 

Regardingg the radiosensitivity of tissue, there are several' laws' that have been observed 

afterr ionizing radiation 14°: 

11 radio sensitivity increases with the rate of cell proliferation (rapidly dividing cells 

aree more affected) 
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22 radio sensitivity increases with the number of future cell divisions 

33 radio sensitivity decreases with the degree of morphologic and functional 

di f ferent iat ionn the (less deve lopment the higher the radiosensit ivi tv, e.g 

chondroblastss are more radio-sensitive than chondrocytes). 

1.4.KK External radiotherapy, 131I -treatment and 131I-MIB G 
Externall  (X-ray) radiotherapy 

Thee most frequent used form of radiation thcrapv is the so-called external-beam. The 

energyy produced by the beam governs the depth of penetration into the body. The 

energyy is expressed in kilovoltage (kV, low energy) or megavoltage (MV, high energy). 

Loww energy (orthovoltage) radiation wTas most frequently used, but has the disadvantage 

thatt it is absorbed to great extent in bone causing serious skeletal deformities. Also, in 

contrastt to high energy irradiation, low energy has no skin sparing effect. For these 

reasons,, nowadays high-energy radiation is most commoniy used. The radiation usually 

comprisess X-rays or photons (y-rays) from a linear accelerator 141. 

Thee primary principle of administrating radiotherapy is to give a radiation dose as 

highh as necessary to kil l a tumor, while keeping the dose to the surrounding tissues as 

loww as possible to avoid damage to healthy tissue. 

Severall  factors affect the likelihood and severity of radiation injury. Firstly, the higher 

thee total dose administered, the higher the damage. Secondly, the administered dose 

givenn per fraction is of great influence on the late radiation-induced effects (the higher 

thee dose per fraction, the higher the damage to healthy tissue). Normal tissue has a great 

capacityy for repairing sub-lethal damage (the damage which is accumulated before a lethal 

effectt occurs), which is impaired in malignant cells. The likelihood of adverse effects in late 

respondingg tissues is proportional to the square of the dose per fraction. This implies that 

whenn the dose per fraction is minimally increased, it can have great impact on the damaging 

effectss even if the total dose administered remains unchanged 142. In pediatric patients it 

hass become conventional to limit the fraction size to 1.8 Gy 14[. Thirdly, the smaller the 

volumee of tissue irradiated, the smaller the late effects wil l be. Examples are the craniospinal 

irradiationn which used to be administered to patients with ependymoma, versus the local 

radiotherapyy which is now given only to the tumor M1. Also modern radiotherapy planning 

techniques,, the use of stereotactic radiotherapy and brachytherapy help to minimize the 
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volumee of normal irradiated tissue adjacent to the tumor 143-144. Fourthly, the type of tissue 

irradiatedd is of importance as each tissue has its own radiosensitivity. As fifth factor, the 

typee of radiation used is of importance; for which nowadays high-voltage irradiation is 

administered.. Also, the use of chemotherapy during radiotherapy can potentiate the 

damagee caused by irradiation. Examples are the use of anthracyclines and simultaneous 

wholee lung irradiation and the development of cardial and pulmonary toxicity u \ Finally, 

thee age at time of radiation exposure can either increase (younger age associated with a 

higherr risk for thyroid damage H-146), or decrease (older age during radiation for Hodgkin's 

diseasee gives a higher risk for breast cancer !41'14^) the risk to develop radiation effects. 

Radio-nuclidee therapy 
H1J-H1J-

Radio-iodidee in children is administered in the treatment of differentiated thyroid 

carcinomaa and Graves' disease M. ,3,I is also used bound to organic compounds such 

ass MIBG, to combat NB with targeted radio-therapy. 
B , ll  emits both beta and gamma-radiation. The destruction of thyroid follicular cells is 

thee result of the |3 -electrons. Beta particles from 13,I have a path length of 1-2 mm 

andd will kill the cells that accumulate radio-iodine and cells in the direct environment. 

Histologicc findings of irradiated thyroid tissue include epithelial swelling, necrosis, 

edemaa and leukocyte infiltration (see section 1.4.c). Following this acute reaction, 

fibrosiss of the gland will follow. Administered 1M1 in doses of 5.55 MBq/g thyroid 

tissuee result in radiation doses of 120 Gy to the thyroid. 

Forr hyperthyroidism, doses delivering 100-200 Gy are most commonly used "'". After 

treatmentt with 1850-3700 MBq (50-100 |iCi/g tissue), 25-50 % of children remain 

hyperthyroidd and after 5550-7400 MBq (150-200 JiCi/g tissue), 60-90 % becomes 

hypothyroid.. Due to release of thyroid hormone of degenerating follicular cells, the 

patientt will at start become even more h\perthyroid. After 6-8 weeks, the thyroid gland 

shrinkss and the patient will become eu- or hypothyroid. Complications of radio-iodide 

treatmentt for hyperthyroidism in children have not frequently been described. In adults, 

neckk swelling, transient nausea, mild pain and thyroid storm have been described "',l. 

Forr differentiated thyroid carcinoma, radio-iodide is used for ablation of thyroid 

remnantss and functioning metastases, A dose delivering 300 Gy to the residual thyroid 
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bedd has been stated to bc appropriate ')2. Short term complications that have been 

describedd are nausea, emesis, transitory and reversible thrombocytopenia, sialadenitis 

andd permanent decreased function of the salivary glands. Long term complications, 

off  which concern has been raised about, arc radiation-induced leukemia and secondary 

solidd tumors in other organs that can also concentrate iodide such as the salivarv 

glands,, bladder, gastro-intestinal tract and breast. The occurrence of chronic myeloid 

leukemiaa (CAIL) ,4S, acute myeloid leukemia (AML) 14'' and a slight increase in the 

incidencee of melanoma and salivary gland tumors after n i I treatment for thyroid 

cancerr was reported 1",(l. However, no significant increased incidence has been 

demonstratedd for cither of these diseases l,2-1M. It has been emphasized, though, that 

largerr surveys to evaluate the possible long term carcinogenic effects of radio-iodine 

inn these patients should be performed. 

l21l21l-andl-anduu'l-MIBG 'l-MIBG 

Meta-iodobenzylguanidinee (MIBG), labeled with a radio-active iodine, is a compound 

usedd for diagnostic scintigraphy and therapy of neural crest derived tumors, like 

pheochromocytomaa and neuroblastoma ]^2. 

InIn the late seventies, radio-iodine labeled analogues of the adrenergic neuron blocking 

agentt were synthesized and investigated, based on the perception of the adrenal medulla 

ass a specialized sympathetic ganglion, with adrenomcdullar chromaffin cells and 

adrenergicc neurons showing similar catecholamine storage and secretory functions. 

Guanethidinee is an adrenergic neuron blocking agent which bears structural similarity 

too the neurotransmitter and catecholamine norepinefrine. Combining the benzvlgroup 

off  bretylium with the guanidine group of guanethidine led to a series of arakyl-

guanidincs,, such as MIBG, which showed an ever greater anti-adrenergic effect. MIBG 

iss specifically taken up by the cell via the norepinephrine transporter (previously known 

ass uptake-1 mechanism) over the cell membrane. In the cell, it is actively transported 

too and stored in vesicles or granules in the cytoplasm, from which it is released and 

becomess available tor re-uptakc bv the same mechanism L",2
t 

TwoTwo iodine radio-isotopes are commonly used, bound to MIBG: 

**  —I; emits photons with energy ideally suited for gamma cameras, whereas the 

minorr contribution from low-energy Auger electrons results in relatively low 
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Figuree 6. The chemical structure of 
meta-iodobenzylguanidinee (MIBG) 

// 7 
MIBG G 

absorbedd doses. The convenient y-photon energy (159 KeV) and the short half 

timee (t'/2 =13.2 hours) makes 123I suitable for single photon emission (computer) 

tomographyy (SPECT or SPET), which results in a more accurate quantification of 

photonss than with planar scintigraphy, 

vv îLj^ t j l c m a j n y energy of  131I (average 364 keV) results in a lower detection 

efficiencyy than l2T , but as 131I combines y emission with cytotoxic nuclear (3-

cmissionn (250-815 keV, max range 2.4 mm), this radio-isotope is widely used for 

bothh scintigraphy and therapy. The intermediate half-life of  l31I is 8.04 days. 

MIB GG can also be coupled to l 2T, which has an ultra short track length with gamma-

rayss (35 KeV) and X-rays (27 KeV) and a relative long half-life. Due to its phvsical 

propertiess it can hardly be visualized, but due to its short track length it was thought 

too be suitable for destroying micro-mctastases. However, it was not shown to have an 

advantageouss effect over 131I-MIBG , and it is now primarily used for bio-distribution 

studiess (in vitro). 

I 23I-MIB GG is used for diagnostic imaging and 131I-MIB G for therapeutic purposes. 

Aboutt 91 % of NB takes up MIBG. Due to instability and impureness of the drug, 

compoundss labeled with radio-isotopes can decompose, leading to the cleavage of 

iodidee from l 3 l l -MIB G l53-154. Before administration, every 13 II-MIB G infusion Huid 

forr therapeutic use must be controlled for the percentage of  131I ; 5 % of total 

radioactivityy is considered as the upper limi t of acceptability 155. In an evaluation of 

177 patients, who received therapeutic 131I-MTBG, there was no additional forming of 

131II  in vivo156. However, due to differences in distribution patterns, plasma l23I 

concentrationss up to 32 % can be present after administration of  123I-MIB G with 

onlyy 1.7 % of free l 2 l _ ! 5 ~ . 

HH H NH H 

C - N -- C 

HH NH, 



Thee majority of the activity is excreted renally. After administration of  n i I -M IB G the 

renall  excretion as total radioactivity in urine is 56 % +, 10 % after 24 hours, 73 % % 

afterr 48 hours, 80 % + 10 % after 72 hours and 83%  10% after 96 hours 15r\ The 

cumulativee excreted radioactivity consists for more than 85% of  13'1-MIBG, with 6 % 

off  the dose excreted as I31I , 4 % as B1I-meta-iodohippuric acid (MIHA ) and 2.5 % as 

unknownn l3II-labeled metabolites. 

Duringg administration of  i : , i I-MIBG , patients are admitted to hospital isolation facilities 

forr treatment with open sources (usually three-four days). Parents are instructed how to 

takee care of the nursing of the child, to limi t radiation exposure on the nursing staff. 

Thee administration of  1MI-MIB G often leads directly to an improved clinical condition 

off  the patient with NB, expressed as a relief in pain and weight gain 1?rt. The main side 

effectt of this treatment is thrombocytopenia, which can be long lasting and dose 

limiting.. Side effects regarding the thyroid gland arc discussed in section 1.4.g., chapters 

2,, 3, 4, and 11. 

1.4.c.. Radiation biology of the thyroid gland 

Thee effects of radiation on the thyroid gland have been studied extensively, as well in 

animall  models and in humans. 

Ass the thyroid cells actively collect iodide, radiation experiments have, next to 

experimentss with X-radiation, also been done with 1M1 . Regarding the effects of 

radio-iodide,, it is important to recall the structure of the thyroid gland. The follicular 

cells,, a spherical shell, surround a protein rich lumen, containing thyroglobulin. The 

follicularr lumina occupy about 40-50% of the gland volume in rats and mice and 

aboutt 50-75 % in humans, dependent on the daily iodine intake b<). At the border of 

thee cells and lumina, iodination takes place and the storage of thyroid hormone and 

iodinee in thyroglobulin stored in the follicular lumina makes up about 90 % of the 

totall  gland iodine. This is important to realize as it implies that most of the radio-

iodinee radiat ion emerges from the foll icular spheres, possibly resul t ing in 

inhomogencitiess in radio-iodine distribution Iyf . 

Thee second important issue of influence on the radiation effect on thyroid cells (for 

bothh X-radiation as LMI ), is the proliferative state of the cell, because the radiobiological 

responsee is modulated by progression through the cell cycle. In its normal state, the 
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thyroidd gland is not in a very mitotic state 1('". After stimulation bv goitrogens and 

TSH,, however, a classical growth pattern is found consisting of a lag phase, followed 

byy a logarithmic growth and finally a plateau phase. The DNA and RNA contents of 

thee gland increase together with the gland mass ,;it,-lw. 

Too study radiation effects on the thyroid, the administration of goitrogens, inducing 

growthh of the thyroid, and the subsequent inhibition of growth after exposure to 131I 

hass frequently been used 1ö,l u,,. At radiation doses of 12-20 Gy, a reduction in 

goitrogenicc mass increase has been described (9-15 %). A further increase in dose did 

nott result in a further growth reduction. 

Alsoo thyroid cell survival has been used to study thyroid cell radiobiology, in which 

thee capacity of the gland to undertake cell division is evaluated, following irradiation. 

Thee survival of the thyroid cell is subsequently calculated from extrapolation of 

growthh curves after stimulation by goitrogens or by loss of incorporated 3H-thymidine 

inn DNA  159. 

Usingg these above described methods, only few changes in irradiated thyroids with 

dosess of 5-10 Gy of X-rays in experimental animals were found. Similar findings have 

beenn reported after low dose of radio-iodine (in animals with a normal iodine containing 

diet).. At higher doses (approximately 200 Gy of radio-iodine, approaching the tissue 

tolerancee dose) degeneration of thyroid tissue will occur in the long term lü0>1(i2. With 

dosess of radio-iodine higher than 400 Gy, the gland will be completely destroyed. The 

effectss on the thyroid gland induced by '311 and X-ray irradiation differ in a factor 4 to 

10.. These differences have mainly been contributed bv the non-uniform dose 

distributionn of  ,311 in the thyroid gland, difference in dose-rate, and additional factors 

suchh as dosimetry l62-163. 

Thee biochemical consequences of thyroid irradiation, such as inhibition of purine 

synthesis,, protein synthesis, iodide trapping and organification, are measured within a 

feww hours after exposure to radiation. These effects can be the direct result of damage 

too enzymes and membranes. Already at low doses, leakage of Tg has been noted (which 

cann be of importance in the auto-immune responses seen in the 13,I treated patients). 

Thee acute histological changes induced by radiation, in rats and in mankind, can be 

noticedd within days to weeks and consist of vacuolization and eosinophilic granularity 



off  follicular cell cvtoplasms, pyknosis of nuclei, an increased number of phagocytes 

andd edema of the stroma. After high doses of irradiation more severe degenerative 

changess are seen resulting in necrosis and desquamation of a part of the follicular 

epitheliumm IM . Also acute injury to the vasculature is often present, with involvement 

off  the primary arterioles and capillaries with swollen epithelium and sometimes fibrinoid 

necrosis.. Chronic changes include interstitial fibrosis, vascular changes, follicular atrophy, 

nuclearr atvpia (variation in size, hyperchromatism and giant bizarre nuclei), oncocytic 

metaplasia,, lymphocytic infiltration and focal or diffuse epithelial hyperplasia Ul4. 

Thee induction of neoplasia by radiation has extensively been studied in the rat i(>2-lfb-1'". 

Thee two factors that are involved are firstly initiation of carcinogenesis by radiation 

andd subsequent promotion of carcinogenesis by TSH (bovine TSH administration, 

administrationn of goitrogens or lack of dietary iodine). Thyroid glands in juvenile, 

neonatee and fetal rats are much more radiosensitive than adult glands lf '2'1 u 2. 

Irradiationn of an unstimulated rat thyroid by X-rays or L,1I leads to neoplastic 

developmentt even after small doses. However, after stimulation by TSH by the 

administrationn of goitrogens (the level of plasma TSH was not determined) the 

incidencee of carcinoma is greatly enhanced ' V1 ^ the incidence of adenomas increased 

fromm 40 to 98 % and of carcinomas from 0 to 23 % ' 6. Due to stimulation of TSH, 

ann increased number of proliferating cells arc found during the exposure to X-rays, 

makingg the thyroid more susceptible to radiation. In contrast, in the situation of a lack 

off  TSH (in hypophvsectomized animals), no thyroid tumors were observed lf>2, 

indicatingg that TSH is essential for tumor formation. The dose-response curve for rat 

radiation-inducedd thyroid tumors has its maximum after 100 to 150 Gv of mainly (3-

rayss of  ,31I or 5 to 11 Gy of X-rays u , 2 J f' \ 

Ass most studies are done in small rodents (rats and mice) and the pituitary gland in 

thesee animals is situated very close to the thyroid, it is important to be aware of the 

possibilityy of pituitary stray irradiation and subsequent interference on the results. It 

wass illustrated by Walinder and Sjoden, that even under extreme care to protect the 

pituitaryy gland, the pituitary dose may still be in the order of 10-15 % of the total 

thyroidd dose ' 2. In studies on goitrogenic growth reduction by radiation, however, it 

wass demonstrated that accidental pituitary irradiation did not significantly affect the 

goitrogenicc response 1V1. 
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1.4.d.. Effects of X-radiation therapy on the thyroid gland in children 

Thee effects of irradiation on the thyroid gland was first reported by Duffy and 

Fitzgerald,, who discussed a group of 28 young people with thyroid cancer and noticed 

thatt 10 of them had been irradiated on the upper part of the body n" . Subsequently, 

otherr reports on the occurrence of thyroid carcinoma were made in children who 

weree irradiated for benign conditions, like tinea capitis and thymus enlargement in the 

yearss 1940-1960 r s> r 9 . 

InIn the treatment for childhood cancer, external cervical, mantle, craniospinal and total 

bodyy irradiation, with the thyroid gland included in the radiation field, may be used in 

thee treatment for Hodgkin's disease, non-Hodgkin's lymphoma, Acute Lymphoblastic 

Leukemiaa (ALL) , naso-pharynx carcinoma, rhabdomysarcoma, brain tumors, other 

tumorss in the head/neck- region and preceding bone marrow transplantation (BMT). 

Thee occurrence of primary (thyroidal) hypothyroidism, subclinical hypothyroidism, 

benignn nodules, radiation thyroiditis and Graves' hyperthyroidism followed by 

hypothyroidismm as well as secondary thyroid malignancies following exposure to external 

cervicall  radiation in pediatric cancer patients has been described extensively in literature 

4-,ii»,i46,iHii-in<tt These thyroid pathologies have been described to occur in children and 

inn adults, whereas the incidence in younger patients is higher 4"\ 

Radiation-inducedd thyroidal hypothyroidism 

Thee most common late effect on the thyroid gland caused by (peri) cervical irradiation 

iss thyroidal hypothyroidism, which may be clinically overt or biochemical (subclinical 

orr compensated) hypothyroidism. The occurrence of hypothyroidism following external 

irradiationn has been reported to be 3 to 92 %, but most frequently it is in the range of 

20-300 % 1HK. There is great variation in the reported data on the relationship between 

radiation-dose,, young age, female gender and the occurrence of hypothyroidism 1MH. 

Alll  these differences may be explained by different radiation techniques used, different 

patient-groups,, different follow up times, and the different definitions that are used 

forr hypothyroidism (biochemical or clinical) 'K8. 

Constinee et al. have reported thyroid dysfunction in 17 % of patients receiving doses 

<< 26 Gy and 78 % after doses > 26 Gy ]m. Atahan et al. found no significant influence 

off  the administered dose ]m. Kaplan et a!, reported that radiation with 30 Gy and 



diagnosticc lymphangiography both independently increase the risk to develop TSH 

elevationn ls-\ Hancock et al. did not find a higher risk for younger children; 

hypothyroidismm was found in 15 % of children treated younger than five years of age 

whichh rose to 39 % for the children who were irradiated at ages between 15 and 20 

years.. However, the younger children in this study were usually irradiated with reduced 

doses.. They concluded that age above 16 years, the female gender, the addition of 

chemotherapyy and radiation dose were predominant factors 4 . 

Inn survivors of Hodgkin's disease, aged 2 to 20 years during RT, Sklar also found an 

increasedd risk for patients with an older age, an increasing RT dose of radiation, and 

forr the female sex to develop hypothyroidism ,',(l. 

Too prevent or reduce the damage to surrounding normal tissue, the radiation can be 

givenn in fractions instead of a single dose. Despite this technique, still substantial 

endocrinee morbidity- has been reported, although it is less than after radiation with a 

singlee dose (16 % hypothyroidism instead of 39-59 % after ABMT) '91. After 

hyperr fractionated craniospinal radiotherapy in children with medulloblastoma, also a 

reductionn of primary hypothyroidism was found (reduction from 80 to 33 %) 192. 

Thee adjuvant negative effect of chemotherapy on the thyroid gland was documented 

byy Livesey et al. , who reported that after the combination of mustine, vincristine/ 

vinblastine,, procarbazine, prednisolon in combination with radiotherapy a higher 

incidencee of hypothyroidism was found than after radiation alone ,I)3. 

Ass mentioned above, the use of iodinated radiographic contrast agents, especially the 

usee of ethiodized oil emulsion in lymphangiography used in staging of pelvic and 

para-aorticc lvmphnodes and planning of radiation fields prior to external neck 

irradiationn was thought to be a risk factor to develop hypothyroidism after RT. The 

explanationn would be an increased TSH concentration due to the liberation of iodide 

andd the subsequent reduction of thyroid hormone production. Fein reported that of 

aa group of 104 patients, radiation-dose, chemotherapy or stage of disease were not of 

significantt influence on the development of hypothyroidism, but lymphangiography 

wass (42 % with lymphangiography against 23 % without lymphangiography) ,K2, Smith 

demonstratedd that the occurrence of hypothyroidism was influenced by the length ot 

time-intervall  between lymphangiogram and radiation exposure: patients irradiated 
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withinn 10 days after lymphangiography developed most frequent or more severe 

hypothyroidismm (mean follow-up 4.9 to 6.3 years) 1Kf'. Also Shalet found significant 

greaterr numbers of patients with an elevated peak TSH after TRH stimulation in 

patientss after lymphangiography and radiotherapy 194. Tamura et al, however, did not 

findd any increased risk for hypothyroidism after lymphangiography in 126 patients 

treatedd for Hodgkin's or non-Hodgkin's disease ll,:\ Nowadays, lymphangiography is 

nott used anymore in these patients. 

Thee reported time of onset of hypothyroidism (biochemically observed) varies from a 

TSHH elevation on 6 ]m ,15 1S , and 26 months 1% after radiotherapy. In general, half of all 

thyroidd dysfunctions (clinically or biochemically) will appear within 5 years, with a peak at 

2-33 years, but the latency time can be as long as 20 years after radiation exposure 4 . 

Nextt to hypothyroidism, also an eight-fold risk to develop hyperthyroidism following 

neckk irradiation for Hodgkin's disease has been reported, following radiation doses of 

355 Gy or more ,tJ(', The clinical behavior is comparable to Graves' disease A<\ 

X-Radiation-inducedd thyroid nodules and cancer 

Sonographicc abnormalities of the thyroid gland following radiation therapy for 

childhoodd cancers are found frequently. These abnormalities can be diffuse atrophy 

off  the gland or focal lesions, such as single or multiple hypoechoic nodules, cysts or 

hyperechoicc nodules. 

Thee incidence of thyroid nodules after radiation has been described from being 2-87 % 

4f>,i<x),i%,iTjj  w i t h> i n s u r v j v o r s 0f Hodgkin's disease, a relative risk (RR) of 27 m\ The 

femalee sex and a radiation dose to the thyroid of 25 Gv are independent risk factors 

forr the development of nodules !W. The plasma concentration of Tg correlates to the 

numberr but not to the volume of the thyroid nodules 19 . Also the younger age at 

radiotherapy,, the longer follow-up and the length of time that TSH is elevated are 

associatedd with an increased occurrence of thyroid nodules ,** 1-1%-,<)8
t 

Withh the improving techniques of ultrasonography more thyroid nodules will be found 

thann after palpation, also after exposure to radiation V) . The advantage is that potentially 

malignantt nodules can be detected in an early stage, the disadvantage is the finding of 

manyy benign, and perhaps clinically non-relevant smaller nodules (incidentaloma's). 

Ass the recurrence of nodules has been described to decrease by TSH suppression 



and,, after radiation, the risk of a nodule to develop into a malignancy is increased, it is 

advisedd to administer T4 in case of nodules after exposure to irradiation, although there 

iss no real evidence to support this4(1. In a cohort of 46 patients after X-RT for Hodgkin's 

disease,, of which 34 did not receive T, and 12 did receive T, administration for an 
''  4 4 

elevatedd TSH, 14/34 developed a focal lesion, while in 4/12 patients resolution of a 

focall  lesion was with T . However, also 4 patients showed increase of nodules and three 

developedd new lesions during T4 administration 1%. More studies regarding T4-therapy 

too prevent thvroid nodules and carcinomas after irradiation arc discussed in Chapter 11. 

Too gain more information on histological level, fine needle aspiration cytology can be 

done.. This is advised in nodules of 10-15 mm or larger ,t;'. 

Thee reported incidence of thvroid carcinoma alter treatment for childhood cancer 

variess cnormouslv in literature, which is due to differences in age at radiation, dose of 

radiationn and the length in follow-up. Of all patients diagnosed with a thyroid 

malignancy,, around 10-40 % has been exposed to irradiation ,yy. In a pooled analysis 

off  7 studies, for patients exposed to irradiation for benign diseases before the age of 

155 years, a linear dose-response was found down to 0.1 Gy, but beyond 10 Gy a 

decreasee or leveling of risk was seen. The excess absolute risk (HAR) was 4.4 cancers/ 

10,0000 person-years Gv and the excess relative risk (ERR) was 7.7/Gy, for females 

greaterr than for males. In this series, only 2 cases were seen within 5 years after radiation 

exposuree K. The ERR for children who arc irradiated tor malignant diseases to develop 

radiation-inducedd thyroid cancer may be different, probably dependent on a genetic 

predispositionn to develop cancer. In 9170 survivors of childhood cancer, a 53-fold 

increasedd risk to develop thvroid cancer has been found, increasing in time. Radiation 

dosess greater than 2 Gy increased the risk for thyroid cancer 13 times, and the risk did 

nott decrease at a radiation dose of even 60 Gv 146. The latency time for the development 

off  thvroid cancer has been reported to be as long as 30 years and the ERR is still 

elevatedd after 40 years ~8,m. 

Amongg children, an increased risk to develop thvroid tumors after irradiation is found 

forr females. Also the use of dactinomycin has been associated with an increased risk 1KH. 

Furthermore,, an increased susceptibility to develop thvroid tumors has been suggested 

forr children with NB. For children with NB the occurrence of thyroid tumors 



(carcinomass and adenomas) after irradiation was five times more frequent than for 

otherr childhood malignancies, which could not be explained by age, sex, dose or length 

off  follow-up 2(H,
< Also, in a hospital-based study by Tucker, after correction of radiation 

dose,, a rate of 2.1 thyroid cancers per person-years/cGy was found for survivors of NB 

comparedd to 1.6 for Wilms' and 0.3 for Hodgkin's and non-Hodgkin's lymphoma 146. In 

aa third study, 5 thyroid cancers were found in 544 5-vear survival NB patients, all after 

receivingg external radiotherapy, with a corresponding average ERR of 0.50 per Gy 2I!1. 

Biologicall  arguments explaining this increased susceptibility might be the fact that 

tumorss of the sympathetic nervous system can be related to MTC and that in MTC 

andd differentiated thyroid tumors similar chromosomal deletions or abnormalities are 

loundd (chromosome 10 q arm) ,46, 

Mostt X-radiation-induced thyroid carcinomas are papillary (85 %), but also follicular 

tumorss (10%) and medullary or undifferentiated carcinomas occur 3l). A higher 

prevalencee of RET/PTC arrangements has been found in radiation induced PTC 

comparedd to sporadic PTC 2lj2-(G
) with , in contrast to the Chernobyl tumors, a higher 

frequencyy of the chimeric gene RET/PTC1 instead of RET/PTC3. However, in a 

recentt performed evaluation of tumors occurring after low dose external radiation an 

overalll  RET/PTC activation of 38.6 % was found in all papillary carcinoma, with no 

associationn to radiation exposure 2('4. 

Theree is no difference in behavior or prognosis for patients with radio-induced or 

non-radioo induced thyroid cancer 4fj. Ways to protect the thyroid from X-radiation 

inducedd damage are discussed in section 1.4.f, chapter 6 and chapter 11. 

1.4.e.. Effects of  131I on the thyroid gland in children 

Thyroidd damage due to radio-iodide has been extensively reported following the 

Chernobyll  nuclear disaster. The accident in this power plant on April 26th, 1986, resulted 

inn the release of about 444 10 GBq of radionuclides, containing 230plutonium 

(Pu),241,Pu,, i r-ccsium and about 15-20 % 13l-iodinc and 30% '"-iodine 138-2"5. In the 

childrenn living in this region, and also in children exposed to radio-iodine isotopes in 

thee Marshall Islands, an increase in the occurrence of benign thyroid nodules and 

thyroidd cancer has been described ;!,l--2,,6. 



Thee nodules, that arise after ' 3!I-exposure, are predominantly adenomatous, more 

well-encapsulatedd with papillary patterns and degenerative changes, compared to those 

foundd after external irradiation 2fl'. In the nodules of the Chernobyl children, a 

significantt higher number of RET/PTC rearrangements were found (52.4 %) compared 

too naturally occurring nodules (13.9 %),but not when compared to externally irradiated 

noduless (37.5 %) 20*. 

Thee children under 5 years of age were especially at risk to develop thyroid carcinoma b<>. 

Att first there was concern that there might have been an ascertainment bias, but the 

numberss of affected children exceeded an unprecedented incidence, which increased 

fromm less than 1 per million per year to more than 30 /10f) per year (Belarus) and more 

thann 3/106 per year (Ukraine)2W. For children and young adolescents, in iodine deficient 

areas,, the risk to develop thyroid carcinoma was twice as high 21". For adults, very 

recentlyy also an accelerated increase of thyroid cancer was reported in all agee categories 

fromm 1990 onwards 2U, The thyroid carcinomas that have been found in children in 

thee "Chernobyl-regions" are characterized by a short latency period and an almost 

equall  sex ratio. The tumors were often aggressive, predominantly papillary, with 

intraglandularr tumor dissemination in 92 %, thyroid capsular and soft-tissue invasion 

inn 89 % and cervical lymph node metastases in 88 %, with a short latency period 

betweenn exposure and disease 1^-1-w-2tl,
> A very high frequency (95 %) of KKT/VTC 

rearrangementss was found (PTC] 1 to 8)21J. In the tumors w7ith a short latency period 

(<< 10 years) more frequent RFT/PTC3 rearrangements are found and in late occurring 

tumorss more frequent RET/PTC1 rearrangements lf,4-212-1\ However, a study 

performedd in 2001 could not confirm the differences in RET/PTC 1 or RFT/PTC3 

rearrangements,, and could also not confirm the differences in frequency of RF.T-

rearrangementss between irradiated tumors and sporadic, or between adults and younger 

children,, indicating that other factors may act after irradiation exposure that leads to 

RKTT proto-oncogene activation 2m. Ras and p53 mutations do not seem to play a role 

inn the thyroid carcinomas that are found in the L1Chernobyl-region". 

Thee chance to develop thyroid nodules and carcinoma after medical use of radio-

iodinee is unclear. There is no eyidence that diagnostic use of  ,31I , with a dose of 2.22 

MBqq resulting in an estimated dose of 6.5 Civ to the thyroid, increases the risk for 
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thvroidd carcinoma r,li-14. Also, the therapeutic use of  l l l l for hyperthyroidism or ' 1'I 

usee in cardiac disease has not led to an increased rate of thvroid cancer or thyroid 

cancerr mortality ^]r*- l(\ All these results apply for adults, however, and follow-up data 

onn children given diagnostic Lll I is scarce. In children treated with radio-iodide for 

hyperthyroidism,, the reported occurrence of thyroid nodules ranges from 0 to 30% 

(afterr 1.85 MBq/g tissue). No increased risk has been reported for children to develop 

thyroidd malignancies *\ which can be explained by the fact that cell-killing radiation 

dosess are used. The very few reports on thyroid cancer following radio-iodide in 

childrenn with hyperthyroidism were associated with the use of low-moderate doses of 

radio-iodidee (1.85 MBq/g and 46.25 to 199.8 MBq)3". However, considering the relative 

smalll  numbers of children, the short follow-up time and latency time of thyroid tumors 

followingg externa] radiation, follow-up of children given diagnostic and/or therapeutic 

II  is still warranted. 

Inn the treatment for differentiated thyroid carcinoma, the radio-iodide will ablate all 

thee remains of thyroid tissue after thyroid surgery, resulting in hypothyroidism. T4 

administrationn is required for thyroid hormone substitution and subsequent TSH 

suppression. . 

1.4.f.. Prevention of radiation damage to the thyroid gland 

Consideringg all above described adverse effects of radiation on the thvroid gland or 

itss function, ways to protect the thyroid in children who need radiation treatment are 

necessary.. Ways to protect the thyroid gland against radiation can be 'thyroidal' 

interventionss or 'general radio-protective' interventions. Examples of thyroidal ways 

off  prevention are the suppression of TSH and inhibition of NIS, examples of general 

radio-protectivee ways are the administration of free radical scavengers. 

Ass shown in figure 7, protection of the thyroid against external radiation (XR) or 

radio-iodinee can be attempted by interfering on different levels: at the level of the 

pituitaryy gland (decreasing the plasma concentration of TSH and/or GH), at the level 

off  the circulation (decreasing the vascularization/oxygenation and decreasing the 

exposuree to radio-iodine), at the level of the active transport of iodide into the thyroid 

(NIS)) (decreasing uptake of radio-iodide), at the site of organification (bv TPO) 
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F igu ree 7. Possib le ways of p ro tec t ion aga inst rad ia t ion- induced thyroid d a m a ge 

Schematicc figure for the iodine pathway in the thyroid follicl e and the possible ways of radiation prevention. 

Afterr stimulation of TSH, iodide is actively taken up via the sodium-iodide transporter (NIS). Subsequently 

itt is transported to the apical membrane, where it is enzymatically (TPO) oxidized by peroxide into hypo-

ioclitee and subsequently coupled to and bound into thyroglobulin (Tg). After stimulation by TSH, Tg is 

endocytosed,, Ivsosomclv hydrolyzed and MIT . D I T are deiodinated and T and T, are secreted into the 

circulation.. When the intra-thvroidal concentration of iodide is high, the compound XI is formed reducing 

a.o.. NI S activity and cAMP formation. l = : j I : decreases the concentration of '3 l I , decreases the 

vascularizationn of the thyroid, decreases NIS activity, decreases organification, possibly stimulates the forming 

off  compound XI which decreases cAMP formation but catalyses the generation of I), radicals. 

2 = 0 0,, decreases | , :I uptake by NIS. 3 = P T l ' / M Ml decrease iodide organification and decrease the 

formingg of free radicals. 4=selcnium (animal models) decreases the forming of tree radicals, 5=Thyro id 

hormonee decreases '"'I uptake by NIS and cAMP formation by decreasing TSH, 6=ACTH/cor t i sone 

(animall  models), decreases radio-iodide uptake by decrease of TSH concentration. 7=gonadal hormones 

increasee TSH concentration, 8=SCN decreases NI S mediated uptake of '311 , 9=hypophysectomy (animal 

models)) decreases plasma TSH and the concentration of ( i l l (proliferation thvroid cells). lt>= excretion of 

II  bv the kidnevs 

(increasingg efflux of radio-iodine and decreasing the amount of free radicals), and at 

thee site of endoevtosis into the cell or as T & T, into the circulation. 

Becausee there are several differences between the possible ways of protection against 

radio-iodinee or XR, these noxes will firstly be discussed separately. Subsequently, regarding 

thee similar possibilities of preventive intervention, they will be discussed together. 



Preventionn of thyroid radiation damage due to radio-iodine 

Withoutt protection, the thyroid will accumulate about 20-40 % of administered radio-

iodine,, dependent on the thyroid's functional status and the iodine status. Because the 

riskk to develop thyroid malignancies after exposure to radiation has been shown to be 

alreadyy increased after exposure to 0.1 Gy T8, prevention of uptake of radio-iodine in 

childrenn must be aimed to reduce uptake to 0%. Next to a reduction to 0 % uptake, 

anyy preventive strategy should preferably have a minimum of side effects. 

Reductionn of exposure to radio-iodine by interference on the pituitary level indicates 

loweringg TSH, because TSH stimulates iodide uptake into the thyroid, iodide 

organificationn and accumulation, thyroid hormone formation, Tg endoevtosis and 

proteolysiss and release of thyroid hormones m,lf\ Lowering TSH can be achieved by 

hypophysectomyy (animals 21 ), the administration of a TSH antagonist (developed for 

thee treatment of TSH producing adenoma2I8, but not yet used for radiation protection) 

orr the administration of T, or T,. 

Protectionn of the thyroid against radio-iodine exposure has been done most frequently 

byy interference at the level of the circulation: the administration of stable iodine ( i r I ) , 

mainlyy using potassium iodide (KI) . The administration of high doses of stable iodine 

dilutess or saturates the amount of radio-iodide in the circulation, resulting in a 

diminishedd exposure to radio-iodine. Also, high concentrations of iodine will acutely 

diminishh the vascularization of the thyroid, which results in a decreased exposure to 

extra-thyroidall  radio-iodide. 

Furthermore,, the administration of KI (or any other iodine solution) has its effect on 

severall  other levels, as explained in section l.l.c. Whether a decreased activity of NIS 

causedd by the escape mechanism of the Wolff-Chaikoff effect contributes to the 

decreasee in uptake of radio-iodide as radio-protective effect is unclear 2iy. It has been 

shownn in animals that also during exposure to KI , euthyroidism is rendered 22", with 

onlyy a slight increase in TSH. This implies that active iodide transport by NIS is 

presentt during KI administration and also active uptake of radio-iodide remains 

possible.. A second argument against the involvement of the Wolff-Chaikoff effect in 

radio-protectionn of excess iodide is the fact that reduction in uptake, in rat thyroids, is 

alreadyy observed at iodide plasma levels or doses where organic iodine is still increasing 
2l<>2l<> .. However, the abilitv to concentrate iodide has been shown to be a function of the 
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iodinee content of the gland, indicating that the iodide transport mechanism is dependent 

onn the amount of glandular iodine and not to saturation of the circulation alone -iy. 

Thee maxima! reduction in uptake is achieved when Kl is administered briefly (at best 

onee hour) before radio-iodine exposure. When Kl is administered much earlier before 

exposure,, it will lead to a much less efficient reduction in uptake. Another effect of a 

highh concentration of (cold) iodine possibly contributing to a radio-protective etfect 

iss a decrease in cAMP leading to a decreased metabolic activity of the eel!. 

Sidee effects of iodine should always be taken into consideration, when administered 

forr thvroid protection, which may be thyroidal, i.e. iodide goiter with or without 

hypothyroidism,, hyperthyroidism and hypothyroidism (most important in neonates 

andd possibly also in voung children and the elderly when the escape mechanism of the 

Wolff-Chaikofff  effect fails), or non-thyroidal, i.e. dermatological and mucous reactions, 

iodidee mumps, serum sickness (hypersensitivity) and vascular reactions. Most side 

effectss are transient 21<>. The FDA has recommended that Kl is safe to administer as 

thyroidd protection in case of nuclear accidents 21<). The recommended dose is 130 mg 

forr adults and 65 mg for children below1 one year per day when they are likely to 

receivee a projected dose of 25 rem or greater from radio-iodines released into the 

environment.. Kl is also often administered for thyroid protection in case of use of 
13111 for medical applications, its effectiveness will be evaluated in chapters 2, 3, and 11. 

Ass described in section 1.1.b, the inhibition of NTS, next to iodide, can a!so be done 

byy the administration of other anions. From studies in children with a total iodide 

organificationn defect, who are given the CLG4 -discharge test, it is known that, if 

givenn in the appropriate dose, CLO leads to a 100 % inhibition of radio-iodide 

uptakee leading to 0% uptake after an hour. However, CLC)4 has been associated with 

moree serious side effects than Kl . CL04 has been shown to suppress bone marrow 

functionn and in the 60's, 7 cases were reported with fatal aplastic anemia, after 

administrationn of high doses of CIX.)4 for 2-6 months 22,-~2. For this reason, it is 

noww mainly used as single dose for diagnostic purposes. However, in lower doses it is 

alsoo used in the treatment of amiodaronc induced hyperthyroidism and no serious 

sidee effects or additional cases of aplastic anemia have been reported ~2~. 

Interventionn on the level of the thvroid follicular lumen, the organification by TPO, 

cann be done by the administration of anti-thyroid drugs, which inhibit the organification 
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andd lead to a faster efflux of radio-iodide. Also, as explained previously, when the 

intra-thyroidall  concentration of iodide is elevated it inhibits its own organification by 

reductionn of the H , 0, generation (ThOX and TPO). CLO ~ has very littl e or no 

effectt on the organification 221. 

Interventionn on the level of endocytosis and secretion of thyroid hormone can be 

donee by the administration of TSH, which will increase the elimination of radio-

iodidee as it speeds thyroid hormone formation, Tg endoevtosis, lysosomal hydrolysis 

andd the release of thyroid hormones u\ Stimulating the elimination of radio-iodine by 

thee kidneys, which is the main way to excrete (radio-active) iodine, to reduce internal 

radiationn exposure can be done by stimulating diuresis. 

Protectivee strategies against X-irradiation (XR) 

"Physicall  ways of prevention" that are undertaken and that have shown to be protective 

againstt the effects of XR are elimination of radiation exposure (by applying lead 

shieldss or replacing radiotherapy with chemotherapy), reduction of total dose, and 

hyperfractionation.. Before applying these preventive strategies though, it must be guaranteed 

thatt the efficacy of the treatment for the malignant disease remains just as good. 

Withh regard to the replacement of radiation with chemotherapy, the possible negative 

effectss of chemotherapy must be carefully outweighed, as for example hypothyroidism 

orr even thyroid carcinoma caused by cervical irradiation may be easier to treat than 

infertilityy caused by alkylating drugs. 

Protectivee strategies against both radio-iodine and XR 

Forr both exposure to radio-iodine and exposure to XR, protection for the thyroid 

glandd is thought to be brought about by lowering of TSH during exposure to radiation 

ass the level of TSH is of direct influence on the (mitotic) activity of the thyroid cell. 

Thee effectiveness of lowering TSH during and after exposure to radiation in animals 

andd humans is discussed in chapters 6 and 11. 

Inhibitionn of iodide organification by anti-thyroid drugs may, besides a reduced binding 

off  radio-iodine, also reduce the hydrogen peroxide concentration bv a still unknown 

regulationn mechanism. A diminished oxidation and generation of H^O, wil l 

subsequentlyy decrease the production of free radicals. The production of free radicals 



iss one of the main factors involved in cellular damage dae to radiation exposure by 

breakingg chemical bonds, disruption of the membrane structure, DNA mutation and 

structurall  damage to proteins. Scavenging these radicals will decrease cellular radiation 

damage.. Amifostine, an aminothiol known as WR-1065, has been shown to protect 

thee salivary glands during X-radiation based on free radical scavenging and possibly 

bvv genomic stabilization 22l A trial using amifostine for thyroid protection has been 

suggested,, but up to now no results have been published 224. However, a note must be 

made,, that amifostine has also recently been associated with a high percentage of 

adversee effects —*. 

Naturall  occurring anti-oxidants are radioprotective. Sulfhydryl compounds, such as 

cysteinee (precursor of glutathione), glutathione and [}-mercaptoethyl amine (cysteamine), 

cann be considered anti-oxidants and may protect cellular DNA by several mechanisms, 

includingg free radical scavenging, hydrogen donation, and modulation of repair 

processess 22\ Furthermore, radiation exposure may alter the balance of endogenous 

protectivee systems such as glutathione and antioxidant enzyme systems and it is probable 

thatt antioxidant enzymes, such as glutathione peroxidase, manganese superoxide 

dismutase,, copper-zinc superoxide dismutase and catalase provide radiation protection. 

However,, the right balance in which these enzymes are required is far from clear 223. 

Antioxidantt nutrients, such as selenium and several vitamins (vitamin A, C, E and 

glutathione)) arc known to act as radioprotectors 22\ Selenium and vitamin E, may not 

onlyy be antioxidants but also have other physiological activities by which they modulate 

radiationn responses, however these mechanisms are not completely clear ~~ . It has 

beenn shown that cellular prctreatment with selenium, which is a component of 

glutathionee peroxidase, results in increased levels of glutathione peroxidase, catalase, 

andd nonprotein thiols (glutathione) and in an enhanced destruction of peroxides 22(\ 

Moreover,, selenium has a special effect on thyroid hormone metabolism as it is required 

forr all 3 iodothyronine dciodinases, a.o. necessary for the conversion of T4 into Tv 

Thesee enzymes contain selenocvsteinc in the catalytic side. Selenium deficiency is 

thereforee thought to exacerbate hypothvroidism in iodine deficient regions 

()therr anti-oxidants, that have shown to be radio-protective are the endogenous metals 

ionss as from zinc, iron, copper, magnesium and phytochemicals, such as flavonoids, 
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mcthylxanthiness (caffeine and theophylline) and melatonin 2 2\ Regarding the 

administrationn of non-thyroid specific anti-oxidants to children with malignant diseases 

itt must be guarded that the efficacy of cancer treatment is not affected. 

Thee effectiveness of preventive strategies for thyroid damage due to radio-iodine and 

XRR in humans and animals is further discussed in chapters 2, 3, 4, 6 and 11. 

1.4.g.. Prevention of thyroid damage due to 131I-MIB G in children 

Inn the treatment for neuroblastoma, radio-MIBG is administered, 2-4 times, in doses 

rangingg from 3.7-7.4 GBq. During administration of  131I-MIBG, 131I~ is released 

intra-venously,, due to instability of the drug (2-5%) and another small percentage, 

whichh is cleaved of by liver metabolism. 

Untill  1999, in the Emma Children's Hospital, AMC, to prevent the thyroid from uptake 

off  radio-active I31I during MIBG treatment, patients were given 100 mg Kl daily for 

twoo weeks during treatment with ,3II-MIBG , and for 5 days during diagnostic ,23I-MIB G 

Thee thyroid glands from parents is protected by 200 mg KI daily during three days 22~\ 

Thee effect of radio-iodide after treatment with 1311-MIBG on the thyroid gland, despite 

protectionn with KI , has been reported by Picco et al -8-22'J, I n 14 long term surviving 

patientss with neuroblastoma, treated with 1311-MIBG, surgery and conventional 

pharmacologicc therapy, 12 developed a diminished thyroid function. KI was 

administeredd orally from 7 days before until 7 days after '31I-MIB G administration. 2-

33 mg iodide per kg body mass was given, once daily, and an additional dose was given 

iff  the patient experienced emesis within three hours. Within 6 months, 5 patients 

showedd thyroid abnormalities, of which 2 overt hypothyroidism. Within 12 months, 6 

patientss were diagnosed with high TSH, but T4 and T, levels were within the normal 

rangee (compensated hypothyroidism). In two years, 8 of the 14 patients developed 

overtt primary hypothyroidism, presenting with thyroid enlargement and typical 

hypothyroidism-relatedd symptoms including, in 2 patients, a decreased growth velocity. 

Alll  or these 8 patients required replacement treatment with L-thyroxine (mean dose 3 

| ig/kgg per day). Four other patients developed asymptomatic elevated TSH 

concentrations.. Three patients treated with radio-MIBG and total body irradiation 

(TBI)) developed overt hypothyroidism. 



InIn a report on second malignancies in 119 children with NB after combined treatment 

includingg 131I-MIBG, with a mean follow-up time of 1.5 years (range 0.1-16.3), 5 

malignanciess were found (myeloid leukemia (2), angiomatous fibrous histiocytoma, 

malignantt schwannoma, rhabdomyosarcoma), but no thyroid malignancies 23n. 

Thesee results indicate that oral administration of KI seems insufficient for protection 

off  the thyroid function during treatment with radio-MIBG, which may result in 

hypothyroidism.. No increased risk for the development of thyroid tumors has been 

reportedd though. Considering the relative short follow-up, this should be studied in 

largerr cohorts over a longer follow-up time. 

Protectionn of the thyroid gland during MlBG-trcatment will be further discussed in 

chapterss 2, 3, 4 and 11. 

1.4.h.. Effects of X-radiation therapy on other endocrine organs 
Hypothalamuss -pituitary gland 

Hvpothalamic-pituitaryy dysfunction following radiation therapy is, like the thyroid 

gland,, time and dose dependent. The incidence of problems increases in time. For 

bothh the hypothalamus and the pituitary gland, the dose per fraction that is administered 

iss of importance next to the total administered dose 13\ Younger patients are more 

vulnerablee than older patients. 

Thee hypothalamus is more radiosensitive than the pituitary gland; damage can be expected 

afterr 40-50 Civ, and after higher doses also the pituitary gland may be damaged2. However, 

alsoo at doses < 40 Gy hypopituitarism may be present due to hypothalamic dysfunction. 

Off  the production of the pituitary hormones, the synthesis of GH will be affected first, 

mostlyy followed by LH & FSH, ACTH, and TSH l*- 2M. A GH deficiency can already 

occurr after irradiation with 18 Gv 4f\ Dose and time from irradiation are significantly 

correlatedd to GH deficiency, but the speed of onset in the first five years is dose dependent 
232.. After cranial irradiation with 27 Gy or more, GH deficiency will be manifest within 

22 to 5 years. Next to GH deficiency, also GH neurosecretory dysfunction has been 

describedd to occur, characterized by a normal GH peak in the stimulation test but a 

decreasedd spontaneous 24-hour GH-sccrction. Neurosecretory GH dysfunction has been 

describedd after short, relatively high RT doses (10 Gy in 3 days) for BMT. 

Gonadotropinn deficiency is frequent after cranial RT for a brain tumor, especially 
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afterr radiation doses of > 50 Gy 2X\ In contrast, after lower doses (18-47.5 Gy), 

precociouss puberty is associated to radiation exposure, mainlv for girls 234-2;b
) explained 

byy a disinhibition of cortical influences on the hypothalamus which increases the 

frequencyy and amplitude of GnRH secretion 135. 

ACTHH deficiency is rare following low dose irradiation, but its frequency increases 

afterr exposure to more than 50 Gy, In patients with nasopharyngeal carcinoma, ACTH 

deficiencyy was present in 27 % of patients after 5 years 23\ However, subtle 

abnormalitiess may be present in this axis, which should be addressed with caution 

whenn using this axis in times of stress. Also, the adrenal androgen production may be 

distortedd by cranial irradiation, detected by subnormal DHFiAS concentration as a 

resultt of diminished ACTH production 23\ 

InIn contrast to the decrease in production of most pituitary hormones following cranial 

irradiation,, the levels of prolactin are often increased Br,-231
) occurring in approximately 

20-500 % of patients after RT n(\ The increase of PRL is thought to be caused by loss of 

thee normal inhibition of PRL secretion due to damage to the hypothalamus. 

Hyperprolactinemiaa causes inhibition of the gonadotropin secretion and decreases the 

sensitivityy of the pituitary gland to GnRH, causing hypogonadotropic hypogonadism. 

Hypothalamicc radiation damage may lead to obesity (most often after radiation doses 

>> 51 Gy) and the metabolic syndrome, for example following treatment for ALL or 

brainn tumors. This hypothalamic obesity has been related to post-cranial irradiation 

leptinn resistance leading to the inability to recognize satiety and to vagally mediated 

hyperinsulinismm caused by destruction of the ventromedial hypothalamus (VMH)4()-236. 

Manyy other factors may also contribute to this syndrome, including increased energy 

consumption,, decreased energy expenditure and hormonal disbalance including GH 

deficiency,, hypothyroidism and hypogonadism 23 . Treatment with octreotide may be 

beneficiall  for pediatric patients with hypothalamic obesity 236. 

Centrall  hypothyroidism 

Thee occurrence of central hypothyroidism has been described in 39 % of patients 

afterr cranial radiation with 30 Gy or more and in 8% after 15-29 Gy ,K). Also, irradiation 

off  the pituitary gland has been described to reduce the biological activity of TSH 238, 

Chemotherapyy has been documented to increase the occurrence of central 



hypothyroidismm as mentioned above. Mixed hypothyroidism has also been described 

inn survivors of childhood cancer, and can be diagnosed by finding a mild elevation of 

TSHH with low levels of free T . In this syndrome, TSH might be abnormally glycosylated 

duee to reduced TRH release from the hypothalamus. These findings may represent 

thee combination of thyroid and pituitarv/hvpothalamic damage or central 

hypothyroidismm (hypothalamic damage), and is most prevalent after cranial or cranio-

spinall  irradiation with > 30 Gy 2y>. 

Gonads s 

Thee gonads are highly radio-sensitive. In males, the testicular germ cells, due to the 

highh rate of cell division, are more sensitive than the Levdig cells or Sertoli cells. After 

radiationn with 0.1 Gy, morphologic and quantitative changes in spermatogonia are 

observed.. Doses above 0.8 Gy result in azoospermia and below 0.8 Gy in oligospermia. 

Recoveryy mav take place within 9-18 months after 1 Gy, within 30 months after 2-3 

Gvv and after 5 years after doses above 4 Gy lM. A rise of LH (due to damage in Levdig 

cells),, as a sign of decreased testosterone production, has been demonstrated after 

radiationn doses above 0.75 Gy and fractionated doses above 2 Gy B~. 

Inn girls, because oogenesis occurs during embryonic life, the oocytes arc in a relative 

quiescentt state and are much more radioresistent. However, when thev are damaged, 

theyy can not be replaced or repaired. The radiosensitivity of ovarian tissue is dose and 

age-dependentt l31, and the LD-(( of the human oocytes (representing the dose of 

radiationn required to destroy 50 % of the primordial tollicles) has been calculated to 

bee < 2 Gv 24tl. In a cohort of 19 girls treated with radiotherapy for intra-abdominal 

malignanciess during childhood, 18 developed ovarian failure after exposure to 30 Gy 

(16-266 fractions). In a cohort of 38 patients who received whole abdominal X-RT 

(20-300 Gv), 27 failed to undergo or complete pubertal development and 10 underwent 

prematuree menopause (median age 23.5 years). Of 15 patients who received flank X-

RTT with the same dose, ovarian function was normal in all but one in whom pubertal 

failuree occurred. In this cohort no live births were achieved, with all miscarriages 

occurringg in the second trimester -41-24-2. 
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Parathyroidd glands 

Hyperparathyroidismm has a 2.5 to 3 fold increased occurrence after low-dose head 

neckk irradiation (2-7.5 Gv), but after higher doses it is relatively uncommon !lfl . In a 

revieww performed on 2556 patients, the relative risk to develop hyperparathyroidism 

afterr head-neck irradiation was found to be 0.11 per cGv, with a wide confidence 

intervall  (0.0-17.2), and a latency time of 25 to 47 years. Despite this increased risk, 

hyperparathyroidismm is not often diagnosed after external irradiation. Reason for this 

probablyy lies in the fact that it often remains asymptomatic and thus escapes clinical 

detectionn 46. 

Bones s 

Nextt to a radiation-induced GH-deficiency, growth retardation in children irradiated 

forr a childhood malignancy can also be explained by direct radiation damage to the 

longg bones or the spine (due to (craniospinal irradiation or total body irradiation), 

resultingg in skeletal disproportion. For this reason it is important to measure both 

totall  length and length of the spine (sitting height). Furthermore, the simultaneous 

presencee of other central endocrinopathics, like hypothyroidism and premature puberty, 

mayy increase the growth retardation. 

1.4.i.. Effects of  131I on other endocrine glands in children 

Afterr treatment with radio-iodide, it has been suspected that the gonads may be 

damaged.. In male patients an increase in FSH is described but not in LH, suggesting 

damagee to the germinal cells 24\ In female patients the fertility rate after radio-iodide 

treatmentt for thyroid carcinoma, was not affected, although various reports have been 

publishedd of increased rates of miscarriages 244. No significant increased risk for 

leukemiaa or other solid tumors has been found after radio-iodide treatment, although 

reportss have been written of increased cancer in organs that concentrate '} ] I (breast, 

salivaryy glands, digestive tract, kidney and bladder) y2. More studies on secondary 

cancerr following radio-iodide treatment are necessary. 



1.5:: Surgery and endocrine effects in children with cancer 
Thee endocrine complications of a surgical procedure are, ot course, dependent on 

thee localization of the tumor, the size and the ingrowth in surrounding tissue. 

Afterr surgery for craniopharyngioma, next to panhypopituitarism, obesity related to 

hypothalamicc injury can be a very distressing outcome. Recently, it has been shown 

thatt in this patient group many features ot the metabolic syndrome arc present 2"'\ 

Afterr surgery for NB, endocrine effects might be expected after performing adrenalectomy. 

However,, no cases of hvpocortisolism have been reported following adrenal surgery. In 

chapterr 3, the effects of surgery on plasma Cortisol and ACTH are discussed. 

Afterr total thyroidectomy for thyroid carcinoma, an (intended) endocrine effect is the 

developmentt of hypothyroidism. Treatment can adequately be given bv the suppletion 

off  T . The main postoperative complications are laryngeal palsy and hypoparathyroidism. 

Withh regard to the risk of hypoparathyroidism, special attention in the post-operative 

periodd should be paid to the development of hypocalcemia due to the lack of parathyroid 

hormonee (PTH). Substitution therapy can be given as calcium and vitamin D. The 

occurrencee of these side effects is discussed in more detail in chapter 7. 

Otherr endocrine effects of surgery after treatment for pediatric cancer may be hormonal 

deficienciess following removal of brain tumors near the hypothalamus and pituitary 

region,, and gonadal tumors (ovarian cvsts, gonadoblastoma and testis carcinoma). 

1.6:: The phenomenon of 'non-thyroidal illness' in 
childrenn with cancer 
Duringg caloric deprivation or severe illness, the concentration of plasma T^ decreases 

whilee the concentration ot plasma rT, increases and the concentration of plasma 

TSHH is normal or low. Total T. may remain in the normal range or may be lowered. 

Thiss phenomenon has been called the syndrome of non-thvroidal illness (NTI) or the 

euthyroidd sick syndrome 24f'. In adults, this syndrome has been described in a wide 

varietyy of conditions: severe infections, trauma, myocardial infarction, major surgery, 

malignancy,, inflammatory conditions, starvation or can be caused by medication (e.g. 

dopamine)) 24f,-24>i, 

Inn children, abnormalities of the thvn;id hormone determinants have been described in 
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prematuress 249, in neonates in combination with the respiratory distress syndrome2-'10, in 

criticallyy ill children in the intensive care unit (a.o. after cardiac surgery or meningococcal 

sepsiss 2s]-2:>2 ), in badly regulated diabetes mellitus2^ and hepatitis A 2"A. 

Fivee conceptual interpretations for NTI are given in literature: 1) the abnormalities 

representt test artifacts, 2) the serum thyroid hormone abnormalities are due to inhibitors 

off  T4 binding proteins, 3) the pituitary is euthyroid and the body is hypothyroid, 

becausee pituitary T̂  levels are normal, 4) patients are biochemically hypothyroid but 

thiss is a beneficial physiological response to illness and should not be altered by 

treatmentt and 5) the patient is actually hypothyroid and this is probably disadvantageous 

too the patient246. 

Thee exact underlying cause of this changed thyroid hormone state has not been defined 

yet,, although several factors have been shown to play a role: a diminished conversion 

off  T4 to T, due to a decrease of type 1 -iodothyronine deiodinase 2;", an altered function 

off  the hypothalamus and pituitary gland 25<i-1:>1\ an increase of stress-induced 

glucocordcoidss 2  ̂ and the administration of medication 24/. The role of circulating 

cytokiness has not been completely identified yet. It has been shown that 11-6, Intcrleukin-

1,, Il-aRA and other factors arc correlated to the suppression of thyroid hormone 

levels,, but neutralization of the effects of cytokines (by the use of receptor antagonists 

orr blocking anti-bodies) did not support the evidence for NTI  246^9-260. Also the 

administrationn of cytokines (II-l , 11-6, TNF and IFN) to healthy volunteers did not 

resultinn NTI  2M. However, it has been demonstrated that NTI is 'an acute phase response' 

whichh is generated by activation of a cytokine network 262. For this reason, it may be the 

combinationn of cytokines that work via the hypothalamus that result in suppression of 

TRHH production 261. Also, in vitro, cytokines have shown to downregulate NIS, inhibit 

Tgg synthesis, decrease cAMP, decrease TSH-induced TPO mRNA and S'-deiodinase 

activityy which can all contribute to lower thyroid hormone secretion 20i. 

Thee pituitary production of TSH is radically suppressed considering the low plasma 

concentrationss of thyroid hormone. Not only the thyroid hormones, also the other 

anteriorr pituitary hormones IGF-1, LH, FSH ( and insulin) are lowered during severe 

illnesss 2r,G.Various theories exist about the pituitary unresponsiveness246 . The fact that 

alsoo other pituitary hormones are lowered indicates a role of the pituitary in NTI. The 



fact,, however, that the impaired pulsatile secretion of GH, TSH and gonadotropin 

cann be re-amplified bv relevant combinations of releasing factors indicate that the 

hypothalamuss plays the more important role in prolonged critical illness 2:,('. 

Whetherr to treat NTI is still an issue of debate. Several studies have been performed; 

somee have shown replacement hormone therapy to be disadvantageous 264, indifferent 

263,2666 ancj j n s o me studies it appears to be beneficial ~6 ~-w. 

Inn premature infants with severe respiratory distress, prophylactic T4 and T^ 

administrationn dailv was beneficial and lowered mortality 2 ". This study was criticized 

however,, due to weakness in methodology and iodine-deficiency in the control patients. 

Fourr randomized clinical trials have been published concerning this subject 249. In all 

fourr studies, mortality and morbidity were not significantly improved. Subgroup analyses 

inn one study did show that mortality in T treated infants that had not received ante-

natall  steroid therapy was significantly lower and that T4 treated infants < 27 weeks 

gestationall  age had a better developmental score after 2 and 5 years than controls, and 

infantss born < 29 weeks had a better motor outcome, however, it was also found that 

thee control group of infants born < 29 weeks showed a better cognitive and neuromotor 

development.. 249-21. In conclusion, it is advised that preterm infants should not be 

T ">4<j j treatmentt . 

Childrenn treated with T, postoperatively after cardiac surgery, required less cardiac 

support2'1.. The fact that a decreased peripheral conversion of T4 toT^is characteristic 

forr NTI may explain why T administration fails to demonstrate clinical benefit ~T)(\ 

Consideringg the hypothalamic role in NTI, the administration of TRH alone or in 

combinationn with GH-secretagogues has been suggested but is still under 

investigation2^'. . 

Itt has been recommended that, for adults, therapy should be initiated if serum T4 levels are 

depressedd below the critical level of 51.5 nmol/L with T, and T supplementation 2M. 

However,, this replacement therapy must still be considered experimental2;,r'. 

Forr children, the consequences of intermittent episodes ol lowered thyroid hormones 

mayy be different than for adults because low concentrations of thyroid hormone may 

nott only have a direct influence or be an indicator on outcome of the disease, but may 

alsoo have effect on other, more long-term parameters, such as growth and (brain) 

developmentt into adolescence. This has not been investigated. 
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Itt can be expected that in children with cancer the concentrations of thyroid function 

parameterss are frequently affected. At time of diagnostics, depending on the localization 

andd stage ot the tumor and the clinical condition of the child, NTI may be present. 

Duringg therapy for the malignant disease, XT I may frequently occur depending on 

thee frequency, type and intensity of the cytotoxic treatment, and during episodes of 

feverr in aplasia, admission to the ICU or following bone marrow transplantation. As 

thesee children wil l encounter such episodes frequently, it can be expected that these 

hormonall  changes are of clinical relevance and may contribute to retardation in growth 

andd development and to changes in metabolic parameters. 

Inn figure 8, the factors that might influence the thyroid function or its determinants 

duringg treatment in pediatric cancer patients are illustrated. All factors may influence 

thee thyroid function determinants directly or indirectly by interaction with each other 

(forr example chemotherapy may directly lower TBG or may lead to anorexia which 

mayy lead to NTI) . Not many studies have been performed on the changes in the 

thyroidd function parameters during treatment in children with cancer. 

Inn children with leukemia and aplastic anemia the thyroid function was measured 

beforee and three months after allogeneous bone marrow transplantation 2 2. In 48 % 

Tumor r 

Distortedd emotional 
conditionn (eg fear) 

Supportivee drugs 

(egg dexamethasone) 

Radiotherz z rrapy y Chemotherapy y 

Badd general 
physicall  condition 

Anorexia a 

Immunosuppresion, , 
increasedd infection-rate 

Figuree 8. Factors that can influence the thyroid function or its determinants in a pediatric cancer 
patient t 



abnormall  thyroid hormone parameters were found, of which 5% had a compensated 

hypothyroidismm and 43 % a state ot non-thvroidal illness. In this study, 2 risk factors 

weree identified for developing NTI ; the administered steroid dose and an age above 

166 years. The survival of children with thyroid hormone concentrations within the 

normall  range was 83 % compared to 49 % of children with NTI . From these results 

itt was concluded that NTI is an indicator of a bad prognosis. In 25 children with 

lymphomass and leukemia, a decrease in plasma T, was observed after treatment with 

chemotherapyy r 3 . In 57 patients receiving BMT, 42 % were diagnosed with NTI in the 

firstt 6 months following transplantation, of which 15.8 % still had NTI after 1 year 2 4. 

Off  7 children with Hodgkin's disease, 5 presented with NTI that disappeared within 6 

months.. In this study, having NTI was not related to worse outcome in terms of 

survivall  or development of thyroid disease 2 "\ In chapter 9, a prospective evaluation 

off  the changes in thyroid hormone state in children receiving chemotherapy is given. 

Inn summary, in this general introduction it has been demonstrated that in children 

withh cancer, the thyroid function and /or structure may be influenced by the tumor, 

thee treatment or the condition of the child. Damage may already be present during 

treatmentt or only become manifest many years after achieving complete remission. 

Alsoo many effects on other endocrine organs must be expected and anticipated in 

childrenn treated for a childhood malignancy. These tacts indicate the need tor detection 

strategicss and ways of prevention, which wil l be the subject of this thesis, concentrated 

onn the thyroid gland. 
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1.7:: Outline of the thesis 
AA childhood malignancy and/or its treatment may have numerous effects on the thyroid 

glandd or its function. In this thesis, the occurrence, the consequences and the prevention 

off  thyroid damage during and after treatment for pediatric cancer is evaluated, aiming 

too develop new guidelines for the detection and prevention of these problems. 

Part i i 

Inn this part, thyroid damage which can occur after treatment with radio-labeled MIBG 

inn children with NB is evaluated. In chapter 2, the occurrence of thyroid dysfunction is 

evaluatedd in a retrospective cohort of children treated with 131I-MIBG. In this cohort, 

potassiumm iodide (Kl) was given to protect the thyroid gland from uptake of and 

irradiationn damage due to l j l I . In chapter 3, a more thorough (long term) follow-up in a 

groupp of survivors of" NB is performed, cross-sectionally, to evaluate the state of the 

thyroidd function and its consequences after a longer period of follow-up. As these children 

aree given multi-modality treatment, also the other endocrine functions are evaluated. 

Becausee we detected a high percentage of thyroid dysfunction in the children with NB 

afterr treatment with l31I-MIB G with KI administration for thyroid protection, a new 

thyroidd protection procedure was developed. In chapter 4, the results of a prospective 

cohortt of children with NB using this new7 procedure is described. The new thyroid 

protectionn procedure consists of the combination of KI , methimazole, and T4 (the 

dilute-,, block- and replace protection). 

Partt  2 

Thiss part of the thesis concerns thyroid damage induced by external (X)-irradiation. 

Too search for ways of prevention of X-radiation induced thyroid damage, a preclinical 

in-vivoo model was needed. In chapter 5, a rat model is described in which we correlate 

plasmaa TSH to thyroid histology after various doses of X-irradiation. In chapter 6, 

thiss radiation model is used to study the prevention of thyroid damage due to X-

irradiation.. Several different endocrine interventions are administered during exposure 

too radiation, aiming to lower thyroid cell activity and hereby attempting to prevent 

radiationn damage. 



Partt  3 

InIn this part, the adverse events after having a thyroid carcinoma during childhood are 

evaluatedd and discussed. In chapter 7, the late effects of treatment for differentiated 

thyroidd carcinoma during childhood are evaluated in a cohort of 25 adolescents. In 

chapterr 8 a case report is presented which illustrates the many difficulties one may 

encounterr during diagnostics and treatment of children with the MEN 2A syndrome, 

despitee early thyroid surgery. 

Partt  4 

Thee influence of treatment with chemotherapy on the concentration of iodothyronines 

inn the blood circulation during treatment is demonstrated and discussed in chapter 9. 

Althoughh permanent thyroid damage has been extensively described in literature after 

exposuree to irradiation, the exact additional role of chemotherapy in patients treated 

withh both treatment modalities is still unclear. Chapter 10 describes the damaging 

effectt of chemotherapy adjuvant to damage caused by radiation in a large heterogeneous 

groupp of childhood cancer survivors. 

PartS S 

Inn this part of the thesis, two systematic searches are presented that summarize all the 

preventivee steps that have been undertaken in literature, including our own of chapter 

2,44 and 6, to prevent the thyroid gland against radiation damage, in humans (1 la) and 

inn animals (l ib) . In chapter 12, the results and hypotheses generated in this thesis are 

furtherr discussed leading to suggestions for future research and implications for clinical 

practice. . 
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Abstract t 
BACKGROUND.. Treatment modalities like targeted radiotherapy with ,31I-meta-

iodobenzylguanidinee (' ̂ I-MIBG) improve survival rates after neuroblastoma (NB). 

Radiationn to the thyroidd gland can lead to hypothyroidism and even malignancy. Because 

hypothyroidismm after L,lI -MIBG treatment was reported, the current potassium iodide 

(KT)) prophylaxis against thyroidal radiation damage was evaluated. 

METHODS.. The incidence, pathogenesis and consequences of thyroid dysfunction 

amongg 42 NB patients treated with '^I-MIB G were evaluated retrospectively. ETficacv 

off  Kl prophylaxis was established by measuring thyroidal radioiodide uptake. Thyroid 

damagee was expressed as thyrotropin elevation (TH, plasma concentration of thyroid 

stimulatingg hormone >. 4.5 mU/L). 

RR HSU ITS. The mean follow-up was 2.3 yrs (range 0.1-8.5). The mean number of 

treatmentss with L>1I-MIB G was 3.3. Of 428 scintigrams, uptake of  n i l in the thyroid 

wass visible in 92 (21.5%). Twenty-two patients (52.4 %) presented TH after a mean 

periodd of 1.4 years (range 0.1 —5.8). Clinical signs of hypothyroidism were not observed. 

Flightt patients received suppletion therapy with thyroxine. Thyrotropin elevation was 

transientt in four patients. Of 25 survivors, with a mean follow-up of 3,5 years, 16 (64 

%)) developed TE. No correlation was found between TH and thyroid visualization 

afterr Lll I-MIB G administration or number of treatments. No abnormalities were 

seenn by ultrasound imaging of the thyroid. 

CONCLUSIONS.. Occurrence of thyroid dysfunction after treatment with n ' I-MIB G 

forr NB is high, in spite of K.I prophylaxis. Close tollovv-up of thyroid function and 

structuree is required in patients treated with 131 I-MIBG. New ways of protecting the 

thyroidd during exposure to radio-iodine should be developed. 



T h ee f n y m n i :»f?er IVHÖG *o*- a 

Introduction n 
AA consequence of the gradually improving survival rates in pediatric oncology is an 

increasingg occurrence of long term adverse effects. This increases the need for 

preventivee action during oncologic treatment, especially when given in childhood. 

Neuroblastomaa (NB), a malignant embryonal tumor of the peripheral sympathetic 

nervouss system, is one of the most common solid tumors of infancy. Thanks to the 

risingg knowledge of treatment modalities, prognosis, although still disappointing, keeps 

improving.. Treatment for NB depends on patient age and tumor stage at diagnosis. 

Treatmentt varies from wait and see via surgery alone to an intensive treatment with 

chemotherapy,, sometimes followed by autologous stem cell reinfusion '. New treatment 

modalitiess like targeted radiotherapy with 131I-metaiodobenzylguanidine ( l 3 I I-MIBG ) 

aree under investigation2 1(l. Due to its biochemical similarity to norepinephrine, MIB G 

iss selectively concentrated by adrenergic tissue, including NB. It has been shown that 

MIB GG labeled with 123I or I31I is very sensitive and specific in the diagnostic work up 

1'.. In treatment of NB, high dose 131I-MIB G can be very effective wyith moderate side 

effectss ^' . In order to reduce tumor size and facilitate surgery, since 1989 all patients 

withh NB inoperable Evans Stage III , Stage IV and some patients with Stage IVS in 

Kmmaa Children's Hospital, Academic Medical Center, The Netherlands arc treated 

upp front by B ! I -MIBG . The total radioactivity of therapeutic doses of  131I-MIB G is 

almostt entirely excreted in urine after being metabolized to a minor degree ,2-'-\ But, 

duee to instability- of the I31I-M1BG as well as metabolism by the liver, free 131I is 

formedd 12"1;1. 

Ass thyroid hormone (TJ is essential for growth, development and the metabolic activity 

off  almost all tissues of the body, prevention of thyroid damage is of importance 

especiallyy in children. In the first years of lif e T4 is essential for optimal brain 

development.. To produce T the thyroid gland actively accumulates iodine u\ As a 

consequence,, the thyroid wil l also concentrate radioiodine derived from 131I-MIBG . 

Effectss of radioiodine on the thyroid can vary from hypothyroidism, thyroiditis, thyroid 

nodules,, and single follicular adenomas to malignancies ' 21 . Although doses of 

radiationn to the thyroid during treatment with ] ''1 MIB G are much lower compared 

too external radiation, it is important to realize that the risk of secondary malignancies 

developingg after a prolonged period of thyrotropin (TSH) elevation (TE) after external 



radiation,, due to a continuous elevated metabolic activity and mitotic activity of the 

damagedd thyroid tissue, has been suggested in literature ! -2,"2\ Also, an increased risk 

off  thvroid damage after radiation in children compared to adults has been described 

11 '24-2\ These facts emphasize the importance of proper thvroid prophylaxis during 

diagnosticss and/or treatment with '2l 1/ L l ! I-MIB G in children with NB. To prevent 

uptakee of radioiodide in the thvroid, the patient is routine!}' treated with excessive 

amountss of stable iodide (100 mg potassium iodide daily, during the diagnostics with 

' r i l -M lB GG for 3 days and during treatment with l 3 l I -MIB G for 14 days). 

Thee protection of the thyroid with KI is based first on dilution and second on a 

downn regulation of the sodium-iodide-svmporter, both resulting in a lower uptake of 

radio-iodidee l -2f,-2,,. 

Inn spite of this prophylaxis with KI , a variable percentage of children were reported 

too develop thyroid dysfunction after treatment with 131I-MIBG , although without 

indicatingg the underlying causes or consequences 1"°2. To investigate the incidence, 

severityy and possible pathogenesis of this primary hypothyroidism after diagnostics 

andd treatment with 1 2 3I - / 13 ,I-MIB G for NB, we performed a retrospective analysis of 

aa Dutch population of NB patients. 

Material ss and methods 
Inn the period 1989-1999, 73 patients with histologically confirmed inoperable Stage 

III ,, Stage IV or Stage IVS NB as staged by Evans and International Neuroblastoma 

Stagingg System (1\SS) staging criteria had been treated with '" ' I-MIB G in Emma 

Children'ss Hospital, the Netherlands. To investigate the total incidence ot thvroid 

functionn after treatment with , l l l -MIBG , all patients whose thyroid function were 

known,, whether deceased or survivor, were included. At time ot evaluation, 40 of 73 

patientss had died. In 17 deceased patients, thyroid functions could be established 

afterwardss in stored frozen plasma samples. Of 33 surviving children, the thyroid 

funcdonn ot 6 patients could not be retrieved because of change in address. Two 

survivingg patients were excluded because a different kind of prophylaxis for the thyroid 

thann KI was used. In total 42 patients could be evaluated, of which 25 were still 

survivorss in December 1999 (Table 1). 
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Tablee 1. Inclusion of pat ients 

Patients s 

Nonsurvivors s 

Survivors s 

TotaJ J 

Thyroi dd function known 

No o 
Onlyy before M1BG 
Afterr only l - ' I-MIB G 
Afterr n ,] -MlB G 

Afterr 1MI-MIB G and KI pr 
After'-"I-MIB GG and other 
No o 

ophylaxis s 

prophylaxis s 

Total l 

40 0 
12 2 
8 8 
3 3 

33 3 
25 5 
2 2 
6 6 

73 3 

Included d 

1? ? 
0 0 
0 0 
0 0 

25 5 
25 5 
0 0 
0 0 

42 2 

MIBG :: mcta-iodobenzylguanidint* 

InIn all 42 patients that could be included in the current study, 123I-MIB G had been used 

forr diagnostic purposes. After confirming the diagnosis of neuroblastoma Stage II I 

orr IV, an initial treatment of at least two therapeutic doses of  131I-MIBG, administered 

byy a 4 hour infusion, with 7.4 GBq and 3.7 GBq, respectively, with an interval of four 

weekss was started. If surgery was feasible at this point it was performed. Otherwise 
131I-MIBG-treatmentt was continued for one or more courses. After surgery, treatment 

consistedd of four courses of vincristin, VP16, carboplatin and ifosfamide. For Stage 

IVV patients this was followed by high dose melphalan and carboplatin supported by 

autologouss bone marrow transplantation or peripheral blood stem cell-rein fusion. 

Nonee of the patients received total body irradiation. 

Too protect the thyroid from radiation, patients received 100 mg KI for 3 days during use 

off  (diagnostic)123I-MIB G and for 14 days during treatment with (therapeutic) 131I-MIBG. 

Plasmaa TSH levels had been measured to screen for thyroid dysfunction. Thyrotropin 

elevationn was defined as TSH > 4.5 mU/L Total T4 and, if possible, free T4 were also 

measured.. Of surviving children, thyroid function was evaluated by extension with 

T,,, thyroxin binding globulin, thyroglobulin (by radioimmunoassay and immuno-

enzymometricc assay), and thyroid antibodies (antithyroglobulin and anti-

thyroperoxidase).. Of the six surviving patients with TE, sonographic images of the 

glandd were performed. In three patients thyrotropin releasing hormone (TRH)-tests 

weree done. 

Patientt characteristics were collected. Special attention was given to demographics, 

endocrinee determinants (height, weight, symptoms of thyroidal dysfunction, pubertal 



stagee . number of courses and dosage of  123I/'''I-MIB G received, close and duration 

off  KJ prophylaxis, and die use of gastrointestinal feeding rubes or occurrence of 

vomitingg during prophylaxis. 

Radi<< muclide imaging f< >r diagnostic purp( »ses was perf< >rmed 24 h after injection of I 

orr [-MIBG. Posttherapeutic imaging was performed three days and one week after 

highh dose l31I-MIBG. All available :JM and ' Ï-MÏBCÏ scintigraphic studies were re-

examinedd b\- two experienced nuclear medicine physicians (BvE èx: CN). Thyroid uptake 

off  radioactive iodide was assessed on computer display it" available. Studies performed 

beforebefore 1995 were only available on hard copy. Radionuclide uptake in the thyroid gland 

wass semiquantatively scored using a 3 point grading scale: 0= no thyroid image detectable, 

11 = weak image of the thyroid, 2= clear image of the thyroid (Figure 1). When it was not 

Figuree 1. Uptake of " T in the thyroi d durin g l31I-MIB G 
Meta-iodobenzylguanidincc (MIBG) scintigram with use of  IM I-MIBG . On the right side: adequate blocking 
off  uptake of  , :' l 'it" the thyroid, with no thyroid visible. On the left side: a failing prophylaxis with a clear 
imagee of the thyroid gland (scored as 2). 



possiblee to judge thyroidal uptake of  ml due to a missing image or uptake in cervical 

spine,, bone metastases or broviac catheter the score was set at 9. 

Descriptivee statistics were calculated with SPSS 8.0.2 (SPSS, Inc., AMC, Amsterdam) 

andd MS Excel 97 (Microsoft) software. 

Results s 

Plasmaa TSH and total T4 concentrations of 42 patients (23 male and 19 female) could 

bee evaluated. Clinical patient characteristics arc summarized in Table 3. The average 

agee at time of diagnosis of the 42 included patients was 2.9 yrs (range, 0.1 - 17.9). 

Meann follow-up of all included patients was 2.3 yrs (range, 0.1-8.5 vrs). The average-

numberr of  13lI-MIB G courses was 3.3 per patient. In total, 428 MIBG-radio-nuclidc 

imagess were re-examined, of which 183 were made after diagnostic 12T-MIBG, 28 

afterr a diagnostic dose of  13II-M1BG, and 217 after a therapeutic dose of  131I-MIBG. 

Noo uptake (0) of radioactive iodine in the thyroid was seen in 295 studies, weak uptake 

(1)) in 55, and clear uptake (2) in 37 studies. In 41 images it was not possible to judge 

uptakee in the thyroid (9) because of interference by (bone) metastases or cervical 

tumorr mass, because of the presence of a broviac catheter or port-a-cath, or the 

imagee was not retrievable. In total, in 92 radionuclide images (21.5 %) the patient's 

thyroidd was visible (Figure 3). The thyroid was visible one or more times in a total of 

355 patients. 

Thyroidd function (Table 2 and Figure 2). 
Inn 52.4 % (22 patients) of the 42 NB patients whose thyroid function could be evaluated, 

TKK developed within an average time of 1.4 years (range, 0.1-5.8 years) after the first 

treatmentt with ,3,I-MIBG . In 18 patients (42.9 %) TK was permanent. TRH-tests 

Tablee 2. Patients and T SH Elevation 

N oo TE Transient TE Permanent TE Total TE Thyroxin e suppletion 

Nonsurvivors s 

I 77 ft !M~ ; 2 11.8",.) 4 (23.5".,) 6 f35.3"-..) 1 
Survivors s 

2525 9 (36.U ; 2(8.0":.; 14 f.Sfi.n ) Ifi (64.11%; 
Total l 

422 20 (4TÓ%j 4 C-).5 } 18 (42.<J".,; 22 (52.4".,; 8 

'IT;:: thyrotropin (TSH; elevation. TK is defined a*  TSH >.4.5 m L ' / L , with a normal plasma ^-concentrat ion 
(forr age-related normal values). 



Chapterr 2 

Figur ee 2. Percentage of children retainin g 
normall  thyroid function after  treatment with 131I -
MIB GG for  neuroblastoma, with KI  prophylaxis. 
—— — = % normal thyroid function in all patients 

(n=42) ) 
== % healthy thyroid function in all surviving 
patientss (n=25) 

~nn i i i i i i i i i i i i r~i n r~i 

00 0,5 1 2,75 6 

years s 

performedd in three patients showed thyroidal hypothyroidism. The TE of four patients 

turnedd out to be transient (9.5 %). Average TSH value in all patients with TE was 11.0 

mU/11 (range, 4.5-59.2), compared to 1.92 m U /L (range, 0.6-3.8) in the group with 

repeatedlyy normal plasma TSH concentrations. Thyrotropin elevation was seen in 

35.3%% (6 patients) of 17 deceased patients, compared to 64.0% (16 patients) of 25 

survivors.. In both groups TE was transient in two patients. 

Al ll  padents had T.-values within age-related normal values. None of the patients 

showedd clinical signs of hypothyroidism. Of 14 surviving patients with permanent 

TE,, 7 were given thyroxine to normalize TSH values. Of the deceased patients with 

TE,, one patient had received supplction therapy. On ultrasound images made of the 

thvroidd gland in six surviving pat ients with TE and thyroxine t reatment, no 

abnormalitiess were found. 

Follow-up p 

Thee average time-lag between the first 131I-MIB G treatment and TSH ele\ ation in the 

permanentt TSH-elevated group was 1.4 yrs (range, 0.1-5.8 years). In the transient 

groupp TSH levels were raised within one month and had all returned to normal within 

0.88 years (range, 0.3-1.2 years). Mean time lag in the normal TSH group between the 

firstfirst course of  13II-MIB G and the TSf I-measurement was 0.7 yrs (range, 0.1 -2.9 years). 

Thee follow-up time for the deceased patients was 0.4 years (range, 0.1-1.3 years) 

comparedd to a follow-up of 3.5 years (range, 0.3-8.5 years) for the surviving patients. 

Longitudinall  growth data were available for 23 patients. In 13 patients growth 
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retardationn was observed during NB-treatment. Seven patients, however, six with TE, 

didd not return to their own growth percentile. Of the 23 patients, mean standard 

deviationn scores (SDS) declined from - 0.26 at diagnosis of NB to - 0.67 SDS at 

follow-up.. Looking at the difference in decline of mean SDS between the group of 

patientss with TE compared to those patients without TE, the difference was -0.7 SD 

comparedd to 0.0 SD. 

Age e 
Averagee age at the first treatment with 13,I-MIB G of the TE group was 2.4 yrs (range, 

0.1-- 9.3), compared with 3.7 years (range, 0.2- 17.9) for the normal TSH group (Table 

3).. The four patients with transient TE were an average age of 2.7 years (range, 0.5-

4.7).. The average age of the deceased patients was 3.5 years, versus 2.6 years in the 

survivors.. The youngest group was the group of survivors with TE, with an average 

agee 2.1 years (range, 0.2-6.6 years). The group of deceased patients with normal TSH 

valuess were an average age of 3.9 yrs (range, 0.6-17.9 years). Age differences between 

groupss were not statistically significant. 

Tablee 3. Relation between T SH Elevat ion and Clinica l Characteristics 

Clinicall  characteristics 

Agee (yrs) 
Deathh rate ("'n) 
Gender r 
Neuroblastomaa stage 

Vomitingg (no.) 
Nasogastricc tube (no.) 
Numberr of '^ IMIB G 
Numberr of  lriLMIB G 
Monthss trom 1st MIBG to TSH 
Numberr VKCl-courses 
Chemoo before MIBG 

}}  Ivperbaric < wygen 
ABMT T 
Vitaminee A 
Radiotherapy y 
Toxicityy (no.) 

measurement t 

N oo TE ( n= 20) 

3.7(<i.2-P.9) ) 
53 3 

10m// in f 
33 at III , 15 at IV, 

22 at IVs 
6 6 
5 5 

3.66 (range, 1 -8) 
2.66 (range, 0-6) 
88 (range, 1 -35) 
2.55 (range, 0-6) 

6 6 
0 0 

6 6 
2 2 

11 (abdomen) 
99 (nephro ", 
diarrheaa 1) 

TE(n=18) ) 

2.4(0.1-9.3) ) 
22.2 2 

100 m/ 8 f 
55 at III , 11 at IV, 

22 at IVs 
4 4 
6 6 

3.44 (range, 1 -") 
3.33 (range, 0-9) 

P.33 (range, 0-7(1) 
2.55 (range, 1-6) 

6 6 
3 3 
8 8 
2 2 

0 0 
99 (nephro 4, 
diarrheaa 2) 

Transientt  TE ( n=4) 

2.77 (0.5-4.7) 
50 0 

3 m /ll  f 
22 at IA', 1 at 
111,11 at 11 

0 0 
0 0 

2.22 (range, 2-4) 
44 (range, 0-4) 
11 (range, 0-1) 

2.22 (range, 0-7) 
0 0 

0 0 
0 0 
0 0 

u u 
0 0 

TSH::  thyrotropin, TH: thyrotropin elevation; m: male, f: female, MIBG: meta-iodobenzvlguanidine, VECI: 

vincristin,, etoposidc, carboplatin, and ifosfamide, ABMT : autologous bone marrow transplant. No significant 

differencess were found in gender, number of treatments with H ! I -MIB G or chemotherapy, or toxicity of 

treatment. . 



Neuroblastomaa therapy (Table 3). 

Thee 20 patients with normal TSH values had a mean of 3.6 ' ' '1-MIBG courses (range, 

1-8);; the 18 patients with TE had a mean of 3.4 courses (range, l - 7) . No differences 

weree observed in adjuvant treatments, such as chemotherapy, external radiotherapy, 

autologouss bone marrow transplantation, hyperbaric oxygen and vitamin A suppletion. 

Differencess were also nor round among stage or disease, naso-gasrric tube feeding, or 

occurrencee of vomiting during k.1 prophylaxis. 

Radionuclidee imaging (Figure 3). 

Inn total 428 scintigrams were scored, in 92 (21.5 %) of which the thyroid gland was 

visible.. In 35 of 42 patients, the thyroid was visible in one or more l23l - or l31I-MIB G 

scintigrams.. Sixteen patients (80 %) without T i l had visible uptake of radioactive iodide 

onn one or more l23I or l31I images, compared to 16 (89 %) with TE. No relation was 

foundd between numbers or scintigrams with visible thyroids and the occurrence of TE. 

160 0 
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D123-I-MIBGG diagnostic 

H1311 1 MIB G diagnostic 

 1 3 1 - I - I \ D B G therapeutic 

Inn total 428 scintigrams were scored, in 92 of 

whichh the thyroid gland was visible (scored as 1 

orr 2). Score: 0:no thyroid image detectable, 

11 :weak image of the thyroid, 2:clear image of the 

thyroid,, 9: non discernable (image missing, 

broviacc catheter, or metastasis in the region of 

thee thyroid). 

nll  ai ^i 
D e g r eee of uptake-

F iguree 3. Sc in t ig raph ic assessment of iodine up take in the thyroid after admin is t ra t ion of  1Z3I - and 

, 31I ~~ dur ing M I B G , in spi te of KI prophylax is. 

Discussion n 
Potassiumm iodide has been widely used for protection of the thyroid against radionuclide 

exposuree -2'\ including 13,I-MIBG . Nevertheless, Picco reported 12 cases of primary 

hypothyroidismm after treatment with b l I -MIB G for NB in a group of 14 surviving 

patients.. Those children received KI prophylaxis from one week in advance of the 

31I-MIB GG treatment until seven days after 31,32. Conversely, Garavcnra reported that 
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onlyy 2 out of 31 children treated with ,3II-MIB G needed thyroxine suppletion 3". 

Duringg treatment with 131I-MIBG, approximately 2-5 % of the radionuclide enters the 

circulationn as n i I , mainly due to instability of the radiopharmaceutical but also due in 

smalll  part to metabolism in the liver 12-33-34, The hazardous effects of  ,3,1 on the 

thyroidd have been well described in literature. Moreover, in children with NB the 

thyroidd function should especially be screened thoroughly after irradiation, since it 

hass been stated that these children have an even higher susceptibility- for secondary 

thyroidd malignancies than those exposed to external irradiation for other childhood 

malignanciess 3\ The production and secretion of thyroid hormone is regulated at the 

centrall  level (hypothalamus and pituitary gland) and at thyroidal level. In response to 

thyroidd damage by internal or external radiation, the synthesis of thyroid hormone 

becomess distorted. Diminished thyroid hormone concentration in the circulation will 

increasee TSH secretion in order to stimulate thyroid hormone production. Even thyroid 

hormonee concentrations within the normal range may be too low for the individual 

patient.. In these cases TSH will remain increased, until free thyroid hormone 

concentrationss reach normal values and an equilibrium is established. This would 

meann that patients with TE are in fact (mildly) hypothyroid, also called subclinical 

hypothyroidismm 26-29>36. Although indirect, plasma TSH concentration is the most 

sensitivee test to establish thyroid damage. For that reason we use the term TSH elevation 

too express the occurrence and severity of thyroid damage after irradiation. 

InIn this retrospective analysis of children with NB treated with ]31I-MIBG, 52.4 % of 

patientss developed thyroid dysfunction in spite of KI prophylaxis. In the group of 

survivingg children with a mean follow-up of 3.5 years, this percentage was as high as 

64,00 %. The average follow-up time of the deceased patients was shorter than that of 

thee surviving children. 

InIn 35 of 42 patients, the thyroid gland was visible on at least one MIBG scintigram in 

spitee of KI prophylaxis. However, uptake of radioiodide in the thyroid as seen on a 

MIB GG scan did not help to determine who was or was not at risk for thyroid 

dysfunction.. The duration and/or intensity of radioiodide uptake might have differed 

betweenn the groups. This could not be evaluated since all images were routinely taken 

onn Days 3 and 7 after administration of the MIBG, and quantification of uptake was, 

retrospectively,, not possible. 
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Ann obvious explanation for the failure of prophylaxis would be an insufheient intake 

off  KI , due to its bad taste, vomiting or naso-gastric-tabc feeding or an insufficient 

periodd in which the prophylaxis is given. However, we could not find any proof for an 

intakee problems as cause for the occurrence of TR. 

Ass described in the introduction, the protection of the thyroid gland by administration 

off  high doses of KI is based on the saturation and extreme dilution of radioiodide. 

Suchh protection is also based on the intra-thyroidal regulatory system (the acute Wolff-

Chaikofff  effect and its escape-mechanism) depending on the concentration of dietary 

iodine.. To produce thyroid hormone, the thyrocytes take up iodide via the sodium-

iodidee symporter (NIS). Once taken up, iodide is oxidized and bound to tyrosine 

residuess in thyroglobulin. Increasing plasma iodide concentration will lead to higher 

uptakee and incorporation into the thyroid gland (organification). At higher intracellular 

iodidee concentration organification will be inhibited (Wolff-Chaikoff effect), resulting 

inn a diminished T4 production. Because the iodide transport into the cell is inhibited, 

thee accumulation of iodinated compounds decreases and the gland escapes from the 

Wolff-Chaikofff  effect. The existence of an escape mechanism prevents the development 

off  hypothyroidism 16>26>28>3; When KI is given shortly before exposure to n i I agreater 

thann 90 % blockade can be reached L7*2H. 

Whenn this escape mechanism fails, the high amounts of iodide taken up by the thyroid 

willl  result in diminished thyroid hormone production and subsequently a rise in TSH-

secretion.. The rise in TSH will stimulate even more iodide uptake and counteract the 

protectivee effect. The tendency to become hypothyroid at young ages upon excessive 

iodinee exposure implicates that failure of the escape mechanism occurs more otten in 

youngg children and fetuses if,,3K. When radioiodide has entered the thyroid in this 

phase,, lasting radiation damage can be expected. This would imply that KI as a 

prophylaxiss for uptake of radioiodide in the thyroid is not protective in a relatively 

largee group of children. 

Administrationn of chemotherapeutics might be another possible cause of TH in these 

patients.. Vincristin interferes with the microtubular microfilament of the thyrocyte 

andd inhibits the endocytosis of thyroglobulin by thyroid cells and the secretion of 

thyroidd hormone 39. Cisplatin has a direct cytotoxic effect on thyrocytes ""'. Thyroid 
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damagee has not been described with regard to the etoposide and ifosfamide also given 

too these NB patients. In children with brain tumors an adjuvant risk for developing 

thyroidd or pituitary damage on chemotherapy has been described after external 

radiotherapyy 41. As the chemotherapeutic regimen in patients with TE and without 

T EE was the same (Table 3), we feel that that the chemotherapy used in these patients 

iss not the explanation for the rise in TSH. However, we cannot exclude the adverse 

effectt of chemotherapy. Further research on this should be done. 

Wee did not find elevated levels of TG, anti-thyropcroxidase or anti-TG in anv patient. 

N oo pat ient had u l t ra-sonographic thyroid abnormal i t ies or clinical signs of 

hypothyroidism.. However, when looking at height SDS of the 23 surviving patients, 

thee group with TE seems to have slight growth retardation compared to the group 

withh normal thyroid functions. 

Ann important question to address is what the long term consequences for these patients 

wil ll  be due to this radiation exposure and the elevation of TSH, with respect to thyroid 

functionn and structure and their own growth and development. Especially, in the first 

yearss of life, thyroid hormone plays an essential role in growth and maturation. In this 

periodd it is indispensable for proper brain development, which stresses the need to 

preventt damage to the thyroid and its regulatory system. If prevention is not possible, at 

leastt a correction of insufficient thyroid hormone supply should be made immediately. 

Recently,, subclinical hypothyroidism has been proved to be associated with significant 

metabolicc changes and may be linked to lipid, vascular and hematological disorders 42,43. 

Thee thyroid hormone supply is thought to be clinically relevant in children as well, 

especiallvv in childhood-cancer survivors 44,4-\ It has been shown that TE in combination 

withh irradiation exposure creates a higher risk for developing thyroid carcinoma. The 

needd for thyroid hormone during childhood for optimal mental and motor development 

andd growth and to combat the risk of thyroid malignancy are arguments for the 

performancee of sonography and the starting of treatment with thyroxine w'hen TE is 

foundd after external radiation or treatment with : 'T-MIBG, even while FT, levels are 

stilll  within the normal range. 

Inn conclusion, KI provides unreliable prophylaxis during childhood against thyroidal 

damagee due to radioiodide dissociated from radioactive therapeutics. New prophylactic 

approachess should be investigated. 
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Abstract t 
BACKGROUNDD Endocrine late effects of treatment for neuroblastoma (NB) are 

importantt as the hormones produced bv this system are necessary for growth and 

developmentt into adolescence. Thyroid dysfunction was reported after , l t l -M IBG -

trcatment.. Since these patients are given multi-modality treatment, our aim was to 

evaluatee all endocrine functions. 

M E T H O DSS Twenty-five NB survivors off therapy for a mean period of 6.2 years 

(rangee 1.3-11.1), were evaluated. Mean age was 8.5 years (range 2.2-14.7). Al l patients 

hadd received ,31I-M1BG, 16 chemotherapy, and 16 surgery, of who 13 adrenal surgery, 

andd 3 laminectomy. History, physical examination, cholesterol profile and determinants 

off  the thyrotropic, corticotropic, gonadotropic, lactotropic and somatotropic function 

weree obtained. TRH-testing was performed in 15 and thyroid ultrasound imaging in 

211 patients. Patients using thyroxine were evaluated twice: before and after a 3-month 

periodd of thyroxine withdrawal. 

RESULTSS Fourteen patients (56 %) had a permanent thyrotropin elevation, 9 received 

thyroxinee supplementation. A small thyroid volume was found in 2 patients. Six patients 

hadd thyroid nodules or cysts. Two boys showed hypergonadotropic hypogonadism, 

afterr treatment with alkylating agents. IGF-1 levels were all within the normal range, 

howeverr growth was retarded in 39 % of children. Mean Target Height Standard 

Deviationn Score of patients with thyrotropin elevation was lower than those without 

(p=0.019). . 

CONCLUSIONN Children treated for NB with B i I -MIBG , chemotherapy and surgery 

aree at risk for developing irreversible thyroid function loss, thyroid nodules, 

hypergonadotropicc hypogonadism, and growth retardation. During follow-up of 

childrenn with NB, special attention should be paid to their endocrine state. 
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Introductio n n 
Neuroblastomaa (NB) is one of the most challenging tumors for pediatrie oncologists. 

Somee have a favorable outcome, but the prognosis for children with stage IV NB and 

>> 1 vear of age is still only around 30-40 % '. In our setting, multi-modality treatment, 

includingg 131I-MIBG , surgery, different kinds of cytotoxic agents, and bone marrow 

transplantationn is necessary to cure such a patient. 

I :orr surviving patients who have been treated with cytotoxic drugs or irradiation, it is 

importantt that attention is paid to the possible late effects of treatment. In this paper, 

wee focus on the endocrine late effects of treatment. Because the integrity of the 

endocrinee system is essential for growth and development, especially in young children, 

i tt is important that pediatric oncologists and pediatric endocrinologists improve their 

detectionn strategies and ways of prevention of endocrine adverse events. For this, we 

firstfirst need to know the incidence figures of endocrine adverse events in the NB-patients. 

Inn a previous study we have demonstrated that after treatment with the radionuclide 

1311-MIBG,, a permanently elevated plasma thyrotropin (TSH) concentration (TE) wvas 

seenn in 56% of survivors of NB, despite thyroid protection with potassium iodide 

(XI )) ~. The thyroid function is especially important in this patient group because of 

theirr young age 3, making them vulnerable to disturbances of growth and development. 

Nextt to the function, also the structure of the thyroid can be damaged by irradiation 4-\ 

Thee young age 6' as well as the fact of having a NB H can both be considered risk 

factorss for radiation damage. 

I tt is unknown, however, whether the reported thyroid damage is transient or permanent. 

I nn case of permanent TE, it is of interest to evaluate whether this state of (subclinical) 

hypothyroidismm has any consequences for the patients, e.g. regarding growth or lipid 

profiles.. Furthermore, it must be evaluated whether the radio-iodide exposure, in 

combinationn with TE in the years after , 3 ,I -MIB G treatment, also leads to the forming 

off  proliferative structural abnormalities in the thyroid gland. 

Nott only the thyroid gland, but also other endocrine glands may be damaged due to 

onee or more treatment modalities used in NB. For example, alkylating agents can 

causee gonadal damage l). Considering the primary localization of NB, often in the 

adrenall  region, damage to the adrenal (cortex) function has to be considered. 

Too address these questions, survivors of NB treated in our center according to the 
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"MIBG-de-novo-protocol",, were evaluated regarding their endocrine state. 

Patientss and Methods 
Twenty-fivee survivors with histologically confirmed NB, stage II-IIl-lV-IV s according 

too the International Neuroblastoma Staging System (INSS), and treated in the period 

1989-19999 according to our "MIBG-dc-novo" protocol were evaluated. Out of the 

originall  73 treated patients, of who 27 were still alive, 2 were lost to follow-up after 

movingg abroad or to an unknown address. 

Thee treatment protocol consisted of initial administration of  i31I-MIB G (3.7-7.4 GBq). 

Forr stage II , II I and IVs (n-12), this treatment was followed by chemotherapy if the 

responsee to 13,I-MIB G appeared to be insufficient: 10 patients received l3tl-MIB G 

only,, and in two it was followed bv 'VECI'-courses (vincristine, etoposide, carboplatin 

andd ifosfamide). In stage IV patients, Ll l I-MIB G treatment was followed by 

surgery/VECI'-courses,, and high dose carboplatin and melphalan with autologous 

bonee marrow transplantation. 

Too protect the thyroid from radiation by 123I and 131I during radio-MIBG 

administration,, 23 patients received 100 mg KJ orally per day, starring the day before 

radio-MIBGG administration. This was administered for 3 days in case of (diagnostic) 
123I-MIB GG and for 14 days in case of treatment with (therapeutic) 131I-MIBG. Two 

patientss had received thyroid protection with Kl , thyroxine (^(37.5 p.g/day) and 

methimazolee (2.5 mg twice a day). 

AA complete history of the patient and family history tor thyroid diseases, other 

endocrinee disorders and familial hypercholesterolemia was taken. Physical examination 

wass performed with special attention for the thyroid gland, growth determinants and 

pubertall  stage. 

Baselinee endocrine examination consisted of the thyroid function determinants: TSH, 

totall  T free T4 (FTJ, tri-iodothvronine (T^), thvroglobulin (Tg), thyroxinc-binding 

globulinn (TBG), anti-thyroperoxidase (anti-TPO) antibodies, anti-thvroglobulin (anti-

Tg)) anti-bodies, and calcitonin; determinants of the adrenocortical function: fasting 

Cortisoll  and fasting ACTH (all drawn between 9.00 AM and 10.30 AM); the gonadal 

function:: lutropin (TH), follitropin (FSH) in combination with testosterone/ SHBG 
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inn case of a boy, or 17-fi-estradiol in case of a girl, prolactin (PRL) and insuline-like 

growthh factor-1 (IGF-1). A general biochemical evaluation was performed including 

fastingg glucose and total cholesterol profile (HDL-cholesterol, LDL-cholesterol, 

lipoproteinn (a), apo-lipoprotein a and b, triglycerides and apo-E genotype), liver enzyme 

(ASAT),, kidney function (creatinine, sodium and potassium), C-reactive protein (CRP), 

LDHH and a full blood count, 

TRH-testingwass done in 15 patients by the administration of TRH, 10 meg/kilogram 

bodyy mass (maximum 200 meg) intravenously. Subsequently, blood samples were taken 

15,, 30 and 60 minutes after TRH-administration, to determine the concentrations of 

TSHH and PRL. A TRH test result was defined aberrant when baseline TSH was above 

4.55 mU/L, peak TSH concentration increased to > 5 x the baseline value or the peak 

TSHH concentration was found delayed ( >. 60 minutes after administration of TRH). 

InIn survivors using T4 supplementation, medication was withdrawn after the first visit. 

Afterr three months, patients were evaluated with a history of this 3-months period, 

fulll  physical examination and a second TRH-stimulation-test with determination of 

fastingg glucose and cholesterol-profiles. From all parents of these patients, informed 

consentt was obtained. 

Plasmaa T4, T3 and anti-Tg were measured by in-house radioimmunoassay methods; 

plasmaa FT4 and TSH were measured by a time resolved fluoro-immunoassay (Delfia* 

Freee T4 and DclfiaR hTSHWallac Oy, Tuurku, Finland); Tg was measured bv an 

immuno-luminometricc assay (ILMA , Brahms*', Germany); anti-TPO anti-bodies bv 

luminescencee immunoassay (LIA , Brahms- , Germany) and TBG bv radio-immuno 

assayy (Eiken Chemical Co, Tokyo, Japan). Ultrasound imaging of the thvroid gland 

wass made, using the Siemens Elegra, 13 MHz linear probe, for measurements of 

thvroidd volume and detection of thyroid nodules (n=21). If a nodule was found 

suspicious,, fine needle aspiration cytologv (FNAC) was performed. Bone age was 

assessedd according to Greulich and Pvle (n=16). 

Statisticall  analysis was performed using Excel MSO and SPSS 11.5.1, Microsoft XP. 



Results s 
Patients s 

Att time of evaluation, the 25 patients (12 bovs) were off therapy for a mean period of 

6.22 years (range 1.3-11.1). Mean follow-up time after the first ' ^'I-MIBG treatment was 

7.55 years (range 1.4-11.9 yrs). Mean age at last follow-up was 8.5 years (range 2.2-14.7). 

Stagee distribution was stage 11: n=2, stage III : n=7, stage IV: n-13 and stage IVs: 

n - 3.. Mean number of treatments with n iI-MIB G per patient was 3 (range 1-7), with 

aa mean cumulative dose per patient of 12.5 GBq 1MI-M1BG (range 1.8-33). 

InIn 15 patients chemotherapy was given with VHCI, 13 patients also received high dose 

melphalann and carboplatin followed bv autologous bone marrow transplantation. One 

girll  had received treatment with actinomycin and carboplatin under suspicion of a 

Wilmss tumor. Thirteen patients had adrenal surgery for a primary abdominal NB, and 

22 had laminectomy for a dumbbell tumor. 

Twoo survivors had recurrence of their NB at time of evaluation (3 and 4 years 

respectivelyy after diagnosis) and had restarted 131I-MIB G treatment. Of these 2, who 

bothh did not survive the recurrence, the last available follow-up data of thyroid function 

andd thyroid ultrasound imaging, before recurrence of disease, was used. Of 2 other 

survivors,, only follow-up data on thyroid function, expressed as TSH and FT4 

measurements,, were available for evaluation. One of these patients, who had been 

treatedd with laminectomy and twice with L11I-MIB G for a dumbbell NB, was diagnosed 

withh B-cell leukemia, 5.9 years after the last radio-MIBG treatment. 

Off  the 21 other patients, one did not agree to the determination of fasting cholesterol 

andd bone-age, and another answered a questionnaire and gave permission to retrieve 

thee data of thyroid function from another center. One survivor using T4 refused a 

secondd TRH-test after stopping for 3 months but agreed with the determination of 

baselinee determinants. 

Thyroidd Function 

Off  25 patients, 17 (68 %) had " ever" TE, and 14 had TE at the last evaluation (56 %), 

off  which 9 patients used T4 supplementation. Of the 3 survivors with transient TE, 

maximumm TSH at time of TE ranged from 5.2-6.2 tnU/1. The mean TSH of patients 

att follow-up (after withdrawal of T4 for 3 months or at last evaluation) was 6.3 mU/ 
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LL (range 1.1-28.5). Free T levels were all within the normal range, mean Tg was 24 

pmol /LL (range 2-55). 

Anti-TPOO concentrations, measured in 24 patients, were negative (< 30 kU/L ) in 18 

survivors,, weakly positive (40 -50 kU/L) in 4 (1 TE and 1 transient T E ), and positive in 

22 survivors (110-120 kU/L , 1 w i thTK,and 1 without TI  Anti-Tg was absent in all 24. 

Inn 15 patients TRH-tcs ts were performed, in 8 children who received no T, 

supplementation,, and in 7 after a 3-month T withdrawal (figure 1). In all, mean TSII 

alterr 15 minutes declined trom 7.25 (range 1.10-28.5) to 6.6 (range 1.1-26.3) mU/L. 

Afterr administration of TRH, in all but one patient, the highest peak of TSI I was found 

afterr 30 minutes with a mean concentration ot 43.55 m l ' / L (range 10.8-158), which 

wass higher than 5 times the baseline value in 14 patients. For the 7 patients on T 

supplementation,, the mean plasma TSH after stopping T was 11.6 m U /L (6.0-28.5), 

withh a peak TSH after 30 minutes to a mean concentration of 66.2 m U /L (29.8-158.0). 

Withh T4 supplementation, mean TSH at baseline was 3.4 m l ' / l . (1.5-5.4) with a peak 

TSHH at 30 minutes of 18.4 m U /L (4.8-30.5), indicating lowered but not suppressed 

levelss of TSH. In 15 children calcitonin was measured, showing normal levels in all. 

Fourr children with TH had a positive family history for thyroid disease versus one 

childd without TE. One mother had developed hypothyroidism of unknown cause in 
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thee years after the 131I-MIB G treatment of her child (during which she had taken KI -

prophylaxiss 200 mg daily). 

Thyroidd ultrasound imaging 

Inn 21 survivors, ultrasound imaging of the thyroid gland was performed. In 2, thyroid 

volumee was small for age and in 5 survivors (24%) 1 or more nodules (range 1 to 4) 

weree found, ranging in size from 1 to 10 mm. In 2 survivors, FN AC was performed, 

showingg dys- and hyperplastic thyroid cells, but no malignant cells. In 1 patient, several 

smalll  thyroid cysts were found. 

Ass shown in table 1, of 21 survivors in whom both ultrasound and thyroid function 

wass measured, 3 patients (14 %) had TH together with thyroid nodules, 2 (9.5 %) 

survivorss just had nodules, 1 had thyroid cysts (5 %) and 9 survivors (42.9 %) had TE 

only.. Five survivors (24 %) had a normal thyroid function and no abnormalities at 

thyroidd ultrasound imaging. 

Numberr of  l3,I-MIB G scans or uptake of radio-iodide in the thyroid gland were 

nott significantly different between survivors with or without TE or with thyroid 

nodules.. Of the 11 patients without TL% 2 had received thyroid protection with T4, 

KII  and mcthimazole. 

Gonadall  function 

Off  the girls, whose gonadal function was tested (n=8), 4 were aged below 8 years. 

Nonee of them had any sign of puberty and their plasma concentrations of LH and 

FSHH were within pre-pubertal values. Of the 4 girls older than or equal to 8 years; 1 

hadd stage Ml , 2 stage M2, 1 stage M3. Concentrations of LH were all < 0.1 U/L, 

meann FSH was 2.12 U/E and 17-fS-estradiol levels were below the detection limit, 

consistentt with a prepubertal state. 

InIn table 2, pubertal stages of the boys older than 6 years of age (n=l 1) arc shown. Of 

thee 3 bovs examined below the age of 9, none had any signs of puberty. One boy had 

bilaterall  cryptorchidism. Of one prc-pubertal boy, the testicular vessels had been situated 

overr the ventral side of the NB, which were removed together with the tumor. 

Off  the 6 boys >; 9 years; 3 had stage PI, 1 P3 and 2 had P4. Two boys with pre-

pubertall  testicular volume (< 4 cc) had elevated LH and FSH levels indicating 
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Tablee 1. Plasma TSH elevations and/or  presence of thyroi d nodules after  treatment with 131I-MIB G 
forN B B 

Patient--
I D D 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 

8 8 
9 9 

10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 

r r 
18 8 
19 9 
20 0 
21 1 
22 2 
23 3 
24 4 
25 5 

Total l 

% % 

Gendet t 

M M 
F F 
F F 
M M 
F F 
I--
F F 
M M 
]

F F 
F F 
M M 
M M 
M M 
M M 
M M 
M M 
M M 

r; ; 

F F 
' ' 

F F 
M M 
M M 
F F 

Plasmaa TSH 
elevationn fTE ) 

yes s 
res res 
ves s 
ves s 
ves s 
ves s 
ves s 
ves s 
no o 
no o 
yes s 

transient t 
ves s 
yes s 
no o 
yes s 
no o 
no o 

transient t 
ves s 
yes s 
no o 
no o 
no o 
no o 

14/25 5 
56 6 

T 4--
supplementation n 

no o 
no o 
ves s 
yes s 
yes s 
ves s 
yes s 
yes s 
no o 
no o 
no o 
no o 
no o 
yes s 
no o 
yes s 
no o 
no o 
no o 
no o 
yes s 
no o 
no o 
no o 
no o 

9/25 5 
36 6 

numberr  of 
thyroi dd nodules 

0 0 
1 1 
0 0 
1 1 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 

0 0 
n.a. . 
n.a. . 
0 0 
0 0 
4 4 
0 0 
2 2 

2 2 
0 0 
0 0 

cysts s 
0 0 

n.a a 
n.a. . 

6/21 1 
29 9 

T EE + thyroi d 
nodules s 

no o 
yes s 
no o 
yes s 
no o 
no o 
no o 
no o 
no o 
no o 
no o 
no o 
no o 
no o 
no o 
yes s 

no o 
no o 
no o 
no o 
no o 
no o 
no o 
no o 
no o 

3/21 1 
14 4 

NB=neuroblastoma,, TH=TSH elevation, Gender: M-male, F-female, n.a. -not assessed 

hypergonadotropicc hypogonadism. In one boy with asymmetrical prepubertal testes, 

thee NB for which '311-MIBG had been given was originated in the left testis. In another 

boy,, orchidopexy of the left testis had been performed for cryptorchidism. 

Adreno-corticotropicc function 

Inn 13 patients, the primary tumor was situated in the adrenal gland and required 

adrenalectomy.. In these patients, no signs of hypocortisolism were found in the history 

orr at physical examination. Mean morning fasting Cortisol concentration in tested 

survivorss was 325 nmol/L (range 180-550) with mean concentration of ACTH of 55 

ng/LL (range 14-155). In patients with an adrenalectomy in the history, significantly 

lowerr mean Cortisol concentrations were found (292 versus 397 nmol/L, p=0.026). 



Tablee 2. Gonadal development of boys > 6 years of age after  treatment for  NB 

Patient t 
I D D 

1 1 
4 4 
8 8 

12 2 
13 3 
14 4 
15 5 
16 6 

n n 
18 8 
23 3 

Age e 
(years) ) 

Id." " 
8." " 

10.6 6 
13.1 1 
6.2 2 

10.3 3 
6.6 6 

14.̂  ^ 
6.6 6 

14.1 1 
9.1 1 

Pubertall  stage 

P3G2A2 2 
PII  Gl Al 
PII  G3A1 
PII  Gl Al 
n.a. . 
PII  Gl Al 
n.a a 
P44 G4 A4 
P IGG I Al 
P44 G3A3 
n.a. . 

* * 

*. . 

* * *

--

Testicular r 
R(ml) ) 

2 2 

np p 
3 3 
3 3 

n.a. . 
3 3 

n.a. . 
15 5 
2 2 

6 6 
n.a. . 

volume e 
L(ml ) ) 

4 4 
np p 
1 1 
2 2 

n.a. . 

3 3 
n.a. . 

20 0 
2 2 

8 8 
n.a. . 

L H H 
(U/L ) ) 

3 3 
<1.0 0 
<< 1.(.) 

5.2 2 
n.a. . 

<1.0 0 

<l . ( l l 

6.9 9 

<l . ( l l 

2.2 2 
n.a. . 

FSH H 
(U/L ) ) 

10.5 5 
0.6 6 
2,2 2 

3~\~ ~ 
n.a. . 
4 4 

n.5 5 
9.3 3 

1.0 0 
5.3 3 
n.a. . 

Testosterone e 
(nmol /L) ) 

4.0 4.0 
0.3 3 
1.6 6 
3.3 3 
n.a. . 
1.9 9 
0.3 3 

~\5 5 
<0.6 6 
15.1 1 
n.a. . 

R=rightt testis, I.=left testis, np- non palpable, n.a. - not assessed, NB=neuroblastoma, * NB originally 
locatedd in the left testes, **  answered to questionnaire, no physical examination performed, ** *  agreed to 
bloodd investigation only, no physical examination performed, '*'"'*'"  testicular vessels situated on primary XB 

Growth h 

Targett Height Standard Deviation Score for mid-parental height (THSDS) was 

calculatedd for 18 patients. Mean THSDS was -1.4 (range —4.5 to +1.5). Mean delay in 

bonee age was 5 months (range —17 to +36), Mean concentration of IGF-1, measured 

inn 17 patients, was 36 nmo l /F (range 13 to 116). All concentrations of IGF-1 were 

withinn the normal range adjusted for age. Growth was affected in 39 % of the children, 

expressedd as height < -1.3 THSDS. 

Significantt difference in THSDS, but not for bone age, was found for patients with 

THH compared to those without TH; mean —1.89 and —0.38 respectivelv (p=0.019). 

Alsoo the difference in height SDS between patients already on T4 treatment (n—8) and 

thee others was significant; THSDS -2.68 and —0.35 respectively (p=0.001). However, 

off  the 8 children known with T supplementation, other factors that could also have 

attributedd to growth retardation were present in 5 children; 3 had tubulopathy (mean 

THSDSS —2.1), in 1 a laminectomy had been performed for dumbbell NB (THSDS -

1.0)) and 1 boy (THSDS -3.5) was recently diagnosed with the LEOPARD syndrome 

(provenn germ line PTPN11 mutation) which is associated with a short stature (JHM 

Merks.. Thesis 2004). In the patients without T4 supplementation, 1 girl with a THSDS 

off  —3.0 also had been treated with laminectomy (dumbbell neuroblastoma). 
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Cholesteroll  profiles 

InIn 5 patients, a family member with hypercholesterolemia was reported. In 2 patients, 

11 with transient TE and 1 with a normal TSH, slightly elevated total cholesterol 

concentrationss were found, in 1 with elevated KDL. No differences were seen between 

thee children with or without T4 supplementation or with or without TE (with T4 

supplementation).. No changes were seen in cholesterol profiles after three months of 

T44 withdrawal. 

Discussion n 
Inn this cohort of patients surviving neuroblastoma in stages II-III-I V and IVs, 20 of 

255 children (80 %) developed endocrine late effects, involving the thyroid gland or the 

gonads. . 

InIn 14 patients (56 %) thyroid dysfunction was present, of whom 9 used T 

supplementation.. Due to the fact that these children have not only been treated with 

radiationn therapy but also with extensive chemotherapy, it must be considered that, next 

too thyroid dysfunction, also pituitary or hypothalamic dysfunction mav be present u'. 

Forr this reason, TRH-tcsting was performed, to gather more detailed information 

aboutt the thyroid axis. We found no evidence for pituitary or hypothalamic thyroid 

dysfunction.. Next to thyroidal hypothyroidism, also in 6 of 21 children (29 %) in 

whichh ultrasound imaging was performed, thyroid nodules or cvsts were found. 

Ass stated briefly in the introduction, the protection of the thyroid gland against 

radio-iodidee in this group of patients is of special importance. NB manifests mainly 

inn children below the age of 4 years (30 % below the age of 1) \ At this age, an 

adequatee thyroid hormone state is essential for optimal growth and development 

intoo adulthood. Furthermore, it has been demonstrated that thyroid tissue of voung 

childrenn is more radio-sensitive than that of adults ''- . It has been extensively reported 

thatt irradiation of the thyroid gland with B1I or with external beam can cause 

benignn and malignant thyroid lesions, with a risk to develop thyroid carcinoma already 

fromm a radiation dose of 0.1 Gy 4,:>' J !. Of all children with childhood malignancies, 

childrenn with NB have, for unknown reasons, even an increased risk to develop thvroid 

damagee after radiation exposure when compared to children with other malignancies K. 



Thee time needed to develop thyroid tumors can be quite long xU, implying the need 

forr prolonged follow-up. 

Inn a survev performed in 1995 and 1996, the reported incidence of thyroid nodules in 

9377 healthy school children in The Netherlands was found to be 1.2 % L\ which 

wouldd imply that the incidence that we found in children treated with Ll1l-M1BG is 

veryy high. An increased incidence of thyroid nodules up to 65 % has been described 

afterr X-irradiation for childhood cancer, which was related to young age, the length of 

follow-upp and the duration of TE l4,L\ However, before we may draw the same 

conclusionn from treatment with n iI-MIBG , it must first be defined what the normal 

incidencee of thvroid nodules in healthy children of this age group is, at this point in 

time.. The sensitivity of ultrasound imaging has substantially improved over the past 

100 years and nodules are detected more easily nowadays and the high incidence may 

bee explained by increased surveillance. Also, the possibility that children with NB may 

havee more thvroid nodules than other children must be considered. Support for this 

hypothesiss is the fact that it has been reported that children with NB have more radio-

susceptiblee thvroid glands than children with other malignancies 8. An argument against 

thiss hypothesis, though, is the fact that we did not detect any thyroid nodule in 14 

ultrasoundd images that were made in children wTkh NB, right before of right after I31I-

MIBGG treatment, who were included in a new prospective study 16. However, the 

meann age of the cohort in this study is significandy younger (mean age 2.8 years 

(rangee 0.04-10.7)). For this reason, we are currently conducting ultrasound images of 

thee thvroid gland in survivors of NB who have not been treated with '"'I-MIBG . 

Currentlyy we have screened 7 such children with a history of NB, a mean follow-up 

off  9 years after diagnosis (range 1.0 to 16.0) and a mean age of 11 years at follow-up 

(rangee 1.6 to 17.1). In these 7 children not any thyroid nodule has been found (data 

nott shown). This indicates that the increase in occurrence of thyroid nodules cannot 

bee attributed to the improvements in detection technique or the history of NB. The 

damagee is most likely caused by radiation, as a consequence of  n'l-MIBG-trcatment, 

andd other possibilities that may be considered are treatment with chemotherapy or 

evenn KI . The clinical consequences of this finding will have to be determined in time. 

Regardingg the consequences of thyroid function, no effects of hypothyroidism on 
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cholesteroll  level was found, and no clinical signs of hypothyroidism were reported in 

thee 3-months of T, withdrawal. With this in mind, it can be discussed whether these 

childrenn should be treated with T4 supplementation. There are two different treatment 

goalss that can be aimed for. 

Thee first goal is to ensure euthyroidism in the developing child. An elevated TSH in 

combinationn with FT4 levels in the normal range and no clinical signs is often described 

ass subclinical hypothyroidism (SH), a term which implies that there are no clinical 

consequencess present or to be expected. However, much controversy exists on this 

subjectt and the subsequent question whether to treat or not to treat SH ' ',8. Possible 

consequencess of SH for adults may be cardiac dysfunction, elevations of total and 

LDL-cholesteroll  and progression to clinical hypothyroidism. In a recent scientific 

review,, for adults, only strong evidence was found for progression to overt 

hypothyroidismm 19. For benefits of treatment for SH, evidence was provided by a RCT 

(inn adults), which demonstrated that T4-treatment improves both the atherogenic 

lipoproteinn profile and intima-media thickening 2''. We believe that for developing children 

andd for adults, SH must be considered as thyroidal hypothyroidism in which the pituitary 

elevatess its TSH in response to a too low concentration of FT,. For young children, this 

impliess that SH may have clinical consequences in the long run, such as growth and even 

mentall  retardation in the very young and cardiovascular complications. For this reason, 

wee prefer to replace the term 'SH' by 'TSH elevation' (TE). 

Thee second treatment goal, which is also still controversial, can be to reduce the 

numberr of radiation-induced thyroid neoplasms by lowering or suppressing the 

concentrationn of TSH. In humans, several prospective trials have demonstrated that 

T44 supplementation reduces the occurrence of (spontaneous and radiation-induced) 

thyroidd nodules21"23. However, it has never been proven, in humans, that T4-suppression 

therapyy reduces the occurrence of thyroid carcinoma. Furthermore, continuous TSH 

suppressionn (subclinical hyperthyroidism) might have negative effects such as an 

increasedd bone mineral density due to an increased bone turn-over. In contrast to 

TSHH suppression, it has been demonstrated that a prolonged TSH elevation may increase 

thee occurrence of carcinoma after irradiation 24~26. For these reasons, it is important 

that,, in patients who have been exposed to radiation of the thyroid, plasma TSH is 



monitoredd and if found elevated, it should be adequately treated, but not suppressed. 

Consideringg all the above, our current advice is to monitor the plasma concentration 

off  TSH and FT4 every 6 months in children with NB after r i l l-MIB G treatment. We 

recommendd T̂  supplementation to normalize plasma TSH concentrations, when the 

plasmaa concentration of TSH is once > 10 mU/L or repeatedly > 6.0 mU/K. Because 

thee implication ot the finding of thyroid nodules is unsure, we recommend that these 

patientss are followed for life in prospective trials to determine the risk of developing 

thyroidd malignancies. 

Too prevent thvroid irradiation during 131I-MIBG-treatment we have introduced an 

extendedd way of thyroid protection, using not only potassium iodide, but also 

methimazolcc and T4 (dilute, block and replace: DBR) 16. This was also used in 2 

patientss of this cohort, who indeed both did not develop thyroid dysfunction. Although 

thee incidence of TH is substantially diminished from 56 to 14 % with DBR lf>, we have 

stilll  not realized a 100 % protection. 

Nextt to damage to the thyroid gland, we found evidence for hypergonadotropic 

hypogonadismm in two boys in the pubertal age, most probably due to treatment with 

thee alkylating agents (ifosfamide, melphalan and busulphan) 9'2 . The testosterone 

deficiencyy can be adequately treated with testosterone supplementation, however fertility 

wil ll  not be likely. Furthermore, in two other boys, the primary NB was located in the 

testicularr region, and may have caused testicular damage. Considering the young age 

off  most survivors, it can be expected that in the following years in more children 

damagee to the gonads will become evident, indicating the need to screen for 

hypergonadotropicc hypogonadism. 

Significantlyy lower Cortisol concentrations were found in patients after adrenalectomy. 

Thiss finding, however, does not seem to reflect a clinically relevant problem. 

Growthh was affected in 39 % of the children. In children with TE the mean THSDS 

wass even impaired to -2.68 SD, which implies significant growth retardation. GH 

stimulation-testss were not performed, but the fact that plasma IGF-1 concentrations 

weree all within the normal range, there was no delay in bone age and that these patients 

didd not receive cranial irradiation makes central GH deficiency or secretory dysfunction 

unlikely.. Many different factors were present that may have contributed to the growth 



retardation,, such as a diminished thvroid and kidney function, poor clinical condition 

forr several years, and, in one, growth retardation based on an associated syndrome. 

(( )ptimizing T4 concentrations and all other metabolic parameters may help to normalize 

theirr THSDS. 

InIn conclusion, children with NB, treated with 13M-MIBG, chemotherapy and surgery 

aree at risk for developing irreversible hypothyroidism, thyroid nodules, hypogonadism 

andd growth retardation. These findings imply that during follow-up of children with 

NB,, special attention should be paid to their endocrine state. 
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Abstract t 
BACKGROUNDD During radiolabeled mctaiodobenzylguanidine (MIBG) 

administrationn in children with neuroblastoma, the thyroid is protected from 1 2 V n iI 

uptakee bv potassium iodide. Despite this protection, up to 64 % of patients develop 

thyroidd dysfunction. The authors introduce a new method of radiation protection for 

thee thyroid gland. 

METHODSS In a prospective cohort study, 34 children with neuroblastoma who 

receivedd MIBG were given thyroxine, methimazole and potassium iodide for protection 

off  the thyroid gland. Protection started one day before the start of diagnostic '~3L 

MIBGG and was continued until 4 weeks after the last therapeutic L,1I-MIB G dose. 

Follow-upp measurements were performed every 3 months after the protection was 

stopped.. Visualization of the thyroid on MIBG images was reviewed by three nuclear 

medicinee physicians. Results were compared with a historic control group of children 

whoo had received potassium iodide for thyroid protection during MIBG administration. 

RESULTSS After a mean follow-up of 19 months, there were 23 evaluable patients. 

Thvroidd function was normal in 86% of survivors compared with 44% of children in 

thee historic control group ( P = 0.011; Pearson chi-square test). Scintigraphic 

visualizationn of the thyroid diminished substantially after the new protection (21.5 % 

vs.. 5.3 %, respectively; P = 0.000). 

CONCLUSIONSS The results of the current study indicate that compared with 

potassiumm iodide alone, combined thyroxine, methimazole and potassium iodide protect 

thee thvroid more effectively against radiation damage from I 2V lM I during diagnostic 

andd therapeutic MIBG administration in children with neuroblastoma. 
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Introductio n n 
Radiolabeledd metaiodobenzylguanidine (MIBG) is used frequently for diagnostic (mI -

MIBG)) and therapeutic (B1I-MIBG ) purposes in children with neuroblastoma '-2. 

However,, free radioiodide is formed due to chemical instability of the drug and through 

biologicc degradation of MIBG by the liver V(S. 131I will be taken up by the thyroid 

gland,, resulting in radiation damage. Exposure of the thyroid gland to external beam 

radiationn or radioiodide may lead to hypothyroidism, thyroid nodules, radiation 

thyroiditiss and thyroid carcinoma 7"12. Although doses of radiation to the thyroid 

glandd during diagnostics or treatment with radiolabeled MIBG are much lower than 

duringg external radiotherapy, it is important to be aware of the hazardous effects of 

radio-iodidee 13,14. Furthermore, thyroid tissue in children appears to be more radio-

sensitivee than in adults 1> I' and children with neuroblastoma may even be more 

susceptiblee to radiation effects on this gland compared with children who have other 

malignanciess lH. 

Too protect the thyroid against these adverse radiation effects, it is common practice to 

administerr excessive amounts of potassium iodide during exposure to radioiodide. 

Forr instance, in nuclear accidents, such a radiation protection is advised for both 

adultss and children ll>'21. 

Usingg potassium iodide for radiation protection of the thyroid gland during 131I-MIB G 

treatmentt in children, however, turned out to be less effective than expected (see 

Piccoo et al22, Garaventa et a ln and van Santen et al. 24). In fact, up to 64 % of children 

whoo survived neuroblastoma developed plasma thyrotropin elevations after an average 

off  1.4 years (range 0,1-5.8 years), indicating thyroid dysfunction. A possible cause for 

thee failing prophylaxis is failure of the escapee mechanism following the Wolff-Chaikoff-

effectt 24. Because thyroid hormone is essential for normal growth and differentiation 

off  all tissues, it is of vital importance to have an optimal thyroid hormone state, 

especiallyy during the pre- and postnatal phases of brain development 2\ Maintaining 

aa state of euthyroidism during early childhood is especially important for children 

whoo are confronted with severe malignant disease and heavy physical treatments. 

Too improve the prevention of thyroid damage in young patients with neuroblastoma 

whoo are diagnosed and treated with !2V131I-MIBG , a prospective cohort study was 



performedd to evaluate the radioprotective effect of the combination of potassium 

iodidee (dilute and block) with methimazole (block) and L-thvroxine (replace)- the dilute, 

blockk and replace (DBR) prophylaxis. 

Materialss and Methods 
Studyy Patients 

Fromm August 1, 1999, to August 1, 2001, 34 patients who had suspected or diagnosed 

neuroblastomaa were included in the current prospective cohort study. Fifteen children 

presentedd with clinically suspicious indications for neuroblastoma at Emma Children's 

Hospitall  Academic Medical Center. Nineteen patients with proven neuroblastoma 

weree referred for treatment with 13II-MIB G to our center. The 15 children who 

presentedd directly to Emma Children's Hospital received the new thyroid protection 

fromm the very first diagnostic administration of  ,23FMIBG onward. The 19 patients 

whoo were referred from elsewhere had received potassium iodide alone for protection 

off  the thyroid during administration of  123I-MIB G for diagnostic purposes (110-160 

megabecqucrelss [MBq]). One patient received potassium iodide only during follow-

upp 123I-MIB G administration. The research protocol was approved by the Medical 

Ethicall  Committee of the Academic Medical Center. The parents of all patients 

providedd informed consent. 

Designn of the study 

Att diagnosis, plasma concentrations of thyrotropin, free thyroxine, thyroxine, 

triiodothyronine,, thyroglobulin, thvroxine-binding globulin, thyroglobulin antibodies, 

andd thyroperoxidase antibodies were measured in all patients. Patients with preexisting 

thyrotropinn concentration >4.5 müüunits (ml') per liter or free thyroxine concentrations 

lowerr than age related normal values were excluded. Ultrasound imaging of the thyroid 

glandd was performed just before or after the first 13II-MIB G treatment. Family history 

off  thyroid disease was documented. 

Thvroidd protection consisted daily of thyroxine 100 ug/m2 in 1 dose, methimazole 

0.55 mg/kg bod\ mass given in 2 doses, and potassium iodide 90 mg (100 mg per ml) 

givenn in 3 doses. AI! medications were administered orally. Thyroxine and methimazole 

weree started 1 day before administration of MIBG, and potassium iodide was started 
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onn the morning of administration of the radioactive MIBG. Thyroid protection was 

givenn for 3 days when ,23I-MIB G was administered. For patients who received therapy 

withh 13,I-MIBG, thyroxine and methimazole wrere given for 4 weeks, and potassium 

iodidee was administered for 2 weeks. If it already had been started, then protection 

wass continued between diagnostics with 1Z1I-MIB G and treatment with 'M I-MIBG , 

andd between treatments with 1MI-MIBG. 

Duringg protection, concentrations of thyrotropin and free thyroxine were checked once 

aa week. Directions for thyrotropin concentrations during BII-MIB G treatments wrere 

sett at 0.2-1.0 mU/L with a maximum free thyroxine concentration of 30 pmol/L. During 

admissionn to the hospital, risk factors for inadequate intake were documented, such as 

vomitingg and use of a naso-gastric tube. If the child had emesis within 30 minutes 

afterr administration of the protection, then the dose was repeated. To screen for 

possiblee liver or bone-marrow toxicity due to methimazole, aspartate aminotransferase, 

alaninee aminotransferase, hemoglobin and leukocyte counts with differentiation were 

evaluatedd once a week during protection. Follow-up measurements of thyrotropin, 

freee thyroxine, thyroxine, triiodothyronine, thyroglobulin, thyroxine binding globulin, 

thyroglobulinn antibodies, and thyroperoxidase antibodies were performed 1 month 

afterr prophylaxis was finished and every 3 months thereafter. 

Plasmaa thyroxine, triiodothyronine, and thyroglobulin antibody levels wTere measured 

byy in-housc radioimmunoassay methods. Plasma free thyroxine and thyrotropin were 

measuredd with a time-resolved fluoroimmunoassav (Delfia*  Free T4 and Delfia* 

hTSHVCallacc Oy, Tuurku, Finland); thyroglobulin was measured by an immunolumino-

metricc assay (ILMA,BrahmsE, Germany); thyroperoxidase anti-bodies by luminescence 

immunoassayy (LIA , Brahms*, Germany) and thyroxine-bindingglobulin was measured 

withh a radioimmune assay (Eikenchemical Co, Tokyo, Japan). 

Evaluation n 

Att the census date, December 2002, available follow-up data of thyroid function and 

radionuclidee imaging were collected and analyzed by the researchers. Of 34 patients 

withh proven or suspected neuroblastoma (Fig. 1), 1 patient was excluded due to an 

aberrantt thyroid function at diagnosis. Six patients received i23I-MIB G for diagnostic 

purposee only, 27 patients were diagnosed using ,23I-MIB G followed by therapy with 
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Aberrantt thyroid function: 
(exclusion):: n= I 

Onlyy 12) -1-MIBG 
n=6 6 

Noo follow-up: data: 

Totall  patients 
n=34 4 

1'ollow-up:: data: 
n=5 5 (diet t 
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eark k 

ui/niui/ni -IMIIK ; 

follow-upp data : n= 4 
inn the course of the disease; 

Follow-upp data : 
n=23 3 

Figuree 1. Inclusion of patients and availability of follow-up data 

B1I-MIB GG at doses ranging from 100-200 mCi (3700-7400 MBq), Four patients died 

duringg therapy due to progressive neuroblastoma. Overall, follow-up data were available 

forr 28 patients: 5 who received !23I-MIB G only and 23 who received both l2,I-MIB G 

andd BlI-MIBG . 

Radionuclidee imaging in all patients for diagnostic purposes was performed 24 hours 

afterr injection of  l21I-MIBG. Posttherapeutic imaging was performed 3 days and 1 

weekk after ,31I-MIB G administration. AU MIBG scintigraphic studies were analyzed 

byy three nuclear medicine physicians. Radionuclide uptake in the thyroid gland on 

eachh scintigraphic image was scored semiquantativcly using a 3-point grading scale, 0 

indicatingg no detectable thyroid image, / indicating faint visualization of the thyroid, 

andd 2 indicating clear visualization of the thyroid. If the thyroid region could not be 

assessedd adequately due to metastases, broviac catheter, or a missing image, then it 

wass scored as 9. Other treatment modalities for neuroblastoma in 23 patients were 

collectedd from the patients' charts. 

Dataa were analyzed using SPSS software (version 10.0.7; SPSS Inc., Chicago, IL) and 

Microsoftt Excel 97 software (Microsoft Corp., Redmond, W'A). Descriptive statistics 
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weree calculated using Pearson chi-square and Mann-Whitnev tests. P values <. 0.05 

weree considered statistically significant. Due to differences in length of follow-up, 

separatee analyses were performed for survivors and nonsurvivors of neuroblastoma. 

Thee results of this prospective cohort were compared with the results of thyroid 

functionn measurements and scintigraphic evaluations from a retrospective cohort of 

childrenn wrho received radiation prophylaxis with potassium iodide only during MIBG 

administrationn (cohort 1989-1999) 24. Radionuclide imaging in the historic control 

groupp was performed at the same time points after injection of radio-MIBG that were 

usedd in the prospective studv group. 

Results s 
Patientt characteristics 

Twenty-threee children who received thyroid protection with thyroxine, methimazole 

andd potassium iodide during diagnostic and/or therapeutic MIBG administration were 

included.. Of these 23 patients, including 10 girls and 13 bovs with a mean age of 2.78 

yearss (range, 0.04-10.66 years) at the start of the protection, 9 patients had newly 

diagnosedd neuroblastoma and received the combined thyroxine, methimazole, and 

potassiumm iodide protection for the whole period of administration of  123I-MIB G 

andd 131I-MIBG. Fourteen patients were referred for treatment with 131I-MIBG. Seven 

patientss had been treated with chemotherapy before treatment with 131I-MIBG. Three 

patientss received radiotherapy that did not involve the cervical region. Disease stages 

andd treatment protocols used are listed in Table 1. At the time of the census date, 9 

patientss (39.1 %) had died due to progressive neuroblastoma. One patient developed 

recurrentt disease 1 year after the first i31I-MIB G treatment and restarted the ,31I -

MIBGG therapy. Patient characteristics of the historical control group that received 

onlyy potassium iodide as thyroid protection {n— 42 patients) are compared with the 

characteristicss of the current cohort of patients in Table 2. 

Thyroidd function 

Att diagnosis, all 23 patients had normal thvroid function determinants. Family histories 

revealedd no congenital or early childhood thyroid diseases; however, in two families, a 

grandmotherr had Graves disease. 
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Tablee 1. Patient characteristics 

Pat t 

1 1 
2 2 

3 3 

4 4 
5 5 
6 6 
7 7 

K K 
9 9 

10 0 

11 1 

12 2 
13 3 
14 4 
13 3 
16 6 

n n 

18 8 
19 9 
20 0 
21 1 
22 2 
23 3 

Protection n 
durin g g 

first first 
'"I-MIB G G 

DBR R 
-DBR R 
-DBR R 

DBR R 
-DBR R 
-DBR R 
DBR R 
-DBR R 
DBR R 
-DBR R 

-DBR R 

-DBR R 
DBR R 
-DBR R 
-DBR R 
DBR R 
-DBR R 

-DBR R 
-DBR R 
DBR R 
DBR R 
DBR R 
-DBR R 

Agee at 
start t 
(mos) ) 

9.0 0 
15.0 0 

31.0 0 

21.0 0 
26.0 0 
13.0 0 

0.3 3 
38.0 0 
34.0 0 

120.0 0 

128.0 0 

13.0 0 
32.0 0 
5.5 5 

43.0 0 
7.5 5 

106.0 0 

29.0 0 
13.0 0 
23.0 0 
19.0 0 
21,0 0 
13.0 0 

CC hem o therapy 
beforee MIB G 

VCR,, cycio 
None e 

Cvclo,, Adria, 
VPP 16, VCR, cis 
VCR,, acrino 
None e 
None e 
VCR,, cycle» 
None e 
None e 
VF.CII  x 4, 
mclph,, busul. 
Cvclo,, immuno. 
NBB 97 prot 
None e 
None e 
None e 
None e 
None e 
Cytoxan,, Adria, 
VPP 16, irbs, 
DTIC,, VCR, 
thio,, cvclo, VP16, 
topo,, immuno 

None e 
None e 
None e 
None e 
None e 
None e 

Stagee NB 

IVV s 
11 1 
IV V 
(recurrent t 
IV V 
IV V 
II I I 

IVs s 
IV V 
IV V 
IV V 
(recurrent t 
IV V 
(recurrent t 
II I I 
IV V 
II I 
IV V 
111 1 
IV V 

(recurrent t 

IV V 
II I I 
IV V 
IV V 

IV V 
11 1 

disease) ) 

disease) ) 

disease) ) 

disease) ) 

No.. of wks 
off  thyroi d 
protection n 

4.0 0 
8.0 0 

13.5 5 

12.0 0 
9.0 0 

10.5 5 
18.0 0 
9.0 0 
9.0 0 
8.0 0 

2~.0 0 

15.0 0 
ll.l i i 
9.0 0 

12.0 0 
10.0 0 
17.0 0 

10.0 0 
10.0 0 
13.0 0 
9.0 0 

10.0 0 
5.0 0 

Chemothee rapy 
afterr  MIBG ' 

None e 
None e 

AMR(( )-NBL-hvperbaric O, 

MIB GG dc novo 

MIBGG de novo 
AmRO-NBUoco o 
none e 
AmRO-NBLstIV V 
AmRO-NBLstIV V 
AMRO-NBL-hyperbaricc ( ) , 

AMRO-NBL-hyperbaricc O, 

AmRO-NBLL loco 
AmRO-NBLstIV V 
22 x cvclo 
AmRO-NBLstIV V 
AmRO-NBLL loco 
AMRO-NBL-hyperbaricc O, 

AmRO-NBLL loco 
AmRO-NBLL loco 
AmRO-NBLstIV V 
AMRO-NBLL st IV 
AMRO-NBLL st IV 
AmRO-NBLL loco 

'-M-MIBG :: radiolabeled metaiodobenzvlguanidine; NB: neuroblastoma; DBR: dilute, block, and replace (DBR) 

protectionn from first I 2 ,I -MIB G administration onward; -DBR: during first administration of  ] : i I -MlBG , 

onlyy potassium iodide as protection, with DBR protection thereafter; cvclo: cyclophosphamide; Adria: 

doxorubicinn (Adriamycin;Adria I .aboratories, Columbus,OH); VP16: etoposide; VCR: vincristine; cis: cisplatin; 

actino:: act inomyan; VL.CI : vincristine, carboplatin, etoposide and ifosfamide; melph: melphalan; busul: 

busulpban;; immuno: immunotherapv; NB 97 prot:surgerv followed by one course of MIBG , followed bv 

fourr courses of VEC1, followed by high dose melphalan and carboplatin supported by autologous bone 

marroww t ransplantat ion; ifos: i fosfamide; DT IC: dacarbazine; thio: t r i c rhv lencth iophosphoramide 

(thiotepa);topo:: topotecan. 
1Trcatmentt schedules were based on tumor stage12 and current neuroblastoma treatment protocols: The ; 1 II -

M1BGG de novo protocol consisted of two courses of  ]1 I1-MIBG, followed bv surgery, followed by four 

coursess of \T ,CI. The AMRO-NBL protocol consisted of two courses of ' 'M-MIBG ; followed directly by 

topotecan;; followed bv either cyclophosphamide, doxorubicin, and vincristine (for patients with irresectable 

disease;; AMRO-NBL loco)or four courses of VKCI followed by surgery. For patients with Stage IV disease 

(stt A') , both treatment protocols were followed bv high-dose melphalan and carboplatin supported bv 

autologouss bone marrow transplantadon or peripheral blood stem cell-rein fusion. AMRO-NBL with hyperbaric 

O,, for recurrent neuroblastoma included two treatments ot ' ''1-M1B G and hyperbaric oxygen together with 

bigh-doscc vitamin C, followed by four courses of VLXJI, followed by surgery. 
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Tablee 2. Characteristics of children treated with radiolabeled metaiodobenzylguanidine who received 
thyroi dd protection with dilute, block and replace protection versus protection with potassium iodide 
only y 

Characteristic c 

No.. oir' patients 
Agee at diagnosis (mos) 

Mean n 
Range e 

Diedd within the follow-up period (%) 
Genderr ("/n female) 
Stagee \ B (%) 

Stagee 1 
Stagee 11 
Stagee II I 
Stagee IN' 
Stagee IVs 

Meann no of  1J,I-MIB G courses per patient (range) 
Meann no of  n iI -MIB G courses per patient (range) 
Meann mos follow-up (range) 
underwentt chemotherapy hefore Lll l-MIB G C-'H) 
Meann no. of VHQ-courses (range) 
Treatedd with topotecan (%) 

DBR R 

23 3 

33.4 4 
0.5-128.0 0 

39.1 1 
43.5 5 

0.0 0 
87 7 
17.4 4 
65.2 2 

nr nr 
4.~(1.0-1U.0) ) 
2.3(1.0-5.0) ) 
19.0(1.0-34.0) ) 
30.4 4 
3.3(0.0-4.0) ) 
30.4 4 

KI I 

42 2 

3T.0 0 
0.1-215.0 0 
40.0 0 
45.0 0 

0.0 0 
2.3 3 
21.4 4 
66.7 7 
9.5 5 
3.00 (0.0-9.0) 
3.4(1.0-8.0) ) 
28.4(1.0-102.0) ) 
28.6 6 
2.55 (O.O-V.Dj 
0.0 0 

DBR:: dilute, block and replace; Kl : potassium iodide; NB: neuroblastoma, Vl'iCl : vincristine, etoposide, 
carboplatinn and ifosfamide; l23I-MIBG/ IM l-MIBG : radiolabeled metaiodobenzylguanidine; mos: months 

Thee mean plasma thyrotropin concentration at diagnosis was 2.37 mU/L (range, 0.46-

4.100 mU/L); and, during thyroid protection, it was 1.3 mU/L (range, < 0.01-7.9 ml)/ 

L).Thee mean follow-up was 19 months (range, 1-34 months) after completing thyroid 

protection.. The mean follow-up of survivors was longer compared with the mean 

follow-upp of nonsurvivors (22 months vs. 10 months, respectively). 

Onee patient (age, 1 month) with Stage IVs neuroblastoma developed thyroid 

dysfunctionn during treatment in the intensive care unit for respiratory distress after 

onlvv one diagnostic dose of  1231-MIBG and was started immcdiatelv on thyroxine 

supplementation.. At evaluation when the baby was age 2 years, a thyroid stimulation 

testt and ultrasonography revealed a normal thyroid gland, and thyroxine 

supplementationn was discontinued. In 3 patients a one-time elevation in thyrotropin 

wass measured (6.5 mU/L, 7.61 mU/L, and 5.0 mU/L), writh free thyroxine levels all 

withinn the normal range after 1 month, 3 months, and 6 months, respectively. Those 

elevationss were transient and returned to normal values within 3 months. 

InIn total, a significant reduction in occurrence of permanent thyroid stimulating 

hormonee (TSH) elevation was seen after the new protection in the whole group of 

studyy patients and in the survivors compared with patients in the historic control 
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Tablee 3. Occurrence of thyrotropi n elevation in pat ients and histori c controls 

No.. of patients (%) 

Groupp DBR KI  P value 

42 2 

2(11 (4~\6) n.I~4 

44 (9.5) 0.356 

188 (42.9; 0,038

Alll  patients 
No.. of patients 
Noo TH 
Transientt TH 
Permanentt TF. 

Survivors s 
No.. of patients 

Noo TH 
Transientt TF. 
Permanentt TH 

23 3 
155 (65.2) 
4(P.4) ) 
4(17.4) ) 

14 4 
10(71) ) 

2(14) ) 
2(14) ) 

99 (36) 0.(134 : 

22 (8) 0.533 

144 (36) ('1.011

DBR:: dilute, block, and replace; Kl : potassium iodide; TH: thyroid-stimulating hormone elevation. Percentage 

off  patients with thyroid-stimulating hormone elevations (TH) after protection of the thyroid with K l or with 

thyroxine,, methimazole, and Kl . Separate analyses were made for the whole group and for the survivors, due 

too difference in duration of follow-up. * P values _< 0.05 were considered statistically significant 

groupp (Table 3). Four patients in the entire study group (17.4 %) showed aberrant 

thyroidd parameters, expressed as elevated thyrotropin levels (>. 4.5 mU/L), at the 

pointt of evaluation. TSH concentrations were 4.70 mU/L, 4.86 tnU/L, 6.80 mU/L, 

andd 7.75 mU/L, respectively. Total and free T plasma concentrations all were within 

thee normal range, and no clinical signs of hypothyroidism were observed. None of 

thee patients received thyroxine supplementation at the census date. In the historic 

controll  group, 18 of 42 patients (42.9 %) had elevated TSH levels, after an average of 

177 months (range, 1-70 months), with a median value of 11.0 mU/L (range, 4.5-59.2 

mU/L).. Right of 42 patients in the control group received thyroxine supplementation 

too suppress TSH levels. In Figure 2, the percentage of patients who had normal thvroid 

functionn after protection with thyroxine, methimazole and potassium iodide (DBR) 

duringg radio-MIBG is illustrated and compared with the percentage of survivors in 

thee historic control group who had normal thyroid function. After 2.6 years, 78.6% of 

survivorss who were protected with DBR had a normal thyroid function versus 60% 

alterr potassium iodide alone in the control group. At the end ot follow-up, after 6 

years,, only 44% of survivors in the historic controls showed normal thyrotropin levels 

(p=0.038;; Pearson chi-squarc test). 

Alll  five patients who received the DBR protection and who had only received 12T-

MIB GG for diagnostic purposes showed normal thvroid determinants at the last 

evaluation.. The mean follow-up for this group was 12.2 months (range, 1 -24 months). 
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F iguree 2. Percen tage of patients wit h a normal thyroi d function after  , 2 3 / u lI -MIBG-admin is t ra t io n 
'II  he proportion of patients who had normal thyroid function after diagnostic and therapeutic administration 
off  radiolabeled metaiodobenzylguanidine ( ! 2 3 / , 3 1I -MIBG) . Thyroid function after protection with the 
combinationn of methimazole, thyroxine and potassium iodide in survivors (solid squares; //= 14) and in all 

patientss (doited line with solid diamonds; // = 23 patients) with neuroblastoma who were given thyroid 
protectionn with combined potassium iodide, methimazole, and thyroxine is compared with thyroid function 
amongg survivors in the control group of children who received potassium iodide alone as thyroid protection 
duringg l 3 ,I -MIB G (open circles; //= 25 patients). The y-axis shows the percentage of patients with normal 
thyroidd function. Thyroid dysfunction was defined as an elevation of thyrotropin levels > 4.5 m U / L. After 
2.66 years, 85.6 % of survivors showed a normal thyroid function, compared with 60 ",. of children in the 
controll  group who received potassium iodide alone ( P = 0.097). At the end of follow-up, after 6 years, only 
444 % of survivors in the historic control group exhibited normal thyrotropin levels. 

p=0.0388 (Pearson chi-square test). 

Toxicity y 

Thee combination of thyroxine, methimazole and potassium iodide orally was tolerated 

welll  in all children. No liver toxicity, bone marrow toxicity, or other side-effects of 

methimazole,, potassium iodide, or thyroxine were observed during prophylaxis. In 1 

patient,, 6 months after stopping thyroid protection, elevated free thyroxine levels with 

normall  thyrotropin concentrations were measured. There were no clinical signs of 

hyperthyroidism,, and all thyroid parameters reairned to normal values within two months. 



Radionuclidee imaging 

Forr all 34 patients who received the new protection,123/l31I -MIBG-scintigraphic images 

weree evaluated for uptake of  , Z v l l l I by the thyroid gland. Overall, 247 images (121 
l23I-MIB GG + 2 x 63 l3lI-MIBG ) images were acquired. On 13 images (5.3"/,) the 

thyroidd gland was visible. Scoring failed in 15 images, because they were performed 

abroadd and could not be retrieved (»— 5 images) or showed bone metastases interfering 

withh the thyroid region (n— 10 images). In the historic control group, after protection 

withh potassium iodide only, the thvroid gland was visible in 21.5% of 428 images (P = 

0.000).. Overall, in 11 of 34 patients (33.5%) the thyroid showed iodide uptake in at 

leastt 1 occasion compared with 35 of 42 patients (83.3%) after potassium iodide 

alonee ( P— 0.000; Pearson chi-square test). 

Discussion n 
Adequatee thyroid protection against ionizing radiation in children is essential, especially 

withh regard to the importance of a state or cuthvroidism during childhood (particularly 

duringg the first years of life) and to the possible carcinogenic effects I:i. In addition, it 

iss known from animal studies that the risk of developing thvroid carcinoma is increased 

afterr long-lasting, elevated thyrotropin concentrations, especially after exposure to 

radiation8.. For this reason, although solid evidence in humans is lacking, correcting 

thyrotropinn elevation after exposure to radiation often is advised. Prevention of 

thyrotropinn elevation after l'' I-MIB G treatment in young children, of course, is even 

better,, and the susceptibility of the very young thyroid to radiation warrants vigorous 

measuress for improvements in prevention. 

Thvroidd tissue is routinely protected against uptake of radioiodidc by the administration 

off  excess of cold iodide. However, as we demonstrated earlier, this protection failed in 

644 "/oof surviving children who underwentl l 1 I-MIB G treatment24. At least for patients 

inn this age group, a more effective method of protection is necessary. We developed 

thee DBR protection using potassium iodide, mcthimazole and thyroxine respectively, 

basedd on the following hypotheses: 

Too produce thvroid hormone, thvroid tissue takes up iodide bv the sodium-iodide 

svmporterr (N1S). High doses of potassium iodide first will dilute the circulating 

radioiodidc,, resulting in less uptake of radio-activity. Second, whereas iodide normally 
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iss oxidized and bound to tyrosine residues in thyreoglobulin, high plasma iodide 

concentrationss will lead to higher intracellular iodide concentrations, which will inhibit 

iodidee organification (acute Wolff-Chaikoff effect). If the inhibition persists, then 

diminishedd thyroxine production will occur and TSH-stimulated iodide uptake will be 

thee consequence. In this instance, another escape mechanism, which is not completely 

understood,, will develop, diminishing iodide uptake and preventing a state of 

hypothyroidismm ,9-!-20-29. I n children and neonates, the escape mechanism of the Wolff-

Chaikofff  effect fails more often than in adults 28. If it fails, then a decline in thyroid 

hormonee production will take place leading to rising thyrotropin concentrations and, 

thus,, a counter-protective effect by stimulating the (radio)iodide uptake. 

Methimazolee (block) inhibits the enzymatic action of thvroperoxidasc, therebv preventing 

oxidationn and binding of (radio)iodide to thyroglobulin and, therefore, storage of 

radioiodinee in the thyroid. Consequendy, radiation exposure to the thyroid is minimized. 

Thyroxinee (replace) has two effects. Thyrotropin levels are suppressed and, thus, inhibit 

uptakee of radioiodide. In addition, during prophylaxis, the patient will remain euthyroid 

despitee the methimazole and iodide administration. 

Ass an indication of damage to the thyroid gland we accepted a plasma thyrotropin 

concentrationn > 4.5 mU/L, by which the pituitary gland is compensating for the loss 

off  function of thyrocytes 2s. The production and secretion of thyroid hormone is 

regulatedd centrally, by the hypothalamus and pituitary gland, and also at the thyroidal 

level.. When the synthesis of thyroid hormone is distorted, for example, by external 

radiation,, the diminished thyroid hormone concentration in the circulation will increase 

thyrotropinn secretion to stimulate thyroid hormone production. Even thyroid hormone 

concentrationss within the normal range may be too low for the individual patient. In 

thesee patients, thyrotropin concentrations will remain increased until free thyroid 

hormonee concentrations reach normal values and an equilibrium is established. This 

wouldd mean that patients with thyrotropin elevations are in fact (mildly) hypothyroid; 

thiss condition also is known as subclinical hypothyroidism 3"'31. Although it is indirect, 

plasmaa thyrotropin concentration is the most sensitive test for establishing thyroid 

damage.. For that reason, we use the term thyrotropin elevation to express the occurrence 

andd severity of thyroid damage after irradiation. 
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Althoughh the current study population was small and the results will have to be 

confirmed,, the results of our studv showed that successful protection of the thyroid 

glandd was achieved in >75% of the children who received DBR-protection. 

Uptakee of radioiodide in the thyroid gland was assessed using a semiquantitative system. 

Off  course, a more exact estimation might have been preferable; however, this was not 

possiblee for two reasons. Firstly, the exact amount of free iodide to which the patient 

iss exposed to remains unclear, because it concerns not only the free iodide during 

administrationn of the MIBG (2-5 %) but also the amount that is being deiodated or 

metabolizedd by the liver. Second, two evaluation points (on Days 3 and 7 after B1I -

MIB GG administration) arc too few for curve fitting and calculating an accurate area 

underr the curve. In some patients uptake in the thyroid was visible on Days 3 and 7; 

however,, in other patients, uptake was visible only on Day 7, suggesting that the point 

off  maximum uptake is unpredictable. For this reason, quantification of the radiation 

burdenn to the thyroid gland of each patient individually wTas not possible, but ŵ as 

evaluatedd semiquantatively. 

Wee realize that a prospective, randomized clinical trial comparing potassium iodide 

alonee with the combination of potassium iodide, methimazolc, and thyroxine would 

havee provided the most solid evidence. Due to the low prevalence of Stage II I and IV 

neuroblastomaa requiring 131I-MIB G treatment, however, the number of patients needed 

forr a study with sufficient statistical power would have taken many more years. 

Disadvantagess of long-lasting trials can be the many changes made in protocols for 

thee treatment of patients with these life-threatening tumors, which often makes the 

evaluationn of side effects of a given treatment modality unreliable. This is why we 

chosee to gather a cohort of patients in 2 years and to compare their results with 

resultss from a historic control group. During that period, as the results showed, 

topotecann had been added to the protocol and was given to 30 % of patients who 

receivedd DBR protection (Table 2). We had no reason to assume that this topoisomcrasc-

II  inhibitor would protect the thyroid gland. 

InIn conclusion, the combination of dilution (potassium iodide), blockage (methimazole), 

andd replacement (thyroxine) led to a better protection for the thyroid gland against 

radioiodide,, at least when used during diagnosis and treatment with MIBG, compared 
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withh dilution alone. Although follow-up for this cohort was limited, the results are 

convincing,, with substantial reductions of the number of thyrotropin elevations that 

emergedd and with avoidance of radioiodide uptake in the thyroid gland. However, 

DBRR protection still docs not protect the thyroid in 100 % of patients; this finding 

stressess the importance of continuous follow-up of the function and structure of the 

thyroidd gland in children who are treated with radio-MIBG. In addition, long-term 

follow-upp will be necessary to determine the benefit of this protection in the long run 

andd to confirm its effectiveness. 
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Updatee of the DBR protection used in Chapter 4 

Introduction n 

Thyroidd dysfunction after treatment with 131I-Meta-iodobenzylguanidine (MIBG) for 

neuroblastomaa (NB) expressed as an elevation of TSH (TE, TSH > 4.5 mU/L) increases 

withh time (Chapter 2)1. For this reason, an update was performed on the thyroid 

functionn in children who had been given the new thyroid protection with potassium-

iodidee (KI) , methimazole, and thyroxine (TV) (dilute, block and replace; DBR), in the 

periodd 1999-20012. 

Patients s 
Ass shown in Chapter 4, of 34 children given 12T-MIBG for diagnostic purposes under 

suspicionn of aNB, 27 were treated with 131I-MIB G and received DBR protection for the 

thyroidd gland. Of these 27, 23 patients could be evaluated. The results of these 23 

patientss were compared to a group of historic controls given Kl during t3lI-MIBG . 

Afterr a mean follow-up of 19 months (range 1-34 months) after completing thyroid 

protectionn for ' 31I-MIBG, 4 of 23 (17.4 %) had TE (at the last analysis) compared to 18 

off  42 historic controls (p=0.038). Of the survivors (n-14 of 23), 2 had TE at last 

follow-upp which was a significant improvement compared to the survivors of the historic 

controlss (14 with TE in 25 survivors) given exclusively Kl as thyroid protection (p=0.01)2. 

Forr the survivors of the new protection, it was advised to check thyroid function every 

threee months the first two years after the last 13,I-MIB G administration, and hereafter 

even-- 6 months. In July 2004, all follow-up data of the 23 included children was collected. 

Results s 
Off  the 23 included children, with stages NB II (n=3), 111 (n=4), IV (n=14)T and IVs 

(n=2),, 12 were alive (—52 %). Samples taken on the day of administration of  i23I -

MIB GG or one day thereafter (so under thyroid protection) were obviously discarded. 

Meann follow-up was 19 months (range 1-34) after finishing thyroid protection for 

therapeuticc MIBG. 

InIn total, in the period of follow-up, 6 children had transient TE. Four ot these had a 

singlee TSH of more than 4.5 mU/L. One of these 4 had, 1 month before the TE, 



elevatedd free T4 values during one month (range 55.9-30.7 pmoI/L), returning to a 

normall  value (18.3 pmol/L) followed again bv an increase to hvperthvroid values 

(freee T4 32.4 pmol/L), while TSH remained in the normal range. After another 

month,, a TSH of 5.46 mL'/L was measured and here-after all thvroid function tests 

weree normal. Anti-thyroperoxidase and thyroglobulin antibodies were not elevated. 

Thee fifth child with transient TE, as described in chapter 2, had received T4 treatment 

untill  the age of two, due to the young age and the subsequent risk for dclav in 

neurologicall  development. At last follow-up, her thvroid function determinants were 

withinn the normal range. The sixth child with transient TE, had TE (range 4.5 -5.9 

mU/L)) during a period of 9 months, for which a thvroid examination with TRH-

testingg and thyroid ultrasound (UST) was performed. Both investigations showed 

noo abnormalities, with TS11 in the normal range. 

Forr the occurrence of permanent TE (defined as having TE at last evaluation), the 

resultss are presented separately for the deceased and living children, because of the 

largee differences in follow-up. Of the 11 deceased children, all NB stage IV, after a 

meann follow-up time of TSH of 10.8 months (range 1-15), 2 (18 %) had TH at last 

follow-up,, with TSH values of 4.7 and 6.8 mL'/L respectively, not significantly different 

fromm the historic controls (non-survivors). 

Off  the 12 survivors, with a mean follow-up of TSH after 28.2 (range 4-42) months, 2 

(177 %) hadTE. Compared to the results of the 25 survivors of the 42 historic controls 

(Chapterr 2), of whom 14 (56 %) had TE at last follow-up after 42 months (range 4-

102),, this is a significant improvement (p=0.024, Chi-square). In none of the children, 

anti-thvroidd antibodies were present. 

Inn 3 survivors an UST was made, 27,31 and 43 months after finishing thyroid protection 

forr therapeutic MIBG, and no nodules or anv other abnormalities were found. 

Discussion n 
Althoughh the number of included patients is small and the number of survivors even 

smallerr due to the seriousness of the disease, these results indicate that treatment with 

KI ,, methimazole and T4 (dilute, block and replace) acts as a more effective protection 

forr the thyroid gland during treatment with n iI-MIB G than administration of 

exclusivelyy KI. Considering the reduction in the number of patients with TE, detectable 
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uptakee in the thvroid and the relevance for clinical practice, this conclusion is the same 

ass the one already drawn in December 2002. However, because of the large differences 

inn follow-up time of the historic controls and the patients given DBR, this update was 

performed,, confirming the first evaluation. 

Thee meaning of the transient TE found in 6 children is debatable. No clinical signs 

weree found, and are also not expected at single elevations of TSH with FT4 values in 

thee normal range. In the young child, TE was regarded as having thvroid dysfunction 

andd T treatment was given, because of her very young age and bad clinical condition 

(inn the intensive care unit). The elevated TSH values for a period of 9 months in 

anotherr child were probablv also a sign of temporary decreased thyroid hormone 

production.. The possible implications on the thyroid in the future wil l have to be 

expected.. The single measurements of TE in the other 4, is in our opinion not a sign 

off  thyroid dysfunction with clinical implications, also considering the low levels of 

T EE (maximum value 7.6 mU/L). 

Inn the 3 survivors in which ultrasound imaging of the thvroid gland was performed, 

noo abnormalities were found, implying that this protection mav also protect the thyroid 

fromm developing structural abnormalities. However, regarding this aspect again the 

lengthh of follow-up time must be taken into consideration: the mean follow-up time 

off  the survivors in which nodules were found is more than 7 years (Chapter 3). As we 

doo not know the implication of finding thyroid nodules after 131I-MIBG , a prospective 

studyy should be done to evaluate this. 

Inn conclusion, during treatment with radio-MIBG the thvroid gland is more effectively 

protectedd with DBR than with KI . 

Practicall  note 

I tt is important to notice that thyroid function should not be screened during evaluation 

withh 121I-MBG. The thyroid protection at time of  , 23I-MIBG-scanning interferes with 

thee thvroid function test, making the results unreliable. 



Partt 1 

References s 
1.. van Santen HM , de Kraker J, van Eek BL et al. 

Highh incidence of thyroid dysfunction despite 
prophylaxiss with potassium iodide during (l 31)1-
meta-iodobenzylguanidinee treatment in children 
withh neuroblastoma. Cancer 2002; 94: 2081-9. 

2.. van Santen HM , de Kraker J, van Eek BL et al. 
Improvedd radiation protection of the th\Toid 
glandd with thyroxine, methimazole, and 
potassiumm iodide during diagnostic and 
therapeuticc use of radiolabeled metaiodo-
ben2ylguanidinee in children with neuroblastoma. 
GBKW-2003;; 98: 389-96. 



Thyroidd protection at the time of MIB G administration 
forr the diagnosis and treatment of neural crest tumors 

A)) Thyroid protection for diagnostic procedures with 123I-MIB G 

Dru g g Dose e Start t 

Thyroxinee 125 meg/rrr in one gift during 3 days 
Methimazoicc 0,5 mg/kg/day in two gifts during 3 days 
Potassiumm iodide 3 dd M.3 ml 111"., solution (- IHOmg/ml) 

duringg 2 days 

11 day before administration of MIBG 
11 day before*  administration ot MIBG 
Thee morning of administrating MIBG 

B)) Th\Toid protection during therapeutic IM1-MIBG 

Dru g g Dose e Start t Remarks s 

Thyroxinee 123 meg/nv' in one gift 
duringg 4 weeks 

McthJmazolee 0.5 mg/kg/dag in nyo gifts 
duringg 4 weeks 

Potassiumm iodide 3 dd lt,3 ml I(l"'i> solution 

11 day before administration If followed by a 2"J or 3"1 MIBG 
off  MIBG treatment, continue the drug 
11 da\ before administration If followed by a 2nd or 3r,i MIBG 
off  MIBG treatment, continue the drug 
Thee morning of administrating If followed by a 2 or 3ai MIBG 

llfOmg/ml}}  during 2 weeks MIBG treatment,, restart the tirug on the 
morningg of next MIBG 
administration n 

C)) Thyroid protection for the parents (during therapeutic l31I-MIBG) 

Dru g g Dose e Start t 

Potassiumm iodide 201)) mgin 1 gift during 4 days The day he fore administration of -1'I-MIB G to the child 

-- \tkntion: do not administer potassium-iodide to pregnant nomen !! 

Monitoringg of thyroid function 

Beforee start protect ion: 

Dur ingg protect ion: 

Afterr s topping protect ion: 

FT ( ,, T SH 

(Afterr 1 week, and right before the 2n,i n i l -MI13G , see f lowchart) 

F T vv T SH 

(Goal-values:: TSH U.2-1.0 m L ' / L , FT4 12-3U pmo l / I .) 

Hb,, Ht, Lcuco 4- diff , S C O T, S G PT (for rare compl ica t ions 

methimazole) ) 

afterr 1 m o n t h, subsequent ly every three m o n t hs dur ing 2 years. 

Afterr a per iod ot 2 years, once everv 6 months. 

I T 4 ,, T SH 

file:///tkntion


Guidelinee for adjusting thyroxine dose during protection 

Checkk TSH and FT̂  -> 1 week after starting protection 

-»» right before 2nd 131I-M1BG treatment 

Thee biochemical aim of the thyroid protection is to reach a plasma concentration of 

TSHH < t.OmU/LwithFT, <30pmol/L during exposure to radio-MIBG. During the 

thyroidd protection the right setpoint is reached by adjusting the thyroxine dose (the 

dosee of methimazole and potassium iodide are not changed) . 

r S H a n d t - T j j 

I I 
'I'MII  ] 1 ml" I. 
IT ,, -.10pm,.I I. 

I I 
i fhi- i-ki WW ami intake Ihyi 

uccc ihyroxine d^e with fn.2: 

Checkk TSH & FT j after I *tck 

AA consultation of the department pediatric endocrinology is advised in presence of : 

TSHH > 4.5 mU/L 

FT44 lower than 12 pmoI/L or higher than 35 pmol/L 

Clinicall  signs or symptoms of hyper- or hypothyroidism 

Otherr questions regarding the thyroid function or this thyroid protection 



AA ild p -i o ^  fn ^ 

Thyroidd protection with KI , methimazole and thyroxine 
duringg radio-MIBG after closure of the DBR-study 

HMM van Santen, J de Kraker, T Vulsma 

Introduction n 
InIn Emma Children's Hospital, from 1989 to 1999, protection of the thyroid gland 

duringg treatment with n ' I - \ l lB G against uptake of  B1I was performed by the 

administrationn of potassium iodide (KI). Despite the administration of KI , a high 

incidencee of thyroid dysfunction was found (56 % permanent elevated TSH) and in a 

highh percentage of the scintigraphic images uptake of radio-iodide in the thyroid was 

seenn (21 %). For this reason, from 1999-2001, a new thyroid protection was introduced. 

Thee new thyroid protection, using KI , methimazole and thyroxine resulted in a 

decreasedd occurrence of TSH elevations (17 %) and a decreased number of visible 

thyroidd glands on the scintigram (5 %). Inevitably, not only the medication was changed 

duringg the introduction of this new thyroid protection, but also the awareness of the 

nursingg and medical staff about the importance for thyroid protection was increased 

inn this period, due to the presence of a new protocol and a researcher. To evaluate the 

implementationn of the new protection and the possible influence of a researchers-

biass in the period 1999-2001, an evaluation was performed of all children given the 

neww thvroid protection after closure of the study (August 2001 to July 2004), regarding 

thyroidd function and visible uptake of radio-iodide on the scintigram. 

Methods s 
Alll  patients treated with 1MI-MIBG, in the period august 2001 until July 2004 in Emma 

Children'ss Hospital were evaluated. In total, 31 children with NB, stage II (n= 1), II I 

(n=5),, IV (n-24) and IVs (n=l), had been treated with n iI-MIBG , with doses ranging 

fromm 1.85 to 7.4 GBq. Scintigraphic imaging was performed on day 3 and day 7 after 

injectionn of  ,3!I-MIBG . All had received thvroid protection with KI 10 % 3 times a 

dayy 0.3 cc, methimazole 0.5 mg/kg in two doses and thyroxine (TJ 125 |ig/m2 

(addendumm 2). 
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Off  these 31, all  12T- and Ll,l-M1BG scintigraphic images that were performed in 

Emmaa Children's Hospital were evaluated for radio-uptake in the thvroid gland bv the 

researcherr and a nuclear phvsician, using a semi-quantative scoring svstem: 0= no 

uptakee visible, 1= slight uptake, 2=clcar uptake, 9= not assessable due to a missing 

image,, bone metastases or other reasons. AdditionalIv, data on the thvroid function of 

alll  children were gathered. 

Results s 
Radionuclidee imaging 

Off  31 children, in 20 patients diagnostic images with 123I-M1BG had been made in 

ourr hospital, ranging from 1 to 7 per patient. Of the scintigraphic images made after 

administrationn of therapeutic '^'I-MIBG, of 4 children the sonographic images were 

madee elsewhere and could not be evaluated. 

Inn total, 67 images in 20 patients after administration of  12T-MIBG and 93 images (46 

treatments)) in 27 patients after administration of  13II-M1BG were evaluated. Of the 

677 diagnostic images, in one uptake in the thyroid could not be assessed, in two the 

thyroidd was clearly visible, and in one the thyroid was slightly visible. Of 93 images 

madee after administration of  131I-MIBG, in 13 the thyroid gland could not be assessed 

duee to presence of metastases in the spine or sternum or due to a missing image. In 

nonee of the 80 other scintigraphic images, uptake of radio-iodide in the thvroid was 

visible.. In total, of 160 images, in 3 (1.9 %) uptakes in the thyroid gland was seen. 

Thyroidd function 

Off  the 31 children, in 28 the thyroid function was measured before starting thyroid 

protection.. Of these 28, in 3 patients the first determination of TSH was already 

abovee 4.5 mU/L: 5.9, 7.0 and 14.1 mU/L respectively. Of the patient with a TSH of 

5.99 mU/L, the last thyroid function (measured 1 month after stopping thvroid 

protection)) showed a TSH value of 5.0 mU/L with a free T4 of 28.3 pmol/L. In the 

patientt with a TSH of 7.0 mU/L at start, no follow-up data was measured vet. In the 

patientt with a TSH concentration of 14.1 mU/L before staring ' 1,I-MIBG , TSH was 

elevatedd repeatedly and he was started on thyroxine supplementation. 

Off  25 patients with a normal TSH before starting thvroid protection, in 19 patients 
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thee thyroid function was measured during thvroid protection. The mean TSH 

concentrationn during prophylaxis was 1.28 mU/L (range mean TSH 0.02-10.9), with a 

meann FT4 of 23.9 pmol/L (range mean FT4 12.8-33.5). Three children had elevated 

TSHH values during thvroid protection, with a maximum value of 16.8 mU/L. 

Off  the 25 children with a normal TSH at start, in 9 children, of which 3 had died due to 

progressivee NB, the thyroidd function had been measured (in our hospital) during follow-

up,, after stopping 13!I-MIB G treatment. Mean follow-up time of thyroid function after 

thee first MIBG treatment was 1.1 years (range 0.1-2.9). Two patients had received 131I-

MIBGG treatment for recurrent NB after intensive treatment at another center, including 

chemotherapy,, autologous stemcell reinfusion, 13-cis-retinoic acid therapy in one and 

TBII  (12 Gy) and NB antibody treatment in another. Of the 7 patients with primary NB, 

44 had received treatment with chemotherapy; CO J EC (6 courses in 2 patients), VECI (7 

coursess in one and 4 courses in another), vincristine (2 shots in one patient) and 

cyclophosphamidee /topotecan in one. Of these 9 children, one child (11 %) developed 

TE,, 0.9 years after his first MIBG treatment, with a plasma TSH concentration of 18.5 

mU/LL together with a plasma concentration FT4of 14.2 pmol/L. 

Discussion n 
Thee results of this cohort given the dilute, block, and replace (DBR) protection for 

thee thyroid gland during ,31I-MIB G in the clinical setting (without a researcher to 

checkk the administration of the protection) demonstrate that thyroid protection is 

improvedd with DBR when compared to the protection with KI only (data shown in 

chapterr 2). 

Thiss conclusion can mainly be drawn from the number of scintigraphic images on 

whichh the thyroid was visible (1.9 %) which is a sharp contrast to the uptake found in 

thee thyroid gland after KI only (21.5 %). Regarding thvroid function, several remarks 

cann be made. Firstly, the number of children in which the thyroid function was measured 

afterr 131I-MIB G treatment was low. This is explained by several reasons: many of 

thesee children were treated in our center but returned to another center after finishing 
1311-MIBGG treatment, some were still in the middle of their treatment protocol and 



somee children were deceased before a follow-up TSH was obtained. Secondly, the 

follow-upp time of the 9 children in which follow-up data on TSH was obtained was 

short.. This implies that these children wil l have to be followed in time for their thyroid 

function. . 

Duringg administration of the DBR-protection, using the dose as given in addendum 

2,, the thyroid function was more adequate; TSH concentrations were more often 

loweredd with adequate free T4 levels, however in some children the thyroid state was 

stilll  not completely satisfactory. In 3 children, TSH levels during thyroid protection 

weree more than once above 5 mU/L, with the highest TSH of 16.8 (with free T levels 

inn the normal range). This must be a point of attention during administration ot the 

DBR-prophvlaxis,, because an elevated TSH during radio-iodide exposure mav lead to 

ann increased uptake of radio-iodine. An advantage of the DBR-protection, however, 

iss that, in this situation, the administration of methimazole (which is the cause for the 

elevatedd TSH during DBR if the amount of T^ is to low) wil l result in an inhibition of 

thee organification, and thus cause a rapid efflux of the radio-iodide that is taken up. 

Off  the 3 children in which uptake was seen once on the 123I-MIB G scintigram, no 

follow-upp TSH concentration was measured. Considering the fact that in all other 

imagess that were made in these patients the thyroid gland was not visible, we assume 

thatt thyroid protecdon was forgotten or taken too late at these diagnostic scans, although 

wee could not trace down the actual reason. 

Inn conclusion, DBR-admini strati on during diagnostics and treatment with l 2 l l 3 1 I -

M1BGG provides an adequate protection for the thyroid gland. Considering the fact 

thatt the number of patients was littl e and the follow-up time after which thyroid 

functionn was measured was short, these children must be followed in time. 
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activityy index of thyrocytes and plasma TSH; 

aa pre-clinical model for radiation-induced 

thyroidd damage 
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JJ Haveman, E Enden, JJM de Vijlder, T Vulsma. 
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Abstract t 
Becausee radiotherapy in the head and neck region is necessary in the treatment of 

childhoodd cancer, possibilities to prevent damage to the thvroid gland must be 

investigated.. We developed a mode! in which radiation-induced effects can be 

investigatedd in a way that these effects can be quantified, using thyroid dysmorphology 

andd plasma TSH. 

Thirtv-fiv ee Wistar rats, 5 weeks old, were X-irradiated on the cervical region, with a 

singlee dose varying from 0 to 20 Gy. After 6 weeks TSH, T4 and T\ were determined 

andd thyroid glands were processed for histological examination, by two independent 

pathologists.. A histological classification scale was developed, using follicular size, 

colloidd density and cell height of thyrocytes to measure hyperplasia and hypertrophy. 

Byy the sum of these scores a cell-activity index was calculated, which was related to 

plasmaa TSH concentration. Also numbers of PAS-positive droplets and epithelial 

desquamationn were counted. Intcrobscrvcr reliability was assessed. 

Goodd to very good reliability was found for scores of follicular size, colloid density 

andd eel! height. Significant increase of cell-activity index was found after 10,15 and 20 

Gy.. The plasma TSH concentration was positively correlated to the cell-activity index 

increasingg with radiation-doses up to 15 Gy. The number of desquamated cells was 

significantlyy increased after radiation doses > 10 Gy, with moderate reliability. 

Inn conclusion, this model using eel! activity index of thyrocytes together with plasma 

thyrotropinn concentrations and desquamation of celJs can be used for interpretation 

andd future (pre-clinical) studies of prevention of radiation-induced thyroid damage. 
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Introductio n n 
Radiotherapyy is and it is likely to remain an important option in the treatment of 

malignantt diseases in head and neck region. This treatment may have damaging effects 

onn the thyroid gland ]-2. These effects can be quantified as changes in thyroid function, 

thyroidd morphology or by changes at the molecular level. 

Inn animal studies on the thyroid gland, most work was directed towards the 

morphologicall  effects of radiation 3fl. The generalized changes reported may be 

consideredd in several stages: 1: cellular degeneration and necrosis with follicular 

disruption,, 2: vascular degeneration and thrombosis, 3: acute and chronic inflammation, 

4:: fibrous organization and 5: (partial) epithelial regeneration \ Only minor changes 

occurr in the low dose region (up to 5 Gy or low dose L,,I) , whilst total destruction of 

thee tissue is seen after exposure to higher doses (200 Gy of  I3II) . For the development 

off  radiation-induced thyroid tumours, the dose-response curve for rats has its maximum 

afterr 0.3-1.0 MBq of  n i I or 11 Gy of X-rays. In humans, it has been demonstrated 

thatt the risk for radiation-induced tumours is linearly increased already from 0.1 Gy 

onwardss 8. Most X-radiation-induced thyroid carcinomas are papillary (85 %), but 

alsoo follicular tumors (10%) and medullary or undifferentiated carcinomas occur y. A 

higherr prevalence of RET/PTC arrangements has been found in radio-iodine and X-

radiationn induced papillary thyroid carcinoma (PTC) compared to sporadic PTC 1""12. 

Forr children (and young adults) to prevent the occurrence of radiation-induced 

hypothyroidismm and thyroid malignancies, new possibilities must be investigated. This 

demandss a model to investigate radiation-induced effects in a way that these effects 

cann be quantified. 

Itt has been demonstrated that irradiated rats who underwent hvpophysectomv did not 

developp any thyroid tumours L\ while in contrast in irradiated rats with high 

concentrationss of circulating TSH (e.g. after the administration of goitrogens) the 

numberr of tumours was increased 14"16. Apparently, the effects induced bv radiation 

aree dependent on the concentration of circulating TSH. Also a low dietary iodine has 

beenn associated with an increased occurrence of thyroid tumours after radiation, 

however,, recently it was shown that the mutagen needed for tumour formation was 

radiationn (x-radiation) more than iodine deficiency or excess 4. The induction of 

neoplasiaa by radiation has extensively been studied in the rat6' ' "21, showing an increased 



radio-sensitivityy for juvenile, neonatal and fetal thyroids -22-2-\ 

InIn clinical practice, when cyaluating thyroid damage after radiation-exposure, circulating 

plasmaa TSH is determined and ultrasound imaging of the thyroid is done for evaluation 

off  the thyroid function and thyroid structure, respectively. When suspicious lesions are 

found,, histological evaluation can be performed. For interpretation of thyroid histology, 

dataa on the concentration of circulating TSH is essential because the concentration of 

circulatingg TSH itself directs the size and the shape ot the thyrocytes -"'. Moreover, TSH 

iss an indication for the output of all functioning thyrocytes together 2\ For these reasons, 

whenn performing prc-clinical studies on prevention of thyroid damage, knowledge on 

thee relation between radiation dose, plasma TSH levels and histology of the thyroid 

glandd is essential. Information on circulating TSH is, however, often not provided in 

morphologicall  studies on the thyroid gland after radiation exposure. Furthermore, most 

inn vivo studies concerning radiation-induced functional defects of the thyroid gland are 

focusedd on the consequences of radio-iodide, instead of external-beam irradiation and 

especiallyy long term effects are lacking. 

Ourr aim was to develop an in vivo pre-clinical model, to find the most effective dose 

off  irradiation, in which we could quantify the biological effects of external irradiation 

onn the thyrocytes using the most sensitive marker of thyroid dysfunction, the plasma 

TSHH concentration. The visible microscopic damage in the thvrocytes may then be 

coupledd to the marker that reflects the damage of the thyroid gland. This model can 

bee used to study ways of prevention of radiation induced thyroid damage in the rat. 

Forr this goal, we developed an activity index of thyrocytes which is correlated to the 

plasmaa TSH concentrations and to radiation dose. 

Materialss and Methods 
2.11 Animals and thyroid radiation procedure 

Thirty-fivee male W'istar strain rats, four weeks of age, were divided in 5 groups. Each 

groupp was housed together with tap water and food ad libitum (Hope Farms, irradiated 

breedingg and maintenance diet for rats, mice and hamster, Woerden, The Netherlands) 

andd subjected to a 12-h light and 12-h darkness cvcle. Mean temperature was 22 ° C, 

relativee air humidity 55-60 %. 

Afterr two weeks of acclimatisation, the study was started. Group 1 received sham 



AA rat modei for rad ia t ion damage to the thy ro id 

irradiation,, group 2: 20 Gy, group 3: 15 Gy, group 4: 10 Gy and group 5: 5 Gy. 

Irradiationn was given from the ventral side with animals placed in a supine position. 

Ann X—ray generator (Siemens stabiliplan 2-machine) was operated at 250 kV, filtered 

withh 0.5 mm Cu. Source to skin distance was 40 centimetres. Dosing speed was 1.3860 

Gyy per minute. The radiation field was marked by light, with the centre pointed to the 

thyroidd gland, the upper boundary being the lower boundary of the skull/ middle ear, 

justt below the pituitary region 26 (determined by marking the middle ear boundary by 

X-rayy in a previous Wistar rat). Field size was 2 by 3 centimetres. During irradiation, 

animalss were given inhalation-anaesthesia, 4 % fluothane and 96 % air, followed by a 

maintenancee dose of 2 % fluothane and 98 % air. All blood samples were drawn by 

taill  vena-puncture under inhalation anaesthesia, using 4 % fluothane and 96 % air. All 

animalss were sacrificed 6 weeks after irradiation. 

Alll  experiments were approved by the Animal Ethical Committee of the Academic 

Medicall  Centre and were performed according to the Dutch law for animal experiments. 

2.22 Evaluation 
2.2.12.2.1 Clinical evaluation 

Alll  rats were scored daily by examination of body-mass, activity, fur (shiny/ fade/ 

hairss upright) and skin (loss of hair/redness/wounds) on place of irradiation. 

2.2.22.2.2 Thyroid function 

Forr determination of thyroid function, weekly blood samples were collected for 

measurementt of total T4 concentrations. At sacrifice of the animals, concentrations 

off  plasma TSH, T4 and T3 were determined. Of rats irradiated with 5 Gy, no plasma 

T33 measurements were obtained due to too small blood sample size. 

T44 and T3 were determined by an in-house radio immuno-assay, intra-assay variation 

off  T,: 2 - 4 % and T,: 3 - 4 %, inter-assav variation T  3 - 6 %, and T  7 - 8 %. The 
44 3 ' 4 ' 3 

detectionn limits for T4 and T3are 5 nmol/L, and 0.3 nmol/L, respectively. TSH was 

determinedd by a chemiluminescent immuno-assay adapted for rat TSH (Immulite, 

Diagnosticc Products Corp., Los Angeles, CA), intra-assay variation TSH: 2 — 4 %, 

inter-assayy variation TSH: 3 -4 % and detection limit TSH: 0.01 mU/L. 
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2.2.32.2.3 Histological evaluation 

Att sacrifice, thyroid gland, pituitary gland, hypothalamus, lungs and thymus were 

removedd and stored in a buffered 4 % formaldehyde solution for histological evaluation. 

Bothh thyroid lobes were removed en bloc together with the adjacent trachea to prevent 

surgicall  damage of the tissue. Routinely paraffin-embedded, HE and PAS (for 

glycoproteins)) stained sections were examined for radiation effects. To determine the 

interobserverr reliability, all examinations were done twice, by two independent blinded 

veterinaryy pathologists. 

Thee histological classification score for activity of thyroid glands was based on the 

predominantt aspects of five criteria in two histological sections (figure 1): 

II  follicular size, ranging from t -5, having an inverse relation; the smaller the follicle, 

thee higher the score (1 -very large follicles, 2—large follicles, 3=relatively small, 

4=small,, 5=very small). 

III  colloid density', ranging from 1-5, having an inverse relation; the lower the density7 

off  the colloid, the higher the score (l=very strong staining, 2=strong staining, 

3—averagee staining, 4—pale staining, 5—very pale staining). 

II II  cell height, ranging from 1-5, having a direct relation; the higher the follicular 

epitheliall  cells, the higher the score (1 =flat, 2—low cubic, 3-cubic, 4—high cubic, 

5=cylindrical). . 

Fromm these an activity-index was calculated, being the sum of the scores for follicular 

size,, colloid density and cell height, reflecting hyperplasia and hypertrophy of thyroid 

cells.. A high index indicates a high activity within the cell with a high protein turnover. 

Figur ee 1: Histo logical classif ication of thyroi d t issue in Wistar  rats, 12 weeks of age (1-6, PAS stain, 

obj.. 20x., 7; PAS stain, obj 40 x, 8; PAS stain, obi 1 Ox) 

1: : 
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Colloidd density: 1 

Celll  height: 2 

PAS++ droplets: 1 

Desquamation:: 1 
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Celll  height: 3 

P A S-- droplets: 1 

Desquamation:: 1 

Folliclee size: 3 

Colloidd density: 3 
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Colloidd densitv: 5 
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Folliclee size: 4 

Colloidd densitv: 5 

Celll  height: 4 

PAS++ droplets: 5 

Desquamation:: 1 
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Colloidd densitv: 4 

Celll  height: .3 

PAS++ dropicts: 3 

Desquamation:: 3 
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Figuree 1 
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AA low index represents thyroid glands with low activity with a lot of thyroglobulin 

piledd up. 

IV)) Intensity of PAS staining of thyrocytes due to endocytosis of colloid; many 

PAS-positivee granules giving a high score (l=no droplets, 2=few droplets, 

3=moderatee number of droplets, 4=significant number of droplets, 5=many 

droplets). . 

V)) Number of desquamated cells in the follicular lumen, ranging from 1-5; the 

lowerr the score, the less desquamation present (l=no desquamation, 2=a few 

follicless with one or a few desquamated cells, 3-a moderate number of follicles 

withh one or a few desquamated cells, 4=several follicles with one or a few 

desquamatedd cells, 5=manv follicles with one or a few desquamated cells). 

Also,, the presence of benign or malignant neoplasms was evaluated. 

Histologicall  classification of the pituitary glands was based on four criteria (high 

powerr field, objective 40 x): 

1.. Presence of 'colloid droplets' in the anterior pituitary gland, recognized as 

cvtoplasmaticc inclusions, circ urns crip tly present in the basophilic cells, divided in 

threee categories: verv littl e (< 1), a moderate number (2-4) or many (>5) present. 

2.. Number of basophilic cells in the anterior pituitary gland; divided in three 

categories:: small in size or number, moderate in size or number or large in size or 

number. . 

3.. Presence of pvenotic nuclei in the anterior pituitary gland, divided into three 

categories;; sporadic (< 1), moderate (2-4) or many (>5) present. 

4.. Aspect of status spongiosus in the posterior pituitary gland. 

2.33 Statistical analysis 

Dataa was analysed using MS Excel 97 and SPSS 10.0.7 Statistics UK software. Statistical 

analysiss was carried out using One Way AN OVA (Bonferroni for testing statistical 

significance)) and 2-tailed, Pearson Correlation Coefficient, with a preset for significance 

off  0.05. For determination of the interobserver variation (OC) between the two blinded 

pathologists,, reüabilitv analysis with Intraclass Correlation Coefficients (ICC) in a two-
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wayy mixed effects model was performed for follicular size, cell height, colloid density, 

PAS+-dropletss and number of desquamated cells, rated as very good if a: 0.81-1.0; 

goodd if a :0.61 to 0.80; moderate if a :0.60 to 0.41, and fair if a :0.40 to 0.21 r . 

Results s 
3.11 Clinical and macroscopic findings 

Uponn arrival, the 35 male Wistar rats had an average body-mass of 121.4 grams (range 

100.7-153.9).. During anaesthesia and irradiation no adverse events occurred. Several 

dayss after irradiation, animals that had received 10, 15 and 20 Gy lost hair on the site 

off  irradiation, starting in the dorsal neck region, followed by loss of hair on the 

ventrall  side of the neck. Radiation effects varied from slightly thinner hair to baldness 

withh red skin, wounds and crusts. Animals that had received 20 Gy were most severely 

ill ,, consumed litde amounts of w^ater and had a rough fur. Their weight gain was 

substantiallyy reduced. Although the rats irradiated with 10 and 15 Gy showed weight 

losss and diminished water intake too, they were far less ill than the 20 Gy group. All 

ratss recovered within three weeks after irradiation and subsequently showed some 

catch-upp growth. At necropsy, no macroscopic abnormalities were found in thyroids, 

pituitaryy glands, lungs or thymus glands. 

3.22 Thyroid function 

Plasmaa T4 concentrations were measured weekly. Mean plasma T4 concentration after 

onee week of acclimatisation, at 5 weeks of age, was 58 nmol/L (range 34 - 78). Mean 

plasmaa T4 values of sham-irradiated animals 6 weeks after irradiation, at 12 weeks of 

age,, was 85.14 nmol/L (range 75-109) versus 79.0 nmol/L (71-85) after 15 Gy and a 

significantlyy lower concentration of 67.86 nmol/L (range 66-85) after 20 Gy. As shown in 

figuree 2, mean plasma TSH value 6 weeks after irradiation was significandy kywer in the 

sham-irradiatedd group versus the rats that received 15 Gy; mean TSH of 1.51 mU/L 

(rangee 0.80-2.26) versus 4.37 mU/L (range 3.10-7.26). TSH was not significantly increased 

afterr 20 Gv. Mean T, value 6 weeks after irradiation was significantly reduced after 20 

Gvv (1.51 nmol/L versus 1.73 nmol/L in controls, p—0.047). 
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Figuree 2: Mean TSH, T4 and T, plasma concentrations in young Wistar  rats, 6 weeks after  X-irradiation . 
Significantt increase of TSH is seen between 0 and 15 Gy, and 5 and 15 Gy (p=0.003 and p=0.010, One Way 
AXOYA ,, Bonferroni). A decrease of plasma T, is found after 15 Gy (79.0 nmol/I.), compared to (I Gy 
(85.144 nmol/L), that becomes significant after 20 Gy (67.9 nmol/L, p=0.010). Also, plasma T. is significantly 
lowerr after irradiation with 20 Gy (p=0.047, Mann-Whitney U). 

3.33 Histo-pathology 

Thee microscopic examination of the thyroid glands, 6 weeks after irradiation, showed 

clearr cellular effects with increasing radiation dose. The results of histologic 

examinationss of both observers, with corresponding interobserver correlation 

coefficientss (a) in the legend, are given in figures 3 and 4. The correlation coefficients 

forr follicular size, cell height and colloid density were all rated as good and very good. 

Theirr sum, expressed as activity index, was significantly increased, for both observers, 

afterr irradiation with 10, 15 and 20 Gy. The correlation coefficient for mean number 

off  PAS+ droplets was rated as fair. Only a significant increase in number of PAS+ 

dropletss was found for observer B, after 15 GY. For the mean numbers of desquamated 

cellss in the follicular lumen a moderate strength of agreement was found, with 

significantlyy increased numbers for both observers after 10, 15 and 20 Gy (figure 4). 

Noo adenomas or carcinomas were found. 

Radiationn dose up to 15 Gy was positively correlated to plasma TSH (p=0.021), follicular 

sizee (p=0.002), cell height (p=0.029), colloid density (p< 0.000), activity index (p< 

0.000)) and number of desquamated cells (p< 0.000), as scored by observer A (Pearson 

Correlation).. TSH was significantly correlated to follicular size (p < 0.000), cell height 

(p<< 0.000), colloid density (p < 0.000), activity index (p < 0.000), but not to the 

numberr of desquamated cells, as scored by observer A (figure 5). 

Histologicall  analysis of pituitary glands showed no significant differences in presence 
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Figuree 3: Scores for  follicl e size, colloid density, cell height and their  sum as activity index of 
thyroi dd cells, 6 weeks after  cervical X-irradiatio n with 0, 5,10,15 and 20 Gy in young Wistar  rats, for 
twoo different blinded observers (observer A and observer B). Given is the 95 % confidence interval for 
thee mean, with upper and lower boundaries. One Way ANOVA, Bonferroni). " p < 0.001, " p < 0.05, 
comparedd to controls. 
I:: Follicularsi^e: scoring ranges from 1-5, the smaller the follicle, the higher the score, 01=0.77, 95% CI: 0.67 
too 0.84 11: Colloid density: scoring ranging from 1 -5; the weaker the staining, the higher the score, CX=0.84,95% 
CI:: 0.76 to 0.89 III : Cell height: scoring ranging from 1-5; the higher the follicular epithelial cells, the higher the 
score,, (X=0.69, 95 % CI: 0.56 to 0.79. IV: Activity index. The activity index is calculated as the sum of scores 
forr follicular size, colloid density and cell height. For both observers, significant increase in activity index was 
foundd after irradiation with 10, 15 and 20 Gv. 
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Figuree 4: Number  of PAS+ droplets and number  of desquamated cells in follicles, 6 weeks after  X-
radiationn in young Wistar  rats, for  two different blinded observers (observer A andd B). Given is the 95 
%% confidence interval for the mean, with upper and lower boundaries. **  p < 0.001, compared to controls. 
Noo significant differences and a low interobserver reliability were found for the score for PAS+ droplets, 
a=0.388 (95% CI: 0.10 to 0.57). For desquamated cells, a=0.59 (95 % CI: 0.39 to 0.71),both observers found 
significantt differences after radiation with 10, 15 and 20 Gy, One Way ANOVA, Bonferroni. 
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Figuree 5: Correlation between plasma TSH level, activity index and number of desquamated cells, 
66 weeks after X-radiation in young Wistar rats (2-tailed Pearson Correlation, fitted with quadratic regression 
line).. O = activity index, A=dcsquamatcd cells. A significant correlation is found between activity index and 
TSII  I, but not for desquamated cells and TSH. 
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off  colloid droplets or number of basophilic cells (p=0.3 and p=0.3 respectively). In 

pituitaryy glands of the animals that received 20 Gy, a significantly higher amount of 

pycnoticc nuclei was seen compared to those which received no irradiation. No 

abnormalitiess were found in the pars intermedia; status spongiosus was not detected 

inn any posterior pituitary lobe. 

Noo radiation effects, such as atrophy, hyperplasia, apoptosis, fibrosis or vascular damage 

weree seen in hypothalamus, lungs or thymus. 

Discussion n 
InIn this pre-clinical model for evaluation of the effects of X-radiation on thyrocytes in 

relationn to plasma TSH, we found the thyroid cell-activity index positively correlated 

withh the concentration of plasma TSH and X-radiation dose up to 15 Gy. 

Thee plasma TSH concentration at time of obtaining thyroid tissue is very useful to 

interprett the thyroid histology after radiation exposure, since the cellular effects seen 

afterr exposure to radiation are not only caused directly by the radiation, such as 

desquamationn of cells, but also indirectly by stimulation of elevated plasma TSH. 

Furthermore,, the plasma TSH is of importance because it is a tool which can be 

translatedd from the animal model to the human situation. In humans, plasma TSH 

concentrationn is used to evaluate radiation damage, as it is most easily measured and 

cann be monitored sequentially. Most in vivo studies that describe thyroid histology 

afterr radiation exposure, however, do not relate the thyroid morphology to plasma 

TSHH at time of sacrifice3,7'13-28-32' 

InIn case of loss of function of thyroid cells, plasma TSH will increase to compensate 

thee impaired thyroid hormone production. The concentrations of plasma T4 and T^ 

mayy still be in the normal range, though, which is often described as compensated or 

subclinicall  hypothyroidism. In fact, plasma TSH is the most sensitive marker for thyroid 

damage.. In case of an elevated TSH, hyperplasia and hypertrophy of thyrocytes will 

bee found, indicating active cells, compensating the loss of function of these or 

neighboringg cells (hypothyroidism) " . To quantify the biological activity of the 

thyrocytess in our model after exposure to irradiation, we calculated an activitv index 

off  thyrocytes and correlated it to the concentration of plasma TSH and radiation dose. 



Thee activity index provides the direct information on the thvrocvtes themselves, the 

concentrationn of plasma TSH provides the information on the overall function of the 

thyroidd cells. As was demonstrated, the activity index was a well reproducible and thus 

reliablee score. Scoring PAS + droplets was shown not to be reliable and did not show 

anvv correlation to radiation dose, concluding that this marker is not to be used for 

interpretationn of radiation damage. The number of desquamated thvrocvtes was for 

bothh independent pathologists significandy correlated to the radiation dose but not to 

TSHH concentration (figure 5). No otherr direct radiation effects were seen such as vascular 

degenerationn or inflammation, concluding that after six weeks following radiation 

exposure,, the compensatory reaction, calculated as activity index, is prc-dominantly present 

comparedd to direct radiation effects. 

Usingg these four determinants (TSH, activity index, desquamated cells and radiation dose), 

thee severity- of direct and indirect radiation damage can objectively be interpreted which 

subsequendyy can be used for further studies of prevention of radiation damage in rats. 

Furthermore,, by performing histo-pathologv, it was possible to evaluate, macroscopically 

andd microscopically, the occurrence of nodules, adenomas and carcinomas. In this short 

follow-upp period of 6 weeks, no macroscopic abnormalities were found. One could 

hypothesise,, however, that cells with the highest metabolic and mitotic activity after 

radiationn exposure giving the highest activity index, are most at risk to develop neoplasms. 

Thiss will have to be determined in a long term follow-up study. 

Currentt assays for evaluation of radiation induced damage to thyroid tissue include 

molecularr genetic studies. A high prevalence of RET/PTC arrangements has been 

describedd in X-radiation induced PTC and PTC' occurring after the Chernobyl accident 
1(M2.. We did not include molecular genetic studies. Firstly, we had to examine to entire 

glandd microscopically, because a histological aberration could be present in one lobe of 

thee thyroid and not in the other. This is a recognised limitation 4. Secondly, it is not 

uniformlyy accepted that the increase of RET/PTC-1 rearrangements in malignant thyroid 

tumourss is caused by radiation as it could not be confirmed in other studies 14'^. 

Furthermore,, these genetic rearrangements in rats may differ from those in humans. 

So,, although scientifically very challenging, these rearrangements cannot directly be 

usedused in clinical practice and arc therefore not vet useful for evaluation of radiation 

damagee in a model designed for prevention. 



Itt has been demonstrated that in young animals the uptake and retention of radio-

iodinee in the thyroid gland are increased 3fi. Furthermore, just as in humans r-3H, the 

youngerr the age, the higher the risk to develop radiation damage to the thyroid y'}. 

Withh this in mind, we chose animals four weeks of age to find the highest possible 

radiationn effect. 

Duee to the fact that irradiation effects on the thyroid mav not be present until many 

yearss after the exposure to radiation, it is important to foresee the possibility to study 

longg term effects. For this reason, it is essential to irradiate the cervical region without 

damagingg surrounding tissues like lungs, heart and thymus. Also, it is important to 

excludee the pituitary-hypothalamic region from the irradiation field, to prohibit 

occurrencee of pituitary or hypothalamic hypothyroidism. Lastly, it must be possible to 

measuree and quantify the effects in a reproducible way. 

InIn the animals irradiated with 20 Gy, a decrease of plasma TSH and of many 

morphologicall  defects were observed. In pituitary glands in 3 of 7 animals of this 

group,, the amount of pyenotic nuclei was significantly higher (>5). This finding may-

indicatee that the pituitary gland in these animals received stray irradiation, resulting in 

aa decreased response of pituitary TSH. However, also in control animals a moderate 

amountt of pyenotic nuclei was seen and no other morphological irradiation effects were 

foundd in the pituitary parenchyma or in its vascularisation. Moreover studies on irradiation 

off  the pituitary gland mention that a radiation dose of < 20 Gy will have hardly any 

effectt on the thyrotrophic cells 6 weeks after irradiation 4". Another reason for the low 

plasmaa TSH that must be considered is the presence of the sick euthyroid syndrome, 

becausee this group had been severely ill after irradiation. In the sick euthyroid syndrome, 

loww levels of T4, T3 and TSH are found with relatively higher levels of reverse T 41. 

Unfortunately,, we were not able to measure reverse T v Taking these facts into 

consideration,, we concluded that the dose of 20 Gy is too high for use in this model. 

InIn conclusion, when using X-irradiation doses up to 15 Gy, the presented model has 

shownn to be appropriate to study the morphology of thyrocytes in relation to TSH 

afterr radiation on the thyroid gland. In these animals, no damaging effects were found 

inn surrounding tissues which makes this model suitable for studies of late radiation 

effects. . 
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Inn the future, we will use this pre-clinical model to study thyroid damage as a result of 

X-radiation,, focusing on the occurrence and prevention of late radiation-induced 

thyroidd defects. 
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Chapterr 6 

Abstract t 
PURPOSEE Radiation to the head-neck region may damage the thyroid gland, leading 

too hypothyroidism or thyroid carcinoma. Outcomes of radiation protection by lowering 

plasmaa TSH have thus far been ambiguous. Our aim was to evaluate the radio-protective 

effectt of inhibiting the thyroid gland's activity during X-radiation (XR). 

METHODSS Of 80 5-week old Wistar rats, 64 received 15 Gy XR (single dose). During 

XR,, endocrine intervention was done, using thyroxine (TJ, T4 & Nal or Nal alone, 

comparedd to placebo. During XR and follow-up, TSH and T4 concentrations were 

measuredd periodically. Histological examination of thyroid, pituitary gland or the 

hypothalamuss and any suspect lymph nodes, lungs and liver was performed after 6 and 

544 weeks. 

RESULTSS Due to the endocrine intervention, plasma levels of TSH were lower in rats 

givenn T4, and higher in rats given Nal, during XR. After 6 and 54 weeks, no significant 

reductionn in hypothyroidism or thyroid carcinoma was found between the different 

groupss of rats given any endocrine intervention or no intervention. A significantly higher 

numberr of adenoma was found in rats given Nal during XR after 54 weeks. 

CONCLUSIONSS The administration of T4, Nal or the combination during X-

irradiationn does not protect against radiation-induced thyroid damage. 
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Introductio n n 
Thyroidd damage as late adverse event after head/neck irradiation has been extensively 

reported,, which can result in thyroid dyshormonogenesis or dysmorphogenesis ,H. The 

latencyy time between radiation exposure and the clinical, biochemical or morphological 

expressionn of thyroid damage can vary from several months to many years 6,'\ Due to 

awarenesss of these late effects, the use of radiotherapy is limited whenever possible '". 

Otherr preventive actions are reducing the total dose, (hyper) fractionation, reducing the 

sizee of the radiation-field and placing protective lead blocks u-n. Because radiotherapy 

remainss indispensable in the treatment of childhood cancer, prevention of thyroid 

damagee must be investigated by alternative ways, for example by endocrine intervention. 

Inn animals as well as in humans, radiation effects on thyroid tissue are dose-dependent. 

Thee occurrence of hypothyroidism increases linearly with increasing radiation dose 5J \ 

inn rats after doses of 12-20 Gy, a reduction of goitrogenic growth is seen, indicating 

losss of thyroid cells, and in children hypothyroidism is frequent after doses exceeding 

255 Gy, For carcinoma, in children, the risk increases from 0.1 Gy, and levels off after 

100 Gy (in children irradiated for benign diseases y ) or after 60 Gy (children with 

malignanciess !4). In rats, the dose-response curve for radiation-induced thyroid tumors 

hass its maximum after about 11 Gy of X-rays ,:>. Next to radiation dose, risk factors 

aree a young age <1'16'1 and a proliferative state of the thyrocytes lii . 

AA major role contributing to the pathogenesis of thyroid tumors has been ascribed to 

thee level of plasma thyroid stimulating hormone (TSH). It has been demonstrated, in 

rats,, that radiation-susceptibility of the thyroid is increased when TSH during radiation 

iss increased ,H,iy. In contrast, after hypophysectomy no thyroid tumors developed at 

all,, suggesting that the absence of TSH prevents against the development of thyroid 

tumorss 20. TSH can also be suppressed by the administration of thyroxine (TJ 21. 

Koritnikk demonstrated, in rats, that administration of T4 during irradiation resulted in 

aa lower incidence of thyroid tumors 22. However, data of 9 out of 20 animals in the T 
4 4 

groupp were lacking and no results on thyroid function were given. In humans, the 

administrationn of T4 during exposure to X-radiation did not prevent hypothyroidism 1}. 

However,, in this study it was impossible to say anything about the occurrence of 

thyroidd tumors, because the follow-up time was too short. Considering these partially 



contradictivee results and the fact that the studies on endocrine intervention to prevent 

X-radiationn induced thyroid damage are limited, our aim was to evaluate different 

endocrinee preventive strategies in a pre-clinical in vivo model. 

Forr this study, we postulated three ways ot endocrine prevention. The first is the 

administrationn of T4 to suppress TSH levels. As clinical hyperthyroidism is not a 

favorablee state in children with malignant diseases, however, our aim would be to 

lower,, but not suppress TSH during irradiation. The second way is the administration 

off  high doses of (stable) iodide, which inhibit the thyroid's activity (also known as the 

Wblff-Chaikofff  effect) and might make the thyroid tissue less radiosensitive. The third 

wayy is the administrat ion ot high doses of (cold) iodide with s imul taneous 

administrationn of T . The acute phase of the VXolff-Chaikoff effect might be radio-

protective,, but wil l result in a sudden fall of the plasma T, concentration due to 

inhibitionn of the iodide organification i4. Due to this decrease in plasma T4, the level 

off  TSH wil l increase, which wil l counteract the protective effect. This rise in TSH can 

bee prevented by simultaneous administration of T4. 

Ass both hypothyroidism and thyroid carcinoma are important late effects of radiation 

treatmentt in clinical practice, a rat model was chosen in which both these late effects, with 

seriall  plasma hormone measurements and evaluation of thyroid tissue could be evaluated. 

Material ss and Methods 
Animalss and radiation model 

Forr the experiments, 80 W'istar strain rats, all male, were used. Al l experiments were 

approvedd by the Animal Ethical Committee of the Academic Medical Center (AMC) 

andd were performed according to the Dutch Law for animal experiments. 

Thee animals arrived at four weeks of age. After a week or acclimatization, the 

experimentss were started. Rats were divided into 5 groups of 16 rats each (figure 1), 

andd were housed in groups with tap water and food ad libidum (1 lope Farms, irradiated 

breedingg and maintenance diet for rats, mice and hamsters, Woerden, The Netherlands). 

Meann room temperature was 22 " C, relative air humidity 55-60 %, animals were 

subjectedd to a 12-h light: 12-h dark cycle. F^ach rat was given an earmark. 

Whenn the rats were six weeks of age, the irradiation was given. During the irradiation 

experiments,, animals were anesthetized by halothane inhalation. Short anesthesia was 
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performedd by giving 4 % fluothane and 96 % air. Longer anesthesia was performed by 

givingg 4 % fluothane and 96 % air, followed by a maintenance dose of 2 % fluothane 

andd 98 % air. 

Groupp I received sham irradiation, group II-V received 15 Gray (Gy), single dose. 

Irradiationn was given from the ventral side with an X-ray generator (Siemens stabiliplan 

2-machine)) operated at 250 kV, filtered with 0.5 mm Cu. Focus to skin distance was 40 

cm.. Radiation field was marked by light, with the center point being the anatomical 

sitee of the thyroid gland, the upper boundary being the lower boundary of the skull/ 

middlee car, just below the pituitary region 2S (determined by marking the middle ear 

boundaryy by X-ray in a separate Wistar rat). Field size was 2 by 3 cm. Animals were 

situatedd on their back, paws were spread and fixed. Time-schedules for irradiation 

withh 15 Gy was 10 minutes and 49 seconds. Dosing speed was 138.60 cGv per minute. 

Sixx weeks after irradiation, half of each group was sacrificed. All other rats were 

sacrificedd 54 weeks after irradiation. 

I: : 

Noo T, 

Noo Nal 

Sham-irradiation n 

I : : 

NoT, , 

Noo Nal 

800 male Wistar rats, 5 weeks 
off  age 

II : : 

Noo T, 

Noo Nal 

III : : 

T,, (20ug/100g)' 
Noo Nal 

IV : : 

T,, (20|ig/100g}' 

Nall  (10mg':~[~): 

V: : 

Noo T, 

Nall  ( lUmg: J' l~ ) ; 

X-radiation,, IS Gy, single dose (6 weeks of age) 

II : : 

NoT, , 

Noo Nal 

III : : 

T,, (20Mg/!00g)' 
Noo Nal 

IV: : 

T,, (20Mg/lO(ig;: 

Nai(10mgi : " l " ) ' ' 

V: : 

N o T, , 

Nall  (lOmg 'J"l~} 4 

 of each group: 
Fupp until 12 weeks of age 

 ot each group: 
l :upp until 60 weeks of age 

Figur ee 1. Study design All rats were given daily injections intra-pentoneal. If no endocrine intervention was 

given,, an injections was given with placebo (saline/ NaCI IÏ.9 . After 1 week of injection, X-Radiation fXR) 

wass given.' T4 administration was given daily, starting one week before \ R ,2 Nal administration was given daily, 

starringg one day before XR, 'T^ administration was given daily, until wu weeks after XR, 4 \ a l administration 

wass given daily, until one week after XR, I7up= follow-up time. 
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Endocrinee interventions (figure 1) 

Al]]  rats were given daily intraperitoneal injections, (0.004 ml per gram body-mass) 

startingg one week before until two weeks after irradiation, alternating on the right and 

leftt side of the abdomen. Groups 1 and II received placebo (NaCl 0.9 %). Group II I 

wass given injections with 20 (Ig T4/100 g per day during 3 weeks. Group IV received 

200 fig T /100 g per day, also starting one week before irradiation until two weeks 

thereafter,, together with Nal (10 mg ,2T per day) during 1 week, starting the day 

beforee irradiation. Group V received Nal, for 7 days, starting the day before irradiation. 

Onn the days that rats of group V did not receive Nal, sham-injections were given with 

saline,, so that all rats received injections during a period of three weeks. 

Clinicall  examination 
Alll  rats were scored daily by examination of body-mass, activity, fur (shiny/ fade/ hairs 

upright)) and skin (loss of hair/redness/wounds) condition at the irradiation site. 

Thyroidd function 

Inn the first 6 weeks, weekly blood samples were collected for measurement of plasma T4 

andd TSH concentrations. From six weeks after irradiation, these determinants were 

measuredd monthly. At sacrifice after 54 weeks, plasma TSH, T, and T3 were measured. 

TT and T\ were determined by an in-house radio immuno-assay, and TSH by a 

chemilumincscentt immuno-assay adapted for rat TSH (Immulite, Diagnostic Products 

Corp.,, Los Angeles, CA). Intra-assay variation T4 2 - 4 %, T, 3 - 4 %, and TSH 2 -4 %. 

Inter-assayy variation T4 3 - 6 %, T, 7 - 8 %, and TSH 3 - 4 %. Detection limits: T4 5 

nmol/L,, T3 0.3 nmol/L, and TSH 0.01 mU/L. 

Histologicall  examination 

Att sacrifice, thyroid gland, pituitary gland, hypothalamus, lungs, liver and thymus were 

removedd and stored in a buffered 4 % formaldehyde solution (40 mmol/L, pH 6.8-

7.2)) for histological evaluation of radiation effects, tumor growth and presence of 

metastases.. Anv suspicious lymph nodes were taken out and histologically examined. 

Bothh thyroid lobes were removed en bloc together with the adjacent trachea to prevent 

surgicall  damage of the tissue. Routinely paraffin-embedded, HE and PAS (for 
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glycoproteins)) stained sections were examined for irradiation effects. All examinations 

weree done by a blinded veterinary pathologist. 

Thee histological classification score for activity of thyroid glands was based on the 

predominantt aspects of four criteria (follicular size, colloid density, cell height and the 

numberr of desquamated cells in the follicular lumen) in two histological sections, all 

scoress ranging from 1 to 5 (the scores are described in more detail together with 

assessmentt of inter-observer reliability in chapter 5). From the follicular size, colloid 

density,, and cell height an activity-index was calculated, being the sum of these scores 

andd reflecting hyperplasia and hypertrophy of thyroid cells. A high index indicates 

activee cell metabolism and a high protein turnover. A low index represents resting 

thyroidd tissue glands with a lot of thyroglobulin piled up in the follicles. 

Also,, the presence of follicular irregularity, hyperplasia, adenoma, cysts, carcinoma 

andd thyroiditis was evaluated. 

Histologicall  classification of the pituitary glands was based on four criteria (high power 

field,field, objective 40 x): presence of 'colloid droplets', number of basophilic cells and the 

presencee of pycnotic nuclei in the anterior pituitary gland, and the aspect of status 

spongiosuss in the posterior pituitary gland (described in more detail in chapter 5). 

Statisticall  analysis 

Dataa were analyzed using MS Excel '00 and SPSS 11.5.1 Statistics UK software. 

Differencess between group 1 against all other groups were tested, and the differences 

betweenn group II and the other groups which received different kinds of thyroid 

protectionn (group III-V) , and the differences between the three groups was tested. 

Statisticall  analysis for numeric data was performed using the Student's t-test (parametric) 

andd Mann Whitney U, 2-independent test (non-parametric data). For nominal data, 

statisticss were performed using Chi-square tests. Follow-up data on multiple thyroid 

functionn determinants were analyzed using LSD, repeated measures. The level of 

statisticall  significance was set at p<0.05. 



Results s 
Thyroidd function before X4rradiation (XR) 

Meann plasma concentration of TSH of all animals one week before XR was 1.1 mU/L 

(rangee 0.7-2.7) and of T4 it was 62 mmol/L (range 48-83). 

Concentrationss of plasma TSH and T4 during endocrine interventions 

Meann concentrations of plasma TSH and T in the 5 different groups during the 

endocrinee interventions and exposure to irradiation are shown in table 1. Due to 

injectionss with T a significant decrease in mean TSH concentration is found in group 

II II  compared to group I (p = 0.001) and compared to group II (p=0.05). In both 

groupss that were given T , significant increases in mean T concentrations were found 

(bothh p < 0.000). In group V, a significant increase of TSII was observed (p < 0.000), 

withh a significant decrease of T (p < 0.000) compared to groups I and II . 

Tablee 1. Mean concentrations of TSH and T4 during the endocrine interventions, at the moment of 

(sham)-irradiationn with 15 Gy. 

Group p 

1 1 
II I 

111 1 
IV V 

y y 

Meann TSH m U /L (range) 

1.3(11.9-2.1) ) 
1.2(0.6-2.0) ) 

(.1.9(0.6-1.4)* * 
1.11 (0.7-1.9) 

4.0(2.0-".!)) — 

T,, nmo l /L (range) 

677 (55-89) 
655 (50-91) 

142(81-201)) " 
149(99-210)"* * 
411 (50-52)" 

Duringg the weeks of endocrine interventions following the irradiation, the mean 

concentrationn ot TSH staved significantlv lower in group II I compared to group II , 

butt was not suppressed (figure 2). Also in the rats of group IV (compared to group II) 

inn the weeks following radiation, during the endocrine intervention significant higher 

levelss of T4 are found, with significant lower levels of TSH. 

Clinicall  and macroscopic morphological findings during follow-up 

Thee mean weight of all rats at 5 weeks of age was 132 grams (range 109-199). Rats in 

groupp I had the lowest mean body-mass (mean 123 g) and group V the highest (mean 

1400 g). These differences were not significant. After 6 weeks and 1 year, significant 

differencess in body-mass were found between group I and groups II to V (mean 

weightt gain after 6 weeks 202 and 144 g, and after 1 year 405 and 327 g resp.), but not 



Endocr inee i n te rven t i on for X-rad iat ion p ro tec t i on of the t hy ro id 

-11 XR 1 2 3 4 5 6 

W e e ks s 

Figur ee 2. Mean concentration of p lasma T S H, wit h and without endocrine intervention 
Meann concentration of plasma TSII of Wistar rats, 5 weeks of age, before, at and during 6 weeks after 
exposuree to (sham) irradiation. 

 = no XR (group 1), - XR + saline (group [ I ) , 0 = X R + T, (group III) , X = XR - T, & \ al (group IV) , 
DD = XR + Nal (group V) 

betweenn groups II , III , IV or V. 

Duringg follow-up of one year, all sham-irradiated rats of group I remained healthy. In 

thee other groups, the following clinical signs or macroscopic abnormalities were 

observed: : 

Groupp II : one was panting at sacrifice, one had developed a cornitying epithelioma on 

thee back of the neck and died 1 month before the end of the study-period due to a large 

andd aggressive fibrosarcoma growing around the esophagus and trachea and with lung 

metastases;; in two animals the thyroid gland was palpably enlarged, in 1 rat multiple 

suspectt (slightly enlarged) lymph nodes were found at sacrifice (microscopically normal). 

Groupp III : one rat (of the short term group) was lost during an anesthesia procedure; 

anotherr rat died 4 days before the end of the study-period and showed, at obduction, 

aa large tumor in the neck (most probably fibrosarcoma) and lung bleeding. No further 

thyroidd histology could be obtained due to autolysis. 

Groupp IV: in two rats large tumors were palpable in the neck, one of which had 

grownn into the skin. Yet the animals did not show signs of illness. A 3rd rat had a 

tumorr on the right shoulder. In 2, the tumors appeared to be mamma carcinoma and 

onee was a large malignant fibrous histiocytoma. 

Groupp V: one rat had severe body-mass loss and appeared ill at sacrifice (no microscopic 

explanationn tound, in according to protocol selected samples). 



ff h ; ;n? f ! 

Thyro idd funct ion 

ThyroidThyroid function 6 weeks after radiation exposure 

I nn figure 2, the mean plasma concentrations of TSH are shown during the first 8 

weekss of the experiment. The mean concentration of TSH of group I varies from 1.3 

(11 week before sham-XR) to 1.5 m U /L (6 weeks after sham-XR). In group II , a significant 

increasee in plasma TSH was seen, from the 3rd week onwards, to 4.8 m U /L at six weeks 

(p<0.000).. The mean concentration of T. in group II is significantly lower in the 1st 

weekk and from the 3rd week onwards when compared to the sham-irradiated animals 

(p<0.000)) (data not shown). 

Afterr stopping the endocrine interventions, TSH increased in all irradiated groups 

(maximumm value 13.3 mU/L) with a fall of plasma T, (minimum value 42 mmol /L). 

Inn the groups given T., the rise in TSH appeared to be slower than in the other 

groups,, although this was not statistically significant. Six weeks after radiation exposure 

(44 weeks after stopping the endocrine intervention), no significant differences were 

foundd between the mean concentration of TSH and of T4 of groups II , III , IV or V. 

-- 30 

II  II III IV V 
Group p 

II  II  II I IV V 

Group p 

Figuree 3. Mean concentration of plasma TSH, T4 and T3, 1 year  after  irradiatio n in various groups 
""  - p < 0.05, **  = p < 0.001 
Groupp I: no XR, group II : XR+ saline, group III : XR-T „  group IV: XR + T, + Nal, group V: XR + Nal 

ThyroidThyroid function after f year 

N oo significant differences were found in total mean concentration of TSH during the 

yearr of follow-up between groups II and III , IV or V. 

Att 54 weeks after exposure to radiation, the mean concentration of TSH ot group I, II , 

III ,, IV, V were 1.2, 9.1, 16.2, 14.4 ,17.0 m U /L respectively; mean T. values were 0.56, 

0.34,, 0.26, 0.20 and 0.31 mmol /L respectively, and mean concentrations of T4 were 39, 
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27,, 22, 16 and 23 mmol /L respectively (figure 3). A significant increase in TSH and a 

significantt decrease in T3 and T4 were found between group I and all other groups (all p-

valuess < 0.004). No significant differences were found in plasma TSH concentration 

betweenn group II and the groups given T4 Nal or the combination. Significant lower T4 

andd T^ concentrations were found in group II I & IV compared to group II . 

Histologicall  evaluation of thyroid tissue 
ThyroidThyroid histology after 6 weeks 

Inn the thyroid glands, 6 weeks after radiation exposure, no hyperplasia, adenoma, 

carcinomaa or thyroiditis were observed. Between group I and the other groups, 

significantt differences were found in colloid density for all groups and in the activity 

indexx for groups II , IV and V. No significant difference w7as found in the activity 

indexx for group I and group III . 

Noo significant differences were found between the irradiated groups in any of the 

histologicc classification points. 

ThyroidThyroid histology after 1 year 

Regardingg the cell activity indices of the thyroid, only significant differences were 

foundd between the sham irradiated rats and each of the other groups. No differences 

weree found between the irradiated groups given saline or any kind of endocrine 

intervention.. Also, no significant differences were found between numbers of 

desquamatedd cells. 

Inn group I no follicular size irregularity, hyperplasia, adenoma, carcinoma, or any 

otherr malignancies were found, wThich was significantly different from all other groups 

regardingg regularity in follicular size and presence of hyperplasia (table 2). This was 

alsoo significantly different regarding adenoma compared to group II and V, but not to 

groupp II I and IV The number of adenomas in group V was also significantly higher 

thann in group IV (p=0.039). 

Inn the irradiated rats, 3 thyroid carcinomas were found, each in a group with a different 

endocrinee intervention. None of these 3 rats had metastases to the lungs, cervical 

lymphh nodes or liver. Furthermore, in 18 irradiated thyroid glands at least one lesion 

withh hyperplasia was found, in 11 at least one 1 adenoma, in 1 a thyroid cvst, and in 1 



Figur ee 4. Morphology of thyroi d t issue one year  after  irradiatio n wit h 15 Gy 

\ :: Normal thyroi d gland, activity index low (3), obj. 2" x, B: Thyroid gland after irradiation: high activity 

index;; PAS staining pale due to low density colloid, obj. 20 x, C: Thyroid hyperplasia, obj. 1(1 x, D: Thyroid 

adenomaa with thin capsule and e compression, obj. H> x, I'.: Thyroid carcinoma, solid trabecular grow th, 

iilii .. I11 \. I : Thyroid carcinoma, not encapsulated, partly follicular, partly solid, obj.10 x 

lymphocyticc infiltration (sign of thyroiditis). Only in 2 irradiated animals (5 %) no 

thyroidd abnormalities were found. 

N<< i correlation was found between plasma TSH at radiation and the concentration of 

TSH,, T and/or T, levels at 6 weeks and 54 weeks aker irradiation. No correlation 

wass found between TSH concentration during radiation and the activity index of 

thyrocytess or the development of structural thyroid abnormalities after 54 weeks. 
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Tablee 2. Induct io n of structura l thyroi d abnormalit ies one year  after  radiation wit h 15 Gy and different 
kind ss of endocr ine intervention. 

Groupp Irregula r  Hyperplasia Adenoma Cyst Carcinoma Thyroi - No thyroi d Other 
follicula rr  (n) (n) (n) (n) diti s abnormalities1 Malignancy 
size(n)) (n) (n) (n) 

ii  m 
111 (8) 
III(T ) ) 

IVV (8) 
VV (8) 

Sum: : 
N = 38 8 

0 0 (*:aU) ) 
7 7 

5 5 
7 7 

26 6 

00 (*: all) 
4 4 
5 5 

5 5 
5 5 

19 9 

CII  (": 11 &\ r) 
4 4 
1 1 

2--
11 1 

0 0 
1 1 
I.) ) 
0 0 
0 0 

1 1 

1) ) 

(") ) 
1 1 
1 1 
1 1 

3 3 

1.) ) 
1 1 
(1 1 
(I I 

0 0 

1 1 

8* * 
1 1 
I) ) 
1 1 
0 0 

in n 

ii i 

i t t 

0 ( 1* * 
3 » » 
0 0 

55 (6«) 

X R -- radiation, T4=thyroxine, Na l= sodium-iodide, + = with, - = without. ! No thyroid abnormalities, 

indicatingg no irregular rollick size, adenoma,, cysts carcinoma or thyroiditis. T : fibrosarcoma, ^ :in one rat of 

whosee thyroid microscopy is missing a large tumor around the aorta was found, probably fibrosarcoma 
w :: two mamma carcinomas and one malignant fibrous histiocytoma (MFH). *p < 0.05 ( Chi-square) 

Pituitaryy glands and hypothalamus 

Histologicall  analysis of pituitary glands 6 weeks after irradiation showed no significant 

differencess in presence of colloid droplets or number of pyenotic nuclei (p=0.112 

andd p=0.778 respectively). A significantly higher amount of basophilic cells was seen 

inn the irradiated animals (1.5 and 2.2, p=0.038). Neither abnormalities in the pars 

intermediaa nor status spongiosis in the posterior pituitary lobe were found. 

Off  the long term animals, none of the pituitary- glands could be evaluated as, by 

mistake,, the brains without pituitary glands were sampled at sacrifice. For this reason, 

thee hypothalamus and its vasculature were evaluated. No signs of radiation damage 

weree observed. 

Discussion n 
Exposuree to X-radiation in rats, 6 weeks of age, with 15 Gy single dose, leads to 

hypothyroidism,, follicular irregularity, thyrocyte hyperplasia and adenoma of the thyroid 

gland.. We could not confirm earlier results that lowering TSH during exposure to 

radiationn prevents hypothyroidism or the induction of thyroid neoplasms. In contrast, 

544 weeks after radiation exposure, 3 thyroid carcinomas were observed in all three 

groupss that were given an endocrine intervention. 

Thee first question is whether the dose of XR that we used was correct. Too high a 

dosee may damage all cells, blunting the occurrence of malignancies. In contrast, too 



loww a dose mav blunt the occurrence of hypothyroidism. An attempt was made to 

developp a model which can be linked to the radiation doses that are used in the clinical 

pediatricc setting after which both hypothyroidism and neoplasms are observed. One 

yearr after exposure to 15 Gy, it is seen that histologically and biochemically the rat 

thyroidd glands were not ablated indicating that this radiation dose was appropriate for 

studiess on hypothyroidism. No carcinoma developed in group II . This is however, 

nott probably caused by too high a dose as no severe damage of the thyroid cells was 

foundd at 6 weeks. Considering the fact that neoplasms did develop in the other groups, 

alsoo the follow-up time seems adequate. 

AA second question is, whether the suppression of plasma TSH was sufficient. As we 

didd not aim to induce clinical hyperthyroidism, because this is not a favorable state in 

childrenn with malignant diseases, we did not suppress TSH levels completely. With a 

T4dosee of 20 (ig/100 g per day, we achieved more than doubling of the plasma 

concentrationn of T4, with a significantly lower mean TSH concentration, but 

maintainingg clinically euthyroid rats (subclinical h\-perthyroidism). Apparently, inducing 

subclinicall  hyperthyroidism does not prevent against radiation-damage. 

AA third question is whether stray irradiation to the pituitary gland may have resulted in 

suchh an impairment in TSH secretion, that all rats experienced comparable (TSH-

related)) thyroid radiation effects. However, considering our results in which only small 

andd mainly secondary changes were seen in the basophilic cells (hypertrophy and 

hyperplasiaa related to hypothyroidism) and the lack of changes in the hypothalamic 

region,, there is no evidence for pituitary radiation damage. 

I tt has been suggested that it is possible to prevent the occurrence of thyroid 

malignanciess after irradiation by life-long administration of thyroxine. In humans, a 

decreasee in palpable thyroid nodules was demonstrated 2<\ No evidence has been 

providedd regarding the prevention of thyroid malignancies after irradiation, though. 

Inn our opinion, the development of a thyroid malignancy is the most severe late effect 

off  radiation on the thyroid gland for the patient and also most important for medical 

care.. In case of a very high risk to develop a thyroid carcinoma, a preventive strategy 

thatt one could consider is to remove the thyroid gland prophylactically (surgical or 

withh radio-iodide). This would also imply life-long thyroxine supplementation, but 
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thenn with the absolute certainty not to develop a thyroid malignancy. Supplementation 

off  thyroxine to children without a thyroid is very well feasible: experience has been 

gainedd from children born without a thyroid gland (agenesis) and in children with the 

syndromee MEN-2A, whose thyroid is prophylactically removed for prevention of 

medullaryy thyroid carcinoma. For these reasons, the preventive strategy to administer 

life-longg T4 and still a risk to develop a thyroid carcinoma is, in our opinion, not an 

optionn and we did not include such a study-group. 

Off  special attention is the fact that the levels of T^ are decreased with about 50 % 

afterr 1 year (figure 3). Even in moderate hypothyroidism, normally levels of T3 are 

maintainedd within the normal values for a long time. Considering the fact that the 

animalss were, clinically, not deeply hypothyroid, other reasons for the lower T^ must 

bee considered. An explanation could be the fact that these irradiated animals (group 

II-V )) were in a worse clinical condition than group I. A bad clinical condition can 

resultt in low T3 levels due to an inhibition of the peripheral conversion of T (in 

combinationn with a low plasma TSH), which is called the syndrome of non-thyroidal 

illnesss (NTI). Oar results might fit  with the diagnosis thyroidal hypothyroidism in 

combinadonn with non-thyroidal illness (NTI), explaining both the increase in TSH 

withh the combination of a low T, and T,. 
33 4 

Nextt to changes in histology, also chromosome aberrations and RET/PTC 

rearrangementss have been described to occur after radiation exposure27,28. We did not 

includee molecular genetic studies for two reasons. Firstly, we wanted to examine to 

entiree gland for microscopy, because a local histological aberration could be present in 

justt one thyroid lobe. Secondly, although an increase of mainly RET/PTC-1 

rearrangementss has been shown after external radiation 29,3° and of RET/PTC-3 in 

thee Chernobyl tumors r-2S, this could not be confirmed by others 31-32. So, although 

scientificallyy very challenging, these genetic rearrangements are not directly clinically 

usefull  for studies of prevention. 

AA comment may be made on the fact that carcinoma developed in the groups with 

(slightly)) lower TSH during XR. This may suggest that our endocrine interventions 

havee "lowered" the threshold for radiation-exposure resulting in an increase of 

neoplasmss and a decrease of hypothyroidism (figure 3). If this is true, it would mean 



thatt endocrine intervention during irradiation (in rats but probably also in children) is 

moree disadvantageous than protective: inducing carcinoma instead of hypothyroidism. 

Thee results of our study indicate that alternative ways than the administration of T4 

orr Na-1 should be searched for to prevent the thyroid against X-radiation. If the 

assumptionn is made that the presence of TSH is required for the development of 

thyroidd tumors, an alternative way to block the action of TSH is the administration of 

TSH-antagonists.. These compounds are mainly designated for the treatment of Graves' 

diseasee and TSH-secreting pituitary adenoma, but its possible radio-protective abilities 

shouldd also be examined in animal models 33'34. However, it must also be considered 

thatt TSH is not the only factor responsible for the thyroid tumor development. In a 

studyy performed on the relation between iodine-(in)sufficiency and tumor development 

afterr external radiation in rats also no relation was found between the level of TSH 

andd adenoma formation 35. Insulin and Insulin-like growth factor (IGF) may be very 

importantt for tumor growth 36. As also growth hormone is withdrawn by 

hypophysectomy,, this might explain why hypophysectomy is a more effective protection 

forr the development of thyroid tumors than the administration of T4-

Another,, non-endocrine, pharmacological radio-protective intervention that may be 

consideredd is the administration of free radical scavengers. An example is amifostinc 

thatt has been shown to protect the salivary glands during X-radiation. No data on its 

protectivee action on the thyroid have been reported yet r . Also, other anti-oxidants or 

freee radical scavengers of which previous results indicate that they might be radio-

protectivee for the thvroid gland, such as selenium, vitamin B, C or S-phencthyl 

formamidinoo 4 (N-ethvl isothiamide) morpholine dihydrochloride, a sulfur-containing 

compoundd 3S~41, should be further evaluated in animal studies. However, an important 

aspectt that must be guarded, when protecting the thyroid from radiation with these 

non-thyroidd specific compounds, is that the malignancy itself is not protected against 

thee irradiation. 

Wee could confirm the fact that an increased level of TSH during exposure to irradiation 

leadss to an increase in thyroid radiation damage in the group of rats that received Nal 

only.. The rise in TSH during , 2" l " administration can be explained by the fall in T4 

reflectingg the acute Wolff-Chaikoff effect24-42. In general, however, due to the escape 
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mechanism,, the production of T4 will quickly be restored and TSH and T4 levels will 

nott be disturbed during exposure to excess iodine 43. This short elevation of TSH 

duringg the administration of high doses of iodide can be explained by a failing escape 

mechanismm (more likely to be present in very young children or in the elderly). This 

phenomenonn of a failing escape-mechanism, together with the subsequently increased 

occurrencee in adenoma, should be a point of attention for those who administer high 

dosess of iodide for thyroid protection against radio-iodide to young children 44. 

Inn conclusion, endocrine inhibition of the thyroid's metabolic activity with the 

administrationn of T4, Nal or both during X-radiation docs not prevent radiation induced 

functionn loss or structural abnormalities of the thyroid gland in young Wistar rats. 

Thiss implies that the current strategies undertaken to minimize radiation-exposure to 

thee thyroid gland must be continued (hyp erfraeti o nation, reduction of total radiation 

dosee and field, and applying lead shields) until novel preventive strategies evolve. 
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Abstract t 
Sincee the mortality rate for childhood differentiated thyroid carcinoma is nearly zero, 

thee focus must be to minimise morbidity following treatment. Our aim was to analyse 

earlyy and late adverse eyents. Twenty-five of 26 children treated between 1962 and 

20022 were evaluated. Median follow-up was 14.2 years (range 0.9-39.4 years). Al l 

underwentt total thyroidectomy, 15 (60 %) with lymph node dissection and 15 (60 %) 

withh adjuvant radio-iodide therapy. Mortality was zero. Seven developed recurrent 

disease,, two developed a third recurrence. Twenty-one (84%) had >_ 1 adverse eyent. 

Eightt had permanent hypoparathyroidism (PH), six permanent recurrent nerve paralysis 

(PRNP)) and two Horner's syndrome. Risk factors for PH and PRNP were total 

thyroidectomyy with lymph node dissection (RR: 6.45, P = 0.015) and recurrent nerve 

tumourr encasement (RR: 8.00, P —0.001), respectively. Other adverse events were 

fatiguee (// — 5), scar problems (ii  — 4) and chronic myeloid leukaemia (// = 1). These 

resultss emphasise the need to improve treatment strategies. 



1.. Introduction 
Thyroidd carcinoma during childhood has an incidence of 0.2-3 per 100.000 ' and comprises 

aboutt 1.5% of all paediatric tumours 2 ,\ In the Netherlands, 103 children (70 girls) were 

diagnosedd with differentiated thyroid carcinoma under the age of 19 years in the period 

ÏÏ  989 -1997 (incidence 0.4 per 100 000 for boys and 1.0 per 100 000 for girls)4. 

Thyroidd tumours in children are often diagnosed in a more advanced stage than in 

adults;; in 71-90% of children, metastases in the cervical lymph nodes arc found at 

diagnosis,, and distant metastases (mainly in the lungs) arc described in 10-21 % of the 

patientss r>. Nevertheless, childhood-onset differentiated thyroid cancer generally has 

ann excellent survival rate 2. Therefore, at present, the goal of treatment must be to 

achievee the highest therapeutic efficacy with the lowest morbidity. Hence, awareness 

off  the occurrence ol adverse events in this group of children followed up into 

adulthoodd is of substantial importance. Knowledge gained this way may lead to changes 

inn treatment strategies aimed to improve the quality of lif e of these survivors by 

reducingg the number of adverse events. 

Riskk factors to develop differentiated thyroid carcinoma are female gender and age 

betweenn 7 and 12 years (\ In addition, elevated plasma thyroid stimulating hormone 

(TSH)) concentration, Hashimoto's disease, exposure to radiation, and mutations in 

thee Rh7-oncogene "'' have been suggested. Of these, only exposure to radiation and 

mutationss in the K£T-oncogene have been proven to cause childhood thyroid 

carcinoma.. Examples of radiation-induced thyroid cancer arc patients who previously 

receivedd mantle field irradiation '~. In the Ukraine-region, following the Chernobyl 

nuclearr disaster, an increased incidence of thyroid cancer, mainly of the papillary 

type,, was found in children exposed to radio-iodide ' \ It has been shown that thyroid 

tissuee in children is more sensitive to radiation than in adults H. 

Thee currently recommended diagnostic test when confronted with a thvroid nodule is 

ultrasonographyy combined with fine needle aspiration cytology (FN AC) to differentiate 

betweenn benign or malignant u . As lymph node involvement is present in 71-90 % of 

casess \ lymph node biopsy is a diagnostic option. Histological classification of thyroid 

carcinomaa can be difficul t and inter-observer disagreement has been reported in the 

rangee of 7-27 % b . For staging, radio-iodide is used to detect metastases. 
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Cornerr stone of treatment kir thyroid carcinoma at all ages is surgery, with or without 

adjuvantt radio-iodide ablation. In case ot a unilateral tumour without lymph node 

involvementt there is, world-wide, no consensus whether a hemi- < >r a total thyroidectomy 

shouldd be preferred lf'*1 . At all other tumour stages, total thyroidectomy is indicated. 

Inn case of total thyroidectomy, radio-iodide is considered for adjuvant therapy for 

severall  reasons 11. First, to detect and destroy occult microscopic local remnants and 

distantt metastases (if these accumulate radio-iodide). Second, to destroy all remaining 

normall  thyroid remnants, in order to increase both specificity ot measurements ot 

plasmaa thyroglobulin (TCi) and its sensitivity during follow-up. Thirdly, to permit 

post-ablativee radio-iodide total bodv scanning tor persistent or recurrent carcinoma. 

Whetherr radio-iodide could also he eft ecu ve in an earlier stage of the treatment, for 

examplee administered preceding the surgical intervention, has never been investigated. 

Theree is no place for chemotherapy. Thyroxine supplementation is given to correct 

thee inevitable hypothyroidism and to diminish proliferation ot remnant thyroid (cancer) 

cellss by suppressing pituitary TSH secretion. 

Thee goal of this study was to obtain insight in early and late adverse events due to 

paediatricc differentiated thyroid cancer, in relation to the therapeutic strategies used, 

inn a cohort of consecutive paediatric patients in one academic medical centre. 

2.. Patients and Methods 
Al ll  consecutive patients treated for (assumed) paediatric papillary or follicular thyroid 

carcinomaa in the Emma Children's Hospital of the Academic Medical Centre (EKZ-

AMC) ,, in the period 1962 to 2002, were evaluated tor complications and late adverse 

eventss caused by the tumour and the treatment given. 

Dataa were collected from otfice notes, surgical reports and pathology reports ot the 

departmentss of paediatric oncology, paediatric endocrinology, and paediatric surgery 

andd from patient charts and the database of the late effects outpatient clinic (PLEK). 

Patients,, who were in complete remission for at least 5 years after finishing treatment 

andd were registered at the paediatric oncology department, were invited to the PLEK. 

Theyy were either referred by their present physician, or were contacted and invited to 

visitt the hospital tor tollow-up investigations. At the outpatient clinic, the history was 

""  PI.KK— Polikliniek [ .atu Kffckrcn KindLTtumorcn 



 -, L-;\\a:lïta thyrc â carc inoma 

takenn and a complete physical examination was performed. Those, who were not able 

too visit the PLEK, were sent questionnaires. In case of non-responders, the last available 

follow-upp data of the other outpatient clinics were used. 

If,, after reviewing pathology, the lesion was re-classified as a benign thyroid disorder, 

patientss were not excluded from evaluation of late events when treatment had already 

beenn completed. 

Dataa were analysed using Statistical Package for the Social Sciences (SPSS) 10.0.7 and 

MSS Excel '97 software. Statistics were calculated using Pearson X2 tests. For occurrence 

off  permanent hypoparathyroidism and injury to the recurrent nerve, relative risks of 

riskk factors were calculated separately. P values of 0.05 or less were considered to 

indicatee statistical significance. 

3.. Results 
3.11 Patients 

Betweenn 1962 and 2002, 26 patients (20 girls, 77 %), with a mean age of 12.5 years 

(rangee 5-19 years) were treated for (assumed) differentiated thyroid carcinoma in the 

FKZ/AMC.. Of them, 20 (77 %) were initially diagnosed with papillary carcinoma 

(includingg one follicular variant), five (19 %) with follicular carcinoma and 1 with a 

dyshormonogeneticc goiter with multiple follicular adenoma. 

Dataa inclusion closed in August 2002. The median follow-up time was 14.2 years 

(rangee 0.9- 39.4 years). Twenty-one patients were examined at outpatient clinics. Two 

respondedd to a questionnaire and in two cases the general practitioner responded to 

thee questionnaires. One girl with papillary carcinoma was lost to follow-up. At last 

follow-up,, all patients were alive. 

Off  the 25 included patients, five females, at ages ranging from 12-19 years, developed 

aa thyroid carcinoma following irradiation of the cervical region for various reasons 

(haemm angioma, leukaemia and lung metastases of Wilms' tumour), with doses ranging 

fromm 7.5 to 32 Gray. The median time between exposure to irradiation and the diagnosis 

off  thyroid carcinoma was 12 years (range 4-16 years). At diagnosis, one patient, who 

hadd also received cranial radiation, had thyroxine supplementation because of pituitary 

insufficiency.. Four had a normal thyroid function. 

Thee 20 patients who had been diagnosed with primary thyroid carcinoma (no prior 



Tablee 1. Diagnost ic tests and histology of assumed differentiated thyroi d carcinoma durin g chi ldhood 

Patt  I D 

1 1 
T T 

3 3 
4 4 
5 5 
6 6 
7 7 

8 8 
9 9 

111 1 
11 1 
12 2 

13 3 
14 4 
15 5 
16 6 

P P 
18 8 
19 9 

20 0 
21 1 
22 2 
23 3 
24 4 
25 5 

Yearr  of 
diagnosis s 

1962 2 
19"3 3 
19-5 5 

1975 5 
1<T6 6 
19— — 
19— — 

1980 0 
1980 0 
19800 " 
1980 0 
1980 0 

1981 1 
1983 3 
1985 5 
198f) ) 

19866 * 
1988 8 
1992" " 

1993* * 
1995 5 
19977 * 
1997 7 

2001) ) 
2001 1 

uiT/ 9* nTcO/ / 

Normal l 
Normal l 
Normal l 
Coldd node 
Coldd node 
Coldd node 
Coldd node 
Coldd node 
Coldd node 
Normal l 

ranran  goiter 
Coldd ni ide 
Coldd node 
\ oo cold node 

Coldd node-
Coldd node 

Coldd node 
Coldd node 
Lesss uptake 

('-oldd node 

Ultra --
sonography y 

11 lesion 
11 lesion 

>> 1 lesion 

11 lesion 

11 lesion 
11 lesion 

11 lesion 
11 lesion 
11 lesion 
11 lesion 

11 lesion 

FNACC Definite 

Yes s 

Yes s 
Yes s 

Yes s 

Yes s 

Yes s 

diagnosis s 

Fnuclearionn lump 
['rozenn section 
Lvmphh node biopsy 
Lvmphh node biopsy 
Thyroidd biopsy 
Hemm i-thyroidectomy 
Lumpp enucleation 
Lvmphh node biopsy 
Subtotall  thyroidectomy 
Frozenn section 
Hemi-thyroidectomy y 
Subtotall  th\ roidecromv 
withh l.n. extirpation 
111 em i-thyroidectomy 
Lymphh node biopsy 
HH em i - rb vroi decroin v 
Totall  thyroidectomy 

Lvmphh node biopsv 
Lvmphh node biopsv 
FNAC C 

Thyroidd biopsy 
FNAC C 
Totall  thyroidectomy 
FNAC C 
Lvmphh node biopsv 
Hemi-thyroidectomy y 

First t 
histology y 

pap.. ca 
pap.. ca 
pap.. ca 
pap.. ca 
pap.. ca 
pap.. ca 
foil,, ca 
pap.. ca 
pap.. ca 
pap,, ca 
foil,, ca 
pap.. ca 

foil,, ca 
papp ca 
pap.. ca 
dysh.. goiter 
++ toll ad 
pap.. ca 
pap,, ca 
toll.variant t 
pap,, ca. 
pap.. ca 
toll,, ca 
pap.. ca 
pap,, ca 
pap.. ca 
toll.. ca. 

Histology y 
afterr  revision 

pap.. ca 

pap.. ca 
pap.. ca 
dysh.. tioiter 
pap.. ca 
foil.. ad. 
pap.. ca 
foil,, variant pap.ca 
pap.. ca 

pap.. ca 

foil,, ca 
pap.. ca 

pap.. ca 

pap.. ca 

--

I nn 12 patients (48 %) diagnosis was obtained pre-operativc by FNAC (12 %), thyroid biopsy (8%) or lymph 

nodee biopsv (28 %). In the other 13 patients diagnosis was definite after surgery. In two patients (8 %) a 

frozenn section was made during surgery. -, Not performed; FNAC.!, fine needle aspiration cytology; mn 

goiter,, multinodular goiter; dvsh. goiter, dyshormonogenetic goiter; pap ca= papillary carcinoma; toll. ca= 

follicularr carcinoma; ad, adenoma; Par ID, patient ID ; l.n., lvmph node. * (Peri)cervical irradiation in history. 

irradiation)) had a median age of 13.0 vears (range 5-18 years) at diagnosis. Three 

patientss had an impaired thyroid function at diagnosis, one of them was known with 

congenitall  hypothyroidism due to a thyroperoxidase (TPO)-deficiency. 

3.22 Diagnostic strategy 

Off  the 25 patients that could be eyaluated, the main presenting symptom was a mass 

inn the thyroidal region and lymphadenopathy. In 20 patients (80 %) radionuclide 

imaging,, using WmTcO (// = 1) or 123I (// = 18) or both (;? = 1), was used in the 

diagnosticc work-up (Table 1). Cold nodules were obseryed in 13 patients (65 %). 

Ultrasonographyy was performed, since 1980, in 11 of 18 patients (61 %), and showed 

onee or more suspicious lesions in all investigations. FNAC was performed in six patients 



(244 %), and led to the diagnosis of carcinoma in three. All three diagnostic procedures 

(scan,, ultrasound and FN AC) were performed in five patients (20%). In four patients, 

nonee of these three procedures were performed, prior to surgical treatment, since in 

thesee cases the diagnosis was established after biopsy of an enlarged lymph node. 

Inn 22 patients the definite diagnosis was obtained with pathology, either bv lvmph 

nodee biopsy («= 7), thyroid biopsy (« = 2), frozen section (« = 2), hemi/subtotal 

thyroidectomyy (// = 9) or by total thyroidectomy (n — 2). 

3.33 Pathology 

Thee initial pathological examination showed papillary carcinoma in 19 (76 %), follicular 

carcinomaa in five (20 %) and a benign lesion in one patient. This latter patient was 

knownn since birth with congenital hypothyroidism due to a TP O-deficiency. A FNAC 

showedd suspicious cytology for follicular carcinoma and he underwent total 

thyroidectomyy after which he was diagnosed with a dyshormonogenctic goiter with 

multiplee follicular adenoma. After reviewing pathology, the diagnosis was changed in 

anotherr three patients, in two cases into benign lesions (Table 1). Of our 25 patients, 

eventuallyy 18 (72 %) were diagnosed with papillary carcinoma, four (16 %) with follicular 

carcinoma,, and three (12%) with benign thyroid lesions. 

3.44 Treatment 

Initially ,, all patients were treated surgically, with either hemi- (// = 2) or total 

thyroidectomy,, with (// - 13) or without (// — 10) lvmph node extirpation. No significant 

differencesdifferences in the initial surgical approach were found between the first and second 

halff  of the study period. Twelve patients were initially given adjuvant treatment with 

radio-iodidee (retrievable doses ranging from 2.0-7.9 Giga-Becquerels (GBq)). Three 

otherr patients received radio-iodide in a later stage of the treatment. 

3.55 Stage of disease and recurrence 

Off  the 22 patients with proven thyroid malignancy after final pathology, 13 (59%.) 

presentedd with metastases at diagnosis (TNM-stages see Table 2). Seven patients (32 %) 

hadd a first recurrence ot their carcinoma after 0.5—7 years; two of them developed a 

secondd and a third relapse. The very first patient in this series, treated in 1962, had 



Tablee 2. Stage of d isease, treatment and recurrence of 22 patients wi t h proven malignant disease 

Patt  I D 

6 6 
9 9 

ID D 
11 1 
13 3 
15 5 
25 5 
3 3 

12 2 
14 4 

r r 
18 8 
19 9 
2ii i 
24 4 

1 1 
2 2 

4 4 
8 8 

21 1 
22 2 
23 3 

Agee at Dx 

16 6 
13 3 
17 7 
16 6 
13 3 
16 6 

--
9 9 

18 8 
13 3 
19 9 
13 3 
16 6 
12 2 
13 3 

n n 
8 8 

10 0 
16 6 
8 8 

16 6 
12 2 

Histology y 
(afterr  revision) 

pap.. ca 
toll,, variant 
pap.. ca. 
foil,, ca 
foil,, ca 
pap.. ca 
foil ,, ca 
pap.. ca 
pap.. ca 
pap.. ca 
pap,, ca 
pap.. ca 

pap.ca a 

foil,, variantpap, ca. 
pap.. ca 
pap.. ca 
pap.. ca 
pap,, ca 

pap.. ca 
pap.. ca 
foil,, ca 
pap.. ca 
pap.. ca 

Metastasess at 
diagnosis s 

none e 
n<< me 
none e 
none e 
none e 
none e 
none e 
Cervv In 
Cervv In 
Cervv In 
Cervv In 
Cervv In 
Cervv In 
Cervv In 
Lungss + Cerv In 

Cervv In 
Locall  lymph - and 
bloodd vessel-infiltration 

none e 
Lungss +Cerv In 
none e 
Cervv In 
Lungss + Cerv In 

Initia ll  R 

Totall  with In 

Totall  T 
Totall  T^ 

Totall  T 
Totall  T 
Totall  T 
Totall  T 
Totall  T with ln^ 
Totall  T with In 
Totall  T with In 
Total'!'' with !n^ 
Totall  T with lnv 

TotalTT with In 
Totall  T with In 

Totall  T with In 

Lumpp ext. + ln^ funi; 
Totall  Tv 

Totall  with In 
Totall  with ln̂  

Hemii  T ^ In (uni) 
Totall  T 
TotalTT with In 

Adjuvantt  131I 

+ + 
+ + 

+ + 

+ + 

+ + 

+ + 

+ + 
+ + 
+ + 

" " 

+ + 

+ + 

+ + 

Dx,, diagnosis; Rx, treatment; (Cerv) In, (cervical) lymph nodes; Total T^, total thyroidectomy; Mod ln^ , 

modifiedd lymph node dissection; ext, extirpation, ' Second and third recurrence 11 and 39 years after first 

diagnosis.. At last follow-up, still recurrent disease, **  Second and third recurrence H and 9 years after first 

diagnosis,, ** *  Second lung recurrence 10 years after first diagnosis, *** *  At last follow-up, persistent disease 

(elevatedd levels of thvroglobulinfTG)). 

cervicall  and lung metastases after 11 and 39 years, respectively. Both times ablative 

dosess of  1 3 11_ were given. However, the metastases after 39 years did not accumulate 

radio-iodidee anymore. Both relapses in the other patient responded well to radio-

iodidee treatment. Two patients without metastases at diagnosis developed metastases 

inn the lungs, after 2.5 and 3 years, respectively. One of them again developed recurrent 

lungg metastases 7 years later. 

Inn total, at last follow-up, 19 patients were in complete remission, two had persistent 

diseasee (elevated but not progressive levels of TG) and one had recurrent disease. 

Theree was no significant correlation between recurrence of the disease and T-stagc, 

N-stage,, M-stage, or type of tumour (P values 0.6, 0.2, 0.5 and 0.6 respectively). 



A d ' ' tiiffvr^iiiiM^dtiiffvr^iiiiM^d t n y j -Cn.HCifsOina a 

T NN M-class i fi  c ati on 

T3MIMCI I 
T3N0M0 0 

T2NUMU U 
T3NIJMU U 
T3M.1MI) ) 
T2NIJM0 0 
T2N0MÜ Ü 

T3MaM0 0 
T3N1MI') ) 
T4NlbM0 0 
T4N1M0 0 
T3N1M0 0 
T4NlaMU U 
T4\LaM() ) 

T4NlbMl l 
T2NlaM(l l 

T2\la.MÜ Ü 

T2N0M0 0 
T3N1BM1 1 
T3N0MÜ Ü 
T4Nla\!Ö Ö 
T4XlbM l l 

Firstt  recurrence 

--
--

--
--

--
--
--
--

Cervv In 
Cervv In 

lung g 
lung g 
lung g 
Cervv In 

Cervv In 

Years s to o first first 
recurrence e 

--
--

D." " 
7 7 

3 3 
Ü.8 8 

2.5 5 
1 1 
0.5 5 

Rxx first  recurrence 

--

--

--

--
totall  with In + ' ' T " 
i i i , -- „ 

Merastectomvv ** * 
T T 

Totall  + r , , f 
mod.. Ln + i-^I -*** * 
mod.. Ln,. + n , r * * « * 

3.66 Complications and late effects 

Thee observed early complications and late effects are shown in Table 3. 

Twenty-onee patients (84%) had one or more other late complications of treatment, 

otherr than the inevitable hypothyroidism. 

Sixx (24 %) patients developed permanent recurrent nerve injurv. Information about pre-

operativee vocal cord examination by an oto-rhino-laryngologist could not be retrieved 

forr all of the patients. However, in the surgical reports of five of these patients it was 

reportedd that the nerve was encased by tumour that had been removed. In all of these 

cases,, the nerve anatomically seemed to have remained intact. In one patient, hoarseness 

hadd already been present at diagnosis, but the contralateral nerve apparently had also 

beenn partially injured during surgery due to removal of encasing tumour. 

Eightt (32 %) patients had developed permanent hypoparathyroidism. In one patient 

thee parathyroid glands could not be identified in the tumour mass. In five patients, it 

wass reported by the surgeon that at least two parathyroid glands had been saved. 

However,, one developed transient and the other four permanent hypoparathyroidism. 

Forr two patients, no information of the parathyroid glands was given. 



Tablee 3. Adverse events occurrin g after  treatment for  (assumed) thyroi d carcinoma durin g chi ldhood 

Adversee event 

Athvrosis s 
Lvmphh leakage 
Tracheosttt im;i 
Horner'ss syndrome 
Recurrentt nerve lesion 
Hypoparathyroidism m 
Scar/coss me tic 
Dee pre s s i o n / f a ngu c 
CM1. . 
MS S 

Totall  of patients with unintendee 

Transient t 
NN (%) 

0 0 

-Mll  2) 
11 !4) 
I'll  {(); 

2 (8) ) 

55 (2( i) 

--

events s 

Permanent t 

NN (%) 

255 (Kill)-" ' 

(ii  fin 

1(4) ) 

2 (8) ) 

66 (24) 

HH  (32) 

4(16; ; 
55 (2i l) 

11 (4) 

11 (4) 

Totall  N (%) 

255 (100) 

255 ('1IIU;* -

33 (12) 

22 (H'i 

22 (Ki 

»» 0-i 
13(52} } 

44 (16) 

55 (21 n 

11 (4) 

11 (4) 

211 (S4l 

Duee to T / T 

Yes s 
Yes s 
Yes s 
Yes s 
Yes s 
Yes s 
Yes s 

P(( wsihle 
Possible e 
Inlikely y 

O I L ,, chronic myeloid leukaemia; MS, multiple sclerosis. Mean follow-up time was 14.2 vears (0.9-39.4). In 

thee fourth column, the probability of a causal relationship, based on data from literature, between the event 

andd the treatment for thyroid carcinoma is given. Lymph leakage occurred in three patients; one patient had 

long-lastingg lvmph leakage, one developed h m ph oedema in the neck and one patient temporarily suffered 

fromm a hvdrothorax. * T, tumour; Ts, treatment, " Intended adverse effect. 

Threee patients had both permanent hypoparathyroidism and permanent recurrent 

neryee injury. Table 4 shows the rclatiye risks to develop permanent hypoparathyroidism 

a n d / orr p e r m a n e nt r ecu r rent ne rve injurv. T he relat ive risk to deve lop 

hypoparathyroidismm for patients with a total thyroidectomy and lymph node dissection 

ass first treatment was 6.45 (P =0.015). Tumour encasement of the recurrent nerve as 

mentionedd in the surgical report was a significant risk factor to develop permanent 

recurrentt nerve injury (RR: 8.00). Occurrence of permanent recurrent nerve injury 

andd hypoparathyroidism were not significantly related to each other. 

Onee survivor, treated with thyroidectomy and ablative radio-iodide for cervical lvmph 

nodee metastases at diagnosis was diagnosed with (Philadelphia chromosome-positive) 

chronicc myeloid leukaemia (CML) 22 years later. 

Fivee patients (20%), of which four had thvroid carcinoma as their first malignancy, 

showedd signs of depress ion a n d / or fatigue, which could not be related to 

hypothyroidismm or hvpocalcaemia. For patients who developed a relapse (// = 7) there 

wass no increased risk to develop permanent hypoparathyroidism and /or permanent 

recurrentt nerve injurv. However, tor this group or patients, a significant increased risk 

wass found to develop signs of fatigue or depression (RR: 12.8, 95 % CI: 1.034-157.14). 



6.45 5 

ii . i r 

1.54 4 

1.86 6 
1.00 0 

1.85 5 

3.56 6 

4.61 1 

1.58 8 

8.11 «I 

(l.93_45.i)92 2 

0.329-3.456 6 
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l n " 4 6 6 

(1.015* * 
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0.47] ] 

(.U.I544 " 

0.2^8 8 

0.409 9 

0.073* * 
0.0788 * 

0.181 1 

o.ooii "• 

Tablee 4. Relative risks calculated for  permanent hypoparathyroidism and permanent recurrent nerve 
injur yy after  treatment for  (assumed) thyroi d carcinoma in 25 patients 

Riskk factor  (% of total patients) RR 95 % C-I  y? - statistic P value 

Permanentt  hypoparathyroidism (32%) 
Totall  thyroidectomy with lymph node 
dissectionn (In ) as first treatment (52) 
T-stagcc > 3 (36) 
N-stagee =1 (52) 
11 .n at any moment (611} 

Permanentt recurrent nerve injury (24) 

Permanentt  recurrent nerve injur y (24%) 
Totall  thyroidectomy with In as 1 st treatment (52) 

T-stagee > 3 (36) 
N-stagc=ll  (52) 
I.nn at anv moment (60} 
Nervee encasement in surgical report (211) 

RR,, relative risk; CI. confidence interval given for the relative risk; In, lymph nodes. * Indicates near significance 

foundd at P < 0,05 level. **  Indicates strong significance found at P < 0.05 level 

Discussion n 
AA perfect treatment for malignant thyroid disease would be the complete removal of 

alll  malignant tissue, without any adverse events. As the mortality- of patients, diagnosed 

withh childhood-onset differentiated thyroid carcinoma, has become very low l8, 

increasingg efforts should be directed to minimise or even prevent morbidity7 due to 

thee disease and its treatment. 

Ourr studv substantiates the observation that thyroid tumours in the younger age group 

aree found in a more advanced stage at diagnosis ]l) . In these cases, the proper treatment 

consistss of total thyroidectomy and adjuvant radio-iodide therapy. However, for 

unilaterall  non-metastasised well-differentiated thyroid carcinoma, the question whether 

orr not to treat with a hemithyroidectomy or a total thyroidectomy remains an open 

onee l6. There are several arguments to initiate treatment with removal of all thyroid 

tissue.. First, total thyroidectomy results in significantly higher disease-free survival 

thann non-radical surgery ]'\ Second, removal of almost all thyroid tissue (by surgery 

andd adjuvant radio-iodide ablation) facilitates the use of radio-iodide imaging in order 

too detect recurrent disease. Third, plasma TG can, in the absence of TG-antibodies 

whichh occur in about 25 % of patients 2(', be used as a tumour-marker. In developed 

countriess where thyroxine is easily obtained, all these advantages outweigh the 

disadvantagee of hypothyroidism. In the two patients in our cohort, who initially 
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underwentt a hemi thyroidectomy, tumour recurrence necessitated total thyroidectomy. 

Thee frequency of adycrse events, after treatment for (suspected) thyroid carcinoma, 

foundd in our study turned out to be rather high. Late adverse events, other than the 

intendedd hypothyroidism, were found in 84 % of patients. The occurrence of 

permanentt recurrent nerve paralysis (24 %) and hypoparathyroidism (32 %) was high, 

whenn compared to similar cohorts treated for childhood-onset thyroid carcinoma; 0-

244 % and Ü-27 % respectively 181 ,J- i - :
5 and when compared to cohorts treated for 

adultt thyroid carcinoma; 1.3-12.9 % and 0-27.4 % respectively 21"2 . It must be 

consideredd that permanent paralysis of a recurrent nerve that has been taken out of 

encasingg tumour is perhaps not defined as a surgical complication bv all authors. 

Thesee latter circumstances, although the recurrent nerves seemed to be anatomically 

intact,, were found to be a significant risk factor to develop permanent injury. 

Unfortunately,, we could not retrieve all pre-operative recurrent nerve ear-nose and 

throatt (ENT) examinations to distinguish whether the paralysis had to be attributed 

too the tumour or to the surgical intervention. We expected tumour size and the presence 

off  lymph node metastases to be risk factors for the development of recurrent nerve 

injury.. Unexpectedly, this was not found to be the case, which can possibly be explained 

byy the low patient number. 

Thee percentage of surgical complicat ions is partly related to the number of 

thyroidectomiess performed per year and subsequently to the surgeon's expertise. 

Forr this reason, thyroid surgery should only be performed by experienced thyroid 

surgeonss l6. However, with the low incidence of thyroid malignancies during 

childhood,, the experience per paediatric surgeon wil l remain limited. In our centre, 

wee try to solve this problem by the dedication ot one paediatric surgeon ot our 

groupp to thyroid surgery together with an endocrine surgeon, in order to combine 

expertise. . 

Patients,, who underwent total thyroidectomy and a lymph node dissection as primary 

treatment,, were significantly at risk of developing permanent hypoparathyroidism, 

Mostt likely, this is due to the more extensive vascular injury induced by the lymph 

nodee dissection. 

AA preventive strategy for the occurrence of hypoparathyroidism, in case of performing 



aa total thy ro idec tomy with modif ied radical neck d issect ion, could be the 

autotransplantationn of parathyroid tissue ~H. Such an approach firstly needs evaluation 

inn a well-performed clinical trial. 

Forr removal of large lobar remnants after incomplete thyroidectomy, radio-iodide 

ablationn has been reported to be safe and effective in adults 29. With this in mind, a 

hypotheticall  strategy to save the recurrent nerve could be to rather leave some tumour 

aroundd it and treat the remains with adjuvant radio-iodide ablation, rather than surgically 

removee the smallest rests. This has never been done in humans and the feasibility 

shouldd firstly be studied in an animal model. 

Depressionn and fatigue as late adverse events, not related to hypocalcaemia or 

hypothyroidismm were found in five patients. These have not previously been described 

afterr treatment for thyroid cancer. We found a strong significant risk for patients with 

recurrentt disease. This should be a point of attention during treatment and follow-up. 

Onee patient has recently been diagnosed with multiple sclerosis (MS). However, a 

relationn between MS and thyroid carcinoma could not be found in the literature. 

Speciall  attention should be focused on the possible complications due to the use of 

radio-iodide.. In general, 131I treatment is accepted as a safe treatment, also in young 

patientss jU. Transient side-effects can be sialadenit is, transient loss of taste and smell, 

xerostomia,, nausea, vomiting, diarrhoea, gastralgia and leukocyte and platelet 

abnormalitiess -l!-32. The finding of one patient with CML might have been coincidence. 

However,, several cases of AM L and CML have been observed after radio-iodide treatment 

forr both thyroid carcinoma and hyperthyroidism 3V3 . Although, an increased risk for 

leukaemiaa has, to date, never been demonstrated in epidemiological analyses ^y>, we feel 

thatt these findings merit further follow-up of  13,I treated patients, to exclude a causative 

relationship. . 

Inn conclusion, lif e expectancy for a patient with childhood-onset differentiated thyroid 

carcinomaa is very good, although the risk of developing adverse events in young 

adulthoodd appears to be quite high. Once the tumour has recurred, further recurrence 

off  metastases can be expected even after several decades. We advocate that all thyroid 

tissuee should be ablated in the treatment for differentiated thyroid carcinoma, as it 

facilitatess adequate monitoring of recurrent disease and its treatment bv plasma TG-



measurementt as tumour marker. Considering the good prognosis of paediatric thyroid 

cancer,, steps must be taken to reduce long-term morbidity of the tumour and its 

treatment.. Improyemcnt of the quality of surgery should be aimed for. However, 

theree are limits to the surgical possibilities, considering the delicacy and precision of 

thee surgical technique needed tor paediatric thyroid surgery. Therefore, it is our opinion 

thatt new treatment modalities as well as new applications of existing treatment 

modalitiess should be investigated. 
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Abstract t 
AA 5.5 year old boy, with a family history of Multiple Endocrine Neoplasia (MEN)-2 A 

syndrome,, was evaluated for presence of MEN-2A and medullary thyroid carcinoma 

(MTC).. DNA-diagnostics confirmed MEN-2A. Basal (360 ng/L) and pentagastrin 

stimulatedd (430 ng/L) calcitonin (CT) levels were slightly elevated, plasma 

carcinoembryonicc antigen (CEA) was norma). Within a year both tumor markers 

increasedd and total thyroidectomy was performed. Histological examination did not 

showw MTC. In the following years, both tumor markers increased progressively, but 

despitee the use of multiple imaging techniques no metastases were localized. After 6 

years,, biopsy of a palpable lymph node showed MTC. The boy was treated with total 

cervical,, supra-hyoidal and mediastinal lymph node dissection, showing MTC in almost 

alll  nodes. Again, the tumor markers remained high. At this point of time, the 

disadvantagess of further medical interventions were outweighed against the chance 

forr cure and it was decided to shift the goal of treatment towards palliation rather 

thann cure. At the last visit the boy was clinically well with persistent extremely high 

levelss of plasma CEA and CT. In conclusion, when prophylactic thyroidectomy in the 

MEN-2AA syndrome has failed, it may be best to withdraw from further interventions 

too prevent more damage. 



Introductio n n 
Carrierss known with the Multiple Endocrine Neoplasia (MEN)-2A syndrome are at 

riskk for developing medullary thyroid carcinoma (MTC) at young age. As radical surgery 

iss the only curative option for MTC, prophylactic thyroidectomy is advised l. For 

detectionn of recurrent disease, the tumor markers calcitonin (CT) and carcino-

embryonicc antigen (CEA) are useful. When these are elevated, evidence is provided 

thatt MTC is present. However, they do not provide information about the localization 

off  MTC, and visualization can be extremely difficult. It has been shown that patients 

cann have substantial burdens of metastatic MTC without symptoms for many years ' 

andd it is still uncertain in these cases what the correct strategy should be :. "Watchful 

waiting""  is sometimes preferred, while others prefer prophylactic mantle irradiation 

orr meticulous microdissection of the neck 2~4. 

Wee report a case in which the many difficulties are illustrated that one can encounter 

afterr performing early thyroid surgery based on genetic testing. 

Casee Report 
Inn 1993, a 5.5 year old, apparently healthy boy was examined because of a family 

historyy of the MEN-2A syndrome. The tumor markers, CT and CEA, were measured. 

Thee plasma concentration of CEA (2.8 |Ig/l) was normal, but both basal (360 ng/L) 

andd pentagastrin stimulated (430 ng/L) CT levels were slightly elevated. Subsequent 

DNA-diagnosticss demonstrated the mono-allelic mutation C634R in the RET proto-

oncogenee that confirms MEN-2A. Within a year both tumor markers for MTC increased 

andd at age 7.0, total thyroidectomy without lymph node resection was performed. At 

histologicall  examination of the thyroid, no C-cell abnormality ŵ as found. 

Post-operatively,, plasma thyroglobulin (radio-immuno assay) as marker for residue 

thyroidd tissue was < 10 pmol/L, however, both tumor markers increased progressively 

(figuree 1). Multiple imaging techniques were used to localize metastases, without any 

resultt (table 1). The thyroid tissue was re-examined, but again no C-cell hyperplasia or 

malignancyy could be found. Six years later, a cervical lymph node became palpable. 

Biopsyy showed MTC. On re-revision of the original thyroid tissue, multifocal C-cell 

hyperplasiaa was observed, laterally in the thyroid gland. Bilateral total cervical lymph 



Figur ee 1. Tim e course of the (logarithmic ) plasma concentrations of CEA and CT after 
thyroidectomy y 

CTT (ng/1) CEA(ng/l) ) 

55 7 7l / 22 ~3/4 9 l / 2 1 0 l / 2 n 3 /4 1 3l / 2 13.77 14.3 15 16 1/2 2 
agee in vcars 

 = calcitonin (CT) , 0 = upper normal limit for CT, A= carcinocmbryonic antigen (CEA), A—upper normal 
limitt for CI '".A 

agee 7, total thyroidectomy 
22 age 13.7 years, radical bilateral cervical lymph node dissection 
'' age 14.3 years, sternotomy with supra hyoidial and mediastinal Ivmph node dissection 

nodee dissection demonstrated MTC in all lymph node sites. Nevertheless, both tumor 

markerss further increased. This time, with " ' indium-octreot ide, a tiny spot in the 

mediastinumm could be detected. Subsequently, a total bilateral supra-hyoidal and 

mediastinall  lvmph node dissection was performed, showing MTC' in almost all nodes. 

Againn though, the tumor markers remained high. 

Whilee the boy never had any physical complaint of the MEN-2A, he had experienced 

seriouss discomfort due to the numerous invasive medical interventions, which were 

multiplee surgical interventions, hypoparathyroidism as complication of surgery, multiple 

scars,, subcutaneous calcifications due to accidental leakage of intra-venous calcium 

supplementation,, multiple intra-venous lines and biopsies for diagnostics, radiation 

burdenn and last but not least continuing emotional uncertainties. As a consequence 

andd in view of the dissemination of the disease, it was decided that the goal of treatment 

shouldd be shifted towards palliation rather than cure. The boy and his parents agreed 

thatt no more additional invasive investigations would be performed to hunt the 
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Tablee 1. 

Age e 

" " 
7.8 8 

8 8 
8.5 5 

8.6 6 
9 9 

9.1 1 

9.5 5 

9.7 7 

10.6 6 
11.7 7 

12.3 3 

Invest igat ionss performed to 

(y«) ) Imagingg technique 

Ultrasoundd neck 
Ultrasoundd abdomen 

Ultrasoundd neck 

detect t metastasess of M T C 

' " i nn Octreoscan (whole body and SPF.CT) 
' : ,l-MlBG-scan n 
( I FF MBq) 
Pentavalcntt DMSA-scan 
Ultrasoundd abdomen 
MR]]  Abdomen 
XX -thorax 
MR11 Thorax 
Ultrasoundd neck 

X-thorax x 
CT-thoraxx and neck 
'"'"Tc-antiCEAA scan 
(5566 MBq) 
X-thorax x 
X-thorax x 
Ultrasoundd neck 

1211-MII  BG-scan, 
wholee body and SPECT (158 
""  'In-Octreoscan (152 mBu) 

MBq) ) 

Result t 

Smalll  lymph node left side, ventral of neck vasculature 
N.a. . 
\ .a. . 
N.a. . 
Possiblee increased uptake in the abdomen, just below/ 
underr diaphragm, can be an artifact 
N.a. . 
N.a. . 
N.a. . 
N.a. . 
N.a. . 
Lymphh node right neck 7-5 mm, left side 5-3 mm, 

presumablyy reactive lymph nodes 
N.a. . 
N.a. . 
Veryy subtle spot high anterior in the neck (left side), but 
noo pathological uptake 
N.a. . 
N.a. . 
Multiplee small lymph nodes right and left side, seem to be 
reactivee lvmph nodes 
Ventral,, caudally in the right liver lobe, small area of 
increasedd uptake, presumably an artifact 
N.a. . 

12.5 5 

14 4 

14.1 1 

15." " 

Wholee body and SPKCT 
Ultrasoundd abdomen 
Ultrasoundd neck 

PKT-scann (0.29 GBu "T-FDG) 
Ultrasoundd Neck 

" '' In-Octreotide scan 

(2244 MBq) 
'),,mTc-anti-CEAA scan (644 MBq) 
Ultrasoundd abdomen 
X-thorax x 

Medullaryy sponge kidnevs, no pathological lvmph nodes 
Noo thyroid rest, multiple lymph nodes right and left, can 
bee normal at this age 
N.a. . 
Multiplee lymph nodes both sides of the neck, puncture 
performedd in one. 
Positivee pathological uptake halfway the mediastinum, 
couldd be thymus tissue. 
N.a. . 
N.a. . 
N.a. . 

X.aa = 

In=I I 

-- No abnormalities, MIBG— meta-iodobenzvlguanidine, MBq—MegaBequere!, FDG—fluorodeoxvglucose, 

ndium m 

metastases.. Of course, it was guaranteed that besides thyroid hormone and calcium 

supplementation,, maximum medical care would always be provided if the boy were to 

developp any symptoms or complaints from the disease. At the last visit the bov was 

16.55 years old and clinically well with still extremely high levels of plasma CEA and 

CTT (676.0 mg/L and 4500 ng/L, respectively). 

Discussion n 
Forr patients with the MEN-2A syndrome, the risk to develop MTC is 90-100 % '"\ 

Becausee MTC is not sensitive to chemotherapy or radiotherapv, all C-cells have to be 



removedd before thev metastasize, bv performing total thvroidcctom\' '. Simultaneous 

centrall  lymph node removal is recommended bv some, but no consensus has been 

achievedd (>. During the last decade the possibilities lor genetic testing have been brought 

too perfection, and thcoreticallv prevention ot MTC is possible at anv age. The ideas 

forr preventive action have changed gradually in time, due to increasing knowledge 

aboutt risk in relation to age. At the time that DNA diagnostics in our patient had 

provenn the MHN-2A svndrome, it was considered safe to postpone thyroidectomy 

untill  testing with pentagastrin demonstrated C-cell hyperplasia. Currently, prophvlactic 

thyroidectomyy is recommended before the age ot 5 years ', although MTC] has been 

diagnosedd already in a 1 vear old MFN-2A patient6. From the pediatric point of view, 

theree is no technical age limitation to thyroidectomy, and thvroid hormone replacement 

hass favorable outcome as evidenced bv early treatment of intants with congenital 

hypothyroidismm due to thvroid agenesis. Despite this point ot view; the discrepancies 

betweenn genomics and clinics wil l persist due to physical limitations of the individual 

patientt and (parental) emotions that have to be taken into consideration before deciding 

onn thyroidectomy. 

Forr detection of recurrent MTC, plasma levels of CT and CEA are reliable determinants. 

Thee secretion of CT can be remarkably increased bv calcium or pentagastrin infusion. 

Elevatedd CT and CEA concentrations do not, however, provide information about the 

localizationn of the metastases, and visualization can be extremely difficult . l ' ' I-MIBG , 

i n ln-octrcotide,, ,,,,mTc-anti-CKA, w , nTc-EDDA/HYNlC-TOC, or positron emission 

tomographyy (PET) can be used, all with low sensitivity. When MTC is localized, external 

radiotherapyy may improve tumor control in residual disease . If the tumor cells take up 

thee compound, targeted radionuclide therapy may also be useful for palliation. For a 

minorityy of patients, with rapidly progressive metastatic tumor, palliative chemotherapy 

mayy be recommended. As the gain-of-function mutation in the RKT-proto-oncogene 

leadss to an increased activity of tyrosine kinase and cell growth, the use ot a protein-

tvrosinee kinase inhibitor has been studied *. Trials using genetic cytokine immunotherapy 

givee promising results, but dose-dependency and systemic toxicity are a problem in 

studiess concerning both animal and man. For this reason, effective gene therapy using 

recombinantt adenovirus has been studied. In animal and in vitro studies, this has 



shownn to bc effective with less toxicity °. In humans, such studies have not been 

performed,, though. 

Patientss can have substantial burdens of unlocalised, metastatic MTC for manv vears, 

withoutt symptoms ' and there is no consensus on the best strategy for these cases. In 

ourr patient, within a year after thyroidectomy, unstimulated levels of CT and CEA rose 

too extremely high levels, indicating very early metastatic MTC. Because the original 

pathologicall  evaluation did not show any malignant cells, time was taken to locate the 

tumorr or metastases, without success. As surgery is the only curative option, the boy was 

treatedd aggressively with multiple surgical interventions, but none turned out to be curative. 

Inn conclusion, this case illustrates the many difficulties one can encounter when 

confrontedd with a DNA diagnosis of malignant syndrome or with elevated tumor 

markerss in a child without clinical symptoms or without localized tumor. Difficulties 

includee when and to what extent to perform surgery, difficulties regarding the 

histologicall  examination of the thyroid tissue, difficulties in localizing metastases, and 

whatt to decide when prophylaxis has failed. In such a situation, it is important to 

decide,, when to aim for palliation to prevent additional physical damage and emotional 

burdenn to the patient. 
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Abstract t 
OBff  HCTIVK The concentrations of thyroid function determinants may change during 

severee illness. Our goal was to quantify their changes in children with cancer during 

chemotherapy,, and to correlate them to clinical condition and type ot drugs. 

DESIGNN During a 3-month period all patients admitted for chemotherapy to the 

paediatricc oncology ward were evaluated for inclusion. Patients with brain tumours, 

neuroblastoma,, (cranio) spinal irradiation and use of dcxamethasone already before 

thee first blood sample were excluded. 

MEASUREMENTSS Plasma concentrations of T T,, rT,, thvroxine-binding globulin 

(TBG),, thyroglobulin (Tg), TSH, IGF-1, Cortisol, PRE, and physical well-being by 

meanss of questionnaires were measured before and during chemotherapy. 

RESULTSS Of 19 children, 46 courses of chemotherapy and 123 plasma samples were 

analysed.. During chemotherapy, mean concentrations of TSH, T„, Tg and Cortisol 

decreasedd to 53, 67, 69 and 15 % of the baseline yalue respectively. Mean plasma rT, 

increasedd to 217 % of baseline. In 87 % of all courses, >_ 1 thyroid parameter(s) was 

aberrant.. Furthermore, in 23 samples (19 %) of 10 patients (53 %), the concentration 

off  IGF-1 was below the reference value (adjusted for sex and age). Small changes 

weree seen in scores for clinical condition and none were related to a change in thyroid 

functionn determinant. Most changes in thyroid hormones could be attributed to using 

dexamethasone. . 

CONCLUSIONSS These results demonstrate that, in children, the thyroid hormone 

statee changes significantly during chemotherapy, apparently not related to physical 

well-beingg but to the drugs administered. Future investigations should focus on the 

impactt for patient care and possibilities of (preventive) intervendon. 
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Introductio n n 
Duringg severe illness, calorie deprivation and psychological stress, changes in the thyroid 

hormonee state are known to occur, often described as the euthyroid sick syndrome or 

thee phenomenon of non-thyroidal illness (NTI) 1(>. NTI comprises a varietv of 

abnormal i t iess in the thvroid state e.g. low plasma concentrat ions of T v low 

concentrationss of T, and T and high concentrations of T 4. 

Inn children, NTI has been reported in cardiac surgery patients , premature and sick 

neonatess 8, in poorly controlled diabetes mellitus (DM) type 1tJ, and acute hepatitis A 1". 

Thee sickest patients show the lowest T^ concentrations, those with complications 

showingg more prolonged depression and delayed recovery of thyroid function 

determinantss . 

Whenn children undergo treatment for a malignant disease, it may be expected that 

theirr endocr ine state is or wil l become disturbed, either due to the tumour, 

chemotherapy,, the distorted emotional state (fear, pain) or due to the impaired physical 

well-beingg (caused by the combinationn of the disease, chemotherapy and accompanying 

symptomss of vomiting and poor food intake). Also, drugs can influence the thyroid 

state,, directly or indirectly by influencing the clinical condition of the patient '1 1 3. 

Littl ee studies have been performed on the changes in thyroid hormone state in children 

withh cancer, though, and most of these studies report on adult cohorts with only 

somee patients in the pacdiatric age group 14U>. 

AA fundamental explanation for NTI is still lacking (', and it is unclear whether these 

changess in thyroid hormone state should be considered to be an adaptive phenomenon 

too reduce metabolic rate during illness, a part of the disease process, or just an 

epiphenomenonn that can be used as a marker of the severity of illness . Even if NTI 

reflectss an adaptive process, however, it can not be assumed that a reduced metabolic 

ratee is beneficial, irrespective of the underlying illness. For children, the changes in 

thyroidd hormone state could even be of more significance than for adults, considering 

thee fact that at young age thyroid hormone is required for optimal (brain) development 

andd growth into adulthood. For children with chronic diseases or those who receive 

treatmentt for a longer period of time, recurrent or long lasting endocrine disturbances 

mayy have negative effects on growth and development into adulthood. If changes in 



thee thvroid state can bc used as marker tor the negative effects of chemotherapy on 

thee physical well-being of the child, this may be used to develop ways of intervention 

too improve their physical well-being and possibly their growth and development. For 

this,, firstly the relations between the changes in thyroid state, the administered drugs 

andd physical well-being must be determined. 

Ann observational prospective evaluation was performed on the thyroid state, right 

beforee and during chemotherapy, and the physical well-being of children admitted to 

aa paediatric oncology ward. 

Patientss and methods 
Fromm March to June 2O03, all patients admitted to the paediatric oncology ward were 

eyaluatedd for inclusion in the study. Of 51 patients, 32 were excluded; five because of 

aa brain tumour (possible damage to the pitukary-hypothalamus region ' l8)); three 

becausee of a neuroblastoma (chance of diagnostics or treatment with M1I-meta-

iodobenzylguanidinee (MIBG) that may damage the thyroid gland 19)); three because 

off  a history of radiotherapy in the head/neck region (possible damage to the 

hypothalamus,, pituitary or thyroid gland 2li'21); three because only one blood sample 

couldd be obtained (due to the short course of chemotherapy or lack of central venous 

catheter);; two because they had used dexamethasone at home before the tirst blood 

withdrawal;; two because thev were admitted for other reasons than chemotherapy; 12 

becausee no informed consent was obtained due to admission in the weekend or parents' 

refusall  and two were initially included but later excluded from analysis because hormonal 

measurementss were only performed after starting chemotherapy. 

Nineteenn patients were included. Their tumours were osteosarcoma (n-4), Ewing 

sarcomaa (n=2), rhabdomyosarcoma (n = l), high risk Acute Lymphoblastic Leukaemia 

(ALL )) (n=4), non-high risk ALL (n=2), T-cell ALL (n=3), acute non-lymphoblastic 

leukaemiaa (ANLL) (n=2) and a glioma of the spinal cord (n=l). 

Fromm all parents, written informed consent was obtained. The research protocol was 

approvedd by the medical ethical committee of the Academic Medical Centre. For 

ethicall  reasons, a blood sample for the study was only taken if, simultaneously, a 

samplingg tor clinical information was necessary. For analysis ot changes in hormone 
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concentrations,, onlv paired blood samples, before and after chemotherapy, were used. 

Thee drugs were grouped into 9 categories, according their mode of action. The data 

weree grouped into day 0 (before chemotherapy) and day .> 1 (after chemotherapy). On 

dayy 0, chemotherapy had not been given for at least 7 days. 

Thee following thyroid function determinants were tested: TSH, T v T rTv thvroxinc-

bindingg globulin (TBG), thyroglobulin (Tg), IGF-1, PRL and Cortisol. Pre-treatment 

levelss of anti-thy roperoxidase (anti-TPO) and and-thyroglobulin (anti-TG) antibodies 

weree measured. Plasma T Tv rT^ and anti-TG were measured bv in-house radio-

immunoassays;; TSH by a time resolved fluoro-immunoassav (Delfia*  hTSH, Wallac 

Oy,, Tuurku, Finland); Tg by an immuno-luminometric assay (ILMA , Brahms*' 

Germany);; anti-TPO by a luminescence immunoassay (LIA , BrahmsK- Germany); 

Cortisoll  by a chemilumiscence immunoassay (DPC*); PRL bv a fluoro-immuno assay 

(Perkinn Elmer*) and TBG by a radio-immuno assay (Eikenchemical Co, Tokyojapan). 

Referencee values are shown in table 1. Free T measurements were not used, because 

off  possible interaction with heparin used in central venous catheters 21. 

Clinicall  data was collected on the days of blood sampling, with special attention to 

weight,, food intake, vomiting, stools, vital parameters, temperature and actual 

medication.. Questionnaires to measure the daily physical well-being of the patient on 

thee days of blood withdrawal wrcre taken from the parents and the patients older than 

100 years. In the questionnaires, parents and patients were asked to rate several complaints 

(n=15).. This was assessed on 10 cm visual analogue scales (VAS), that ranged from 

'veryy little' to 'very many'. The following complaints were scored: dyspnoea, pain, 

tiredness,tiredness, diminished appetite, nausea, vomiting, diarrhoea, constipation, fever, painful 

mouth/mucositis,, cough, headache, loss of energy, hair loss, and 'any other complaint'. 

Also,, the food and drink intake of that day w'as asked for. Finally, a 'day'- mark was 

askedd for by questioning "How are YOU (is your child) feeling todav?" 

Differencess in mean absolute hormone concentrations for all patients were calculated 

(tablee 1). 

Duee to the fact that in 39 of 46 courses dexamcthasone wTas administered, and the 

baselinee characteristics between these groups differed as shown in figure 1, further 

analysess were done separately for courses with and courses without dexamethasone. 
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Forr evaluation of the effect of other cytotoxic agents, AN OVA linear regression was 

performedd on the various agents and the difference between the geometric mean of 

thee hormone concentration of day >. 1 and the log of the concentration of day 0 

withinn a course of chemotherapy. 

Forr analysis of the complaints scored on the questionnaire, univariate rests (Mann VCTnitney 

U)) were performed for all courses on the difference between the mean score on day _> 1 

andd day 0, Subsequently, a multi-variatc analysis was performed for all complaints that 

hadd significant.lv changed in the questionnaire as univariate on day >. 1 and the different 

subgroupss of chemotherapy on all courses, using AN OVA regression analysis. 

Too analyse the effect of the change in complaints on the endocrine determinants, 

regressionn analysis was performed on the difference ot the geometric mean of the 

concentrationn on day >, 1 and the log of the concentration of day 0 of the endocrine 

determinantss for all significant changed complaints. 

Forr the evaluation of the effect of tumour type on endocrine function determinants, 

tumourss were divided in solid tumours versus leukaemia (high risk and non-high risk 

ALL ,, ANLL and T-cell ALL) . 

Thee data were analysed using SPSS 11.5 and MSO-XP Excel software. Descriptive 

statisticss were calculated using the Independent Samples T-test, Mann-Whitney U 

testss and AN OVA regression analysis. P values of 0.05 or less were considered to 

indicatee statistical significance. 

Tablee 1. Mean plasma concentrat ions of endocr ine determinants in 19 patients measured before 

(dayy 0) and after  startin g chemotherapy (day > 1) 

Endocrinee determinant (reference range) 

TSHH (0.4-4.0 ml 7L} 
T,, (70-150 nmol/L) 
T.. (1.3-27 nmol/L) 
rT,, (0.11-0.44 nmol/L) 
TBGG (200-650 nmol/L) 
Tg(M5pmol /L) ) 
PRL(i)-15|Jg/Lj j 
Cortisoll  (1011-650 nmol/L) 
Kj| ;-11 (nmol/L, age and sex specific)14 

DayO O 

1.45 5 

115 5 
2.4 4 

(US S 
3<)K K 

K.9 9 
9.8 8 
168 8 
31 1 

Dayy > 1 

07"7 7 

I l l l 
1.6 6 

0.39 9 

425 5 
6.1 1 
111.5 5 
25 25 
28 8 

%% of baseline 

53 3 

<r r 
6" " 
2 P P 
HP P 
69 9 

111 r 
15 5 
00 0 

p-value e 

u.ooo*-* * 
n.s. . 

0 .000"** * 

11.01100 *"" 

n.s. . 

0.004**' ' 

n.s. . 

I I . i l ll  i l l * " 

n.s. . 

Statisticall  analysis is performed on the geometric mean of the concentration on da\ >_ 1 and the logarithm ot 

thee concentration on dav 0. *= p <().05, *"' = p <0.i)3, * " - p < 0.001 (Mann-Whitney I" tests). 

http://significant.lv
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Results s 
Patients s 

Nineteenn patients (12 boys), with a median age of 11.0 years (range 2-16) were included. 

Inn total, 46 courses (123 sample moments) could be analysed with measurements 

bothh before and during chemotherapy. 

Thyroidd function determinants 

Att baseline, in 28 (61 %) courses >_ 1 thyroid function determinant was already aberrant. 

Seventeenn patients (89.5 %) developed changes in their thyroid function determinants 

afterr administration of chemotherapy. In 40 out of 46 courses (87 %) at least one 

determinantt became aberrant. 

InIn table 1, mean plasma concentrations and percentage of change compared to baseline 

valuesvalues are given. Significant decrease of mean plasma concentrations of TSH, T ,̂ and 

Tgg was seen, while mean concentration of plasma rT^ significandy increased. The Tj 

TT -ratio increased significantly from day 0 to day >; 1 (49.8 and 77.8 respectively; p < 

0.000).. No changes were found in the T4/TBG-ratio. In none of the patients elevated 

anti-TPOO concentrations or anti-TG concentrations were found. 

Consideringg the different criteria used for the definition of NTI (low T^ & low T4 & 

low-normall  TSH & high rTp low T^ & low T4, or a low T3only), this phenomenon 

occurredd in 1 course before starting chemotherapy and in 5.0-42.0 % of all patients 

andd in 2.1-21.7 % of all given courses after starting chemotherapy. 

AA significant decrease in the mean concentration of plasma Cortisol was seen. The 

meann concentration of IGF-1 did not change after starting chemotherapy. In 23 samples 

(18.77 %), however, of which 7 before starting chemotherapy, the concentration of 

IGF-11 was below the P.-value, adjusted for age and sex. 

Chemotherapy y 

InIn 85 % of courses, dexamethasone was administered, 6-15 mg/m2. NTI only occurred 

whenn dexamethasone had been administered during the course. However, in the courses 

withoutt dexamethasone administration (n=7), in 4 courses (57.1 %) also >. 1 thyroid 

functionn determinants became aberrant. In 3 courses (in 1 patient), an elevated 

concentrationn of plasma T. was found after vincristine and asparaginase administration 
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Figuree 1. Differences in concentrations of endocrine determinants in courses with and without 
dexamethasone,, before and after  administration of chemotherapy 

Logg TSH 
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Meann concentration and 95 % Confidence Intervals of log 'I'SH, T,, T,, rT, TBG, Cortisol, IgF-1 and PRL 
inn patients with and without (no) dexamethasone, before ( ) and after (----) administration of chemotherapy. 
Dexx ^dexamethasone, *= p <0.05, **  = p <0.03, *"=  p < 0.001 (Mann-Whitney U tests). 



(rangee 3.35-3.95 nmol/L), in one course accompanied by an elevated TSH concentration 

andd in another by a decreased level of rTv 

Thee patient-characteristics during courses with dexamethasone differed significantly 

fromm those without dexamethasone, regarding age, sex, heart rate, diminished intake, 

endd point for clinical condition and tumour-type. Due to these differences, further 

analysiss was done separately for both groups as described in the methods secdon. 

Inn figure 1, the effects of chemotherapy administration on plasma concentrations of 

TSH,, T3 T4, rTv TBG, IGF-1, Cortisol, and PRL are shown, during courses with and 

withoutt dexamethasone. Of the courses with dexamethasone (n=39), baseline TSH 

andd PRL were found to be significantly lower and the concentrations of rT3 and T. 

weree significantly higher. No differences were seen in baseline T v TBG, IgF-1, and 

Cortisol.. After administration of dexamethasone during the course of chemotherapv, 

significantt lower concentrations of plasma TSH, T,, Tg (not shown), and Cortisol and 

ann increase in plasma rT3 were found. In patients, who did not receive dexamethasone 

duringg the course of chemotherapy, a significant increase was found in the concentration 

off  plasma rT,. 

Afterr multi-variate analysis on all groups of chemotherapy and endocrine determinants, 

additionall  significant negative influence in the courses with dexamethasone was found 

forr alkylating agents, anti-neoplasties, anti-metabolites, cisplatin and the topo-isomerase 

inhibitorss (table 2). In the 7 courses without dexamethasone, asparaginase significantly 

influencedd rT3 and Tg. 

Becausee all results are presented in 'mean concentrations of groups of patients', figure 

22 is added to illustrate the changes of thyroid function determinants within an individual 

patient.. During treatment for a recurrent T-ccll lymphoma, the plasma concentrations 

off  TSH, TBG and T4 decreased during the administration of multiple drugs from day 

00 to day 20. After day 20, chemotherapy was continued once weekly and the 

determinantss recovered. The increase of plasma concentration rT, was most obvious 

afterr the first day with the administration of mitoxantrone, vincristine, cytarabine, 

methotrexatee and dexamethasone. Decrease of TBG was consistent with the 

administrationn of asparaginase (day 7, 13, 14, 16-20 and 27), as previously described 

bvv others ' \ 
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Tablee 2. Significant changes in endocr ine determinants after  administratio n of chemotherapy 

A::  courses wit h dexamethasone (n=39) 

Endocrinee Group of drugs [1 p-value 95 % C-I 
determinant t 

Alkylating g 
Anti-neopl, , 
Anti-metab. . 
Cisplatin n 
Topoisom,, inh. 
Amsacrine e 
Topoisom.. inh. 
Topoisom.. inh. 

-2.246 6 

-n.+r r 
-2.8U8 8 
-1.968 8 
-0.385 5 

0.4-4 4 
-Cl.4-8 8 
-0.459 9 

n.iKMi i 

0.02" " 
0.000 0 

o.nuo o 
0.01)2 2 
11.1)06 6 
0,012 2 
0.02" " 

-1.066 to-0.59 

-0.299 to -1.1.02 
-1.266 to-0.68 
-1.155 to-0.54 
-0.222 to -0.05 
0.133 to 0.74 
-0.166 to-0.22 
-11.51)) to-0.32 

B::  courses without dexamethasone (n=7) 

Endocrine e 
determinant t 

rT , , 

Groupp of drugs 

Asparaginase e 
Asparaginase e 

P P 

n.9(K'i i 

-0.936 6 

p-value e 

0.1135 5 
0.000 0 

955 % C-I 

0.055 to 0.81 
22 to-0.92 

A:: All courses in which dexamethasone was administered (n=39). B: All courses in which no dexamethasone 

wass given (n = 7), A NOVA linear regression is performed on the difference of the geometric mean of the 

concentrationn ot day > 1 and the log of the concentration of day 0 per course per patient and the different 

subgroupss of chemotherapy. P=Standardized coefficient. 95 "/» C-I= 95 % Confidence Interval. 

Questionnaires s 

Off  the parents, 108 of 123 (88 %) questionnaires were obtained. Of the children 

olderr than 10 years of age, 69 of 79 (87 %) questionnaires were answered. 

Thee mean day-mark for physical well-being in all patients, before starting chemotherapy, 

wass 1.1 (scored by the children) and 1.6 (scored by the parents). After starting 

chemotherapyy these scores changed to 2.4 (p- 0.054) and 2.7 (p=0.024), indicating, 

statisticallyy (near) significant change but, clinically a fairly well condition. In the uni-

yariatee analyses no significant changes were found in the clinical condition in the 7 

coursess without dexamethasone. 

Inn the 39 courses with dexamethasone small, but significant changes were found for 

thee following complaints before and after starting chemotherapy scored by the patient: 

stomachh ache (p=0.029), loss of energy (p=0.028), nausea (p=0.032), tiredness 

(p=0.019)) and diminished appetite (p=0.012). Also, the scores for loss of hair and 

occurrencee of mucositis increased (p=0.022 and p=0.037). The parents scored 

significantt changes in tiredness, nausea, coughing, energy and the day-mark (p= 0.017, 

0.042,, 0.015, 0.002 and 0.009 resp.). After multivariate analysis, it was seen that cisplatin 
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F iguree 2. Thyro id funct ion de te rm inan ts in a 16-year old boy receiv ing t rea tment for recu r rent T-
celll  l y m p h o ma 

TSHH ml ' / I . 

T3nmol/L L 

Administeredd cytotoxic drugs: 

Dayy 0: mitoxantrone, vincristine, 

cytarabine,, methotrexate and 

dexamethasone e 

Dayy 7: mitoxantrone, vincristine and 

asparaginase e 

Dayy 13: asparaginase 

Dayy 14: mitoxantrone, vincristine, 

asparaginasee and dexamethasone 

Dayy 16-20: asparaginase 

Davv 21: mitoxantrone and vincristine 

Dayy 27: vincristine, asparaginase and 

methotrexate e 

Davv 34: vincristine 

11 7,13 16,17, a 8,19,20̂ 1,27,34 

wass correlated to the most complaints (table 3). The administration of anti-neoplastic 

agentss was correlated to fewer complaints. 

N oo significant changes were found between complaints and thyroid function 

determinants,, at baseline or during the administration of chemotherapy. The complaints 

stomachh ache and energy loss (scored by the child) were significantly of influence on 

thee change in concentration of plasma Cortisol (p=0.030 and p=0.023 rcsp.) and 



Tablee 3. Significant changes in complaints durin g chemotherapy as scored on the quest ionnaire by 

patientss and their  parents. 

Complaintt  Drug p p-value 95 % C-I 

Childd Tiredness 

Diminishedd appetite 
Nausea a 
Losss of energy 

Parentt Fever 
Tiredness s 

Nausea a 

Dayy murk 

11 .oss of encrgv 

Anti-neopl. . 
Cisplatin n 

Cisplatin n 
Cisplatin n 
Cisplatin n 

Topo-isom. . 
Anti-neopl. . 
Cisplatin n 
Anti-neopl. . 
Cisplatin n 
Topo-isom. . 
Cisplatin n 

Anti-neopl. . 
Amsacnne e 
Anti-neopl. . 
Cisplatin n 

-U.Ó'7'77 < 
0.9944 < 
0.5911 ( 
OJ-11 ( 

0.-388 ( 

0.3955 i 

-0.8088 l 
0.6533 i 

-11.5211 ( 
0.7388 ( 
0.4522 ( 
0.6599 ( 
-0.",800 ( 

0.3888 ( 
-11.7644 1 
0.6499 ( 

1.042 2 
).0()9 9 
1.026 6 
1.003 3 
1,004 4 

W?>~ W?>~ 

1.012 2 

1.003 3 

1.039 9 

1.00(1 1 

1.002 2 

1.002 2 

1.009 9 

1021.) ) 

1.014 4 

1.002 2 

-8.811 to -0 .18 

1,611 to 9.54 

0.677 to 8.91 

2.388 to 9.32 

1.922 to 8.46 

0.022 to 0.67 

-8,611 to -1 ,15 

2.044 to 8,91 

-5.822 to -0 .17 

0.333 to 8.50 

1.155 to 4.33 

1.600 to 6.44 

-- 6 .23 to -1 .0l 

0.844 to 8.96 

-8.111 to -1 .02 

2.122 to 8.66 

ANN OVA linear regression for all significant changed complaints in the univariate analysis and the difference 

inn endocrine determinant on dav >_ 1 and day 0 (after logarithmic transformation), in 39 courses of 

chemotherapyy with dexamcthasone administration, tnpo-iso. inh.— topo isomerase inhibitor, anti-neop1.=anti-

ncoplasticc agents 

mucositiss (scored by the child), fever and cough scored by the parent were significantly 

correlatedd to changes in plasma concentration of IGF-1 (p=0.010, p=0.042 and 

p—0.0400 respectively). 

Tumourr types 
Att baseline, children with leukaemia compared to children with solid tumours, had 

significantlyy higher mean TSH (2.3 vs. 1.3, p=0.014), lower T4 (104 vs. 133, p=0.002), 

lowerr TBG (362 vs. 460, p=0.001), lower IGF-1 (31 vs. 45, p=0.023), and lower rT3 

(0.177 vs. 0.24, p=U.007) plasma concentrations. Also, at baseline, small but significant 

differencess were found for tiredness (1.7 and 0.7, p=0.044) and diminished appetite 

(2.44 and 0.9, p=0.023) both scored by the parent. Type of malignancy did not influence 

thee changes of any of the endocrine determinants during treatment with chemotherapy. 

Discussion n 
Inn this heterogeneous group of children with cancer, 90% of the children showed changes 

inn their thyroid hormone state during one or more courses with chemotherapy. In 61% 

off  courses one or more thyroid function determinant was already aberrant at baseline, 
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andd in 87% of all courses at least one thyroid function determinant became aberrant 

duringg treatment. Not the deterioration in physical well-being, but the administration of 

dexamethasonee appeared to be the most important contributing factor. 

Dependingg on the definition that was used (the combination of a low T3, low T low-

normall  TSH and a high rT3 or a low T, alone), the phenomenon of NTI occurred during 

2-222 % of the courses. Comparing these results with other published findings is difficult 

however,, because of the many different definitions that are being used for NTI 4. For this 

reason,, international consensus on the definition of NTI should be made. 

Despitee the heterogeneity of this cohort the results of this evaluation demonstrate 

thatt considerable changes occur in the thyroid state of children receiving chemotherapy. 

Thee observed aberrations illustrate the combination of disturbances on all levels of 

thee thyroid hormone homeostasis. The fact that TSH is low while T4 and T3 are low is 

typicallyy seen in central hypothyroidism, while the decrease of plasma T̂  with an 

increasedd rT^ concentration in combination with a normal concentration of plasma 

T44 points towards a peripheral disturbance regarding the action of type I, II and III -

deiodinasess 63-24. For young children the most important thyroid function determinant 

forr brain development is the concentration of plasma FT4 or, in absence of a reliable 

FT4,, the ratio (TJ/ [TBG]. As these determinants did not change much, permanent 

negativee consequences are not to be expected. However, as the concentration of plasma 

T33 greatly decreases (67 % of baseline), transient adverse effects on peripheral tissues 

cannott be excluded and this may have consequences for the healing process in the 

childd with cancer treated with chemotherapy. 

Wee expected that chemotherapy would negatively influence the physical well-being of 

thee patient and that this would result in the changes in the thyroid hormone state. 

However,, for all complaints the reported changes in scores were very small. Although 

somee were found to be statistically significant, it can be discussed whether these were 

clinicallyy relevant. Also, no correlations were found between tumour type and changes 

inn (thyroid) hormones during treatment with chemotherapy. 

Itt may be questioned whether the changes we found in thyroid hormone determinants 

aree caused by dilution, because in 4Ü of 46 courses, hyperhydration (NaCl 0.45 % and 

glucosee 2.5 %, 3 L / m2 iv per day with a maximum of 5 L per day) was given. To 



quantifyy changes in volcmic state of our patients, plasma creatinine concentrations 

weree measured before and during chemotherapy. No changes were found in mean 

plasmaa creatinine concentrations (34.9 and 34.5 flmol/L , respectively, p=0.935, 

ANOVA,, data not shown), indicating that there were no relevant changes in volemic 

state.. Moreover, the concentrations of PRL did not diminish. Furthermore, the mean 

concentrationn of plasma reverse T\ increased, fitting with an altered deiodinase activity 

Takingg these facts into account, it must be concluded that the observed endocrine 

changess were direcdy caused by the cytotoxic drugs, dexamcthasone in particular. 

Thee influence of dexamcthasone on TSH secretion is well known: short term 

administrationn of pharmacological doses of glucocorticoids suppress the secretion 

off  TSH, and also of PRL  2:1,26. Glucocorticoids arc also known to lower plasma TBG 

bindingg capacity 2 by lowering the plasma TBG concentration 2K and inhibit the 

peripherall  conversion of T4 into T3
 24. Furthermore, glucocorticoids are known to 

suppresss the adrenocorticotropic axis and the growth hormone response to insulin at 

thee hypothalamic-pituitary level. With these facts in mind, the endocrine disturbances 

wee found can be explained by glucocorticoids administration, although we did not 

findfind a change in the mean concentration of IGF-1 as was previously described 29. 

Thee fact that the children and their parents scored well in the questionnaire reflects a 

ratherr good clinical condition during chemotherapy. These reassuring clinical scores 

mayy for a great deal be explained bv the use of dexamethasone. However, it may be 

questioned,, whether the endocrine effects caused by dexamethasone are also reassuring. 

Dexamethasonee may cause continuously low thyroid hormone and low IGF-1 

concentrationss and also the long-term effects of glucocorticoids on growth 1", 

osteoporosiss 31, and the adrenal function 12 should be considered. 

Althoughh the current dogma is not to treat NTI, except for situations in which extremely 

loww T, concentrations are found, it should be investigated whether chronically ill children 

mightt benefit from treatment of altered thyroid hormone states. If NTI occurs as a 

consequencee of a diminished physical well-being it may be a physiological phenomenon, 

butt when NTI is pharmacologically induced it might be considered a negative side 

effectt which should be presented. For children receiving frequent and high doses of 

dexamethasone,, for instance, this could imply simultaneous supplementation of T4 

and/orr T,. This should be evaluated in a prospective clinical trial. 
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Althoughh only small changes in physical well-being were indicated by the child and 

theirr parents, it should be taken into account that, despite this fairly "well" physical 

condition,, in 19 % or courses rhe concentration of IGF-1 was found to be lower than 

thee Ps- reference value. This might reflect an altered perception of sickness and health 

inn this patient group, causing a relative good clinical score, while in fact these children 

arcc in a worse metabolic condition than their healthy peers of the same age group. 

Thiss study has several limitations. Firsdy, the fact that in our study in 88 % of the 

coursess dexamcthasone was administered can be considered a limitation. However, 

nowadays,, dexamethasone is alwavs an imporrant drug during chemotherapy, and 

subsequentlyy will always be interfering with the thvroid function determinants during 

chemotherapyy and this is important for clinicians to be aware of. Secondly, due to 

ethicall  restrictions, blood was only sampled on days that sampling was already indicated 

forr clinical reasons. For this reason, the value on day >. 1 is the mean value of the days 

afterr starting chemotherapy. As can be seen in figure 2, however, hormonal fluctuations 

inn the days after administration of chemotherapy occur and this information is missed 

byy this method of analysis. To screen for possible missed information, an additional 

analysiss was done on the endocrine determinants of day 0 compared to the value of the 

determinantt on the worst day after starting chemotherapy, as scored in the questionnaire. 

Thiss analysis did not reveal different results (data not shown), concluding that the mean 

valuee of day > 1 is a realistic representation of the changes after starting chemotherapy 

Att baseline, between the dexamethasone-treated and the non-dexamethasone-treated 

group,, we observed differences in baseline TSH, rT^ and PRL that we do not fully 

understand.. The differences in physical well-being, sex (predominantly male), age (older) 

andd % of patients with leukaemia (higher), could all have contributed. Also at baseline, 

significantt differences were found for almost all thyroid hormone determinants between 

patientss with leukaemia and solid tumours. The fact that patients with leukaemia use dex 

moree frequently and for longer time-periods could perhaps explain a continuous low T4 

andd lower TBG. The increase in plasma TSH could then be explained by a transient 

(rebound)) phenomenon, suggesting a previous period of hypothyroidism 3\ 

Inn conclusion, the thvroid hormone state is disturbed in almost all children with cancer 

duringg chemotherapy, not clearly pointing to alterations in physical well-being, but 



I ;; I*  pre *

indicatingg interference of drugs, especially dexamcthasone, with the endocrine 

homeostasis.. Further investigations should be aimed at evaluating the changes in thvroid 

statee during cytotoxic treatment without dcxamethasone, and at evaluating the 

consequencess of an altered endocrine state during childhood. Prevention of these 

endocrinee alterations might, in the long run, improve development of the child with 

cancer. . 
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Abstract t 
Latee effects of treatment for childhood cancer on the thvroid axis are ascribed 

predominantlyy to radiotherapy. Whether chemotherapy has an additional detrimental 

effectt is still unclear. Our aim was to evaluate this effect in young adult survivors of a 

broadd spectrum of childhood cancers. 

Thee thvroid axis in 205 childhood cancer survivors was evaluated in relation to former 

usee of chemotherapy and radiotherapy (cranial, cranio-spinal, cervical, mediastinal or 

thoracic).. The mean follow-up time was 17.5 vr. Damage to the thyroid axis was 

foundd in 55 patients (26.8 %). Thirty-seven patients (18 %) had thyroidal disease. 

Diagnosess varied from TSH elevation to papillary carcinoma. After multivariate analysis, 

highh risk radiation field, irradiation dose and the diagnosis non-Hodgkin lymphoma/ 

Hodgkin'ss disease were found to be significant risk factors for developing thyroid 

disease.. Treatment with chemotherapy did not have additional negative effect on the 

thyroidd axis. For development of central (pituitary or hypothalamic) thyroid dysfunction, 

patientss with a brain tumor were at increased risk. Chemotherapy for childhood cancer, 

doess not contribute to the damage on the thyroid axis inflicted by radiotherapy during 

youngg adulthood. 



Introductio n n 
Ass the number of survivors of childhood cancer increases due to the improving 

treatmentt modalities for pediatric malignancies I o, follow-up studies into adulthood 

aree increasingly important to give insight into the expected and unexpected late adverse 

eventss of the malignancy and its treatment4. 

Externall  cervical radiotherapy has been used for the treatment of pediatric tumors, 

likee Hodgkin's disease (HD), nasopharyngeal carcinoma, and rhabdomyosarcoma. This 

typee of treatment has been demonstrated to be deleterious for the thyroid's integrity", 

resultingg in thyroid dysfunction and degeneration v8, which has implications for almost 

alll  other tissues, especially during growth and development. 

Overtt hypothyroidism, subclinical (compensated) hypothyroidism, benign nodules, 

radiationn thyroiditis, Graves' hyperthyroidism followed by hypothyroidism, and secondary 

thyroidd malignancies have been described after (peri-) cervical radiotherapy11"12. Thyroid 

damagee has also been described as a consequence of stray irradiation during cranial 

radiotherapy,, as used in the prophylactic schemes for acute lymphoblastic leukemia 

(ALL )) B. 

Adjuvantt risk factors for developing thyroid damage after external irradiation are higher 

radiationn dose 14, diagnostic lymphangiography preceding radiotherapy !:!, young age u>, 

femalee sex r and (pre-existent) elevated TSH level  ,H. 

Itt is still an issue of debate whether chemotherapy has an additional detrimental effect 

onn the thyroid gland. This has never been studied in childhood cancer survivors treated 

forr a broad spectrum of cancers and followed into adulthood. 

Thee enormous variety in toxicity of the drugs used during cancer treatment in childhood 

mightt explain why some patients remain free of thyroid problems, while others, exposed 

too the same radiation dose, develop thyroid dysfunction or even thyroid carcinoma. 

Severall  studies have shown negative effects of antineoplastic drugs on thyroid function, 

e.g.e.g. vincristine in combination with cisplatin V)-2" and alkylating agents in combination 

withh vinca-alkaloids, steroids and radiotherapy 21. In children with brain tumors, the 

occurrencee of hypothyroidism seems to be higher after the administration of alkylating 

agentss and vinca-alkaloids with or without antimetabolites, cisplatin or steroids in 

combinationn with irradiation than after radiotherapy alone — '~4. 



Thee aim of this study was to analyze whether use of chemotherapy during childhood 

iss an additional risk factor for developing lasting thyroid axis damage in young adult 

survivorss of childhood cancer treated with (peri-) cervical irradiation. Also, we 

investigatedd whether the type and combination or cytostatic drugs were related to the 

typee and severity of thyroid axis damage. 

Subjectss and Methods 
Survivorss of childhood cancer who had been in complete remission for at least 5 vr 

attcrr finishing their treatment were investigated for thyroid axis damage. Intormcd 

consentt was obtained from all survivors for the use of clinical data. 

Off  498 survivors, 207 were irradiated with cranial, cranio-spinal, cervical, mediastinal, 

thoracicc or total body irradiation. Two patients (1%) were excluded due to missing 

data.. Of 205 survivors, a history of thyroid disease was taken, and physical examination 

forr thyroid disease was performed. Blood was drawn to determine concentrations of 

plasmaa TSH, T4 and, tbr some, free T4. Data concerning oncological diagnosis, staging, 

treatmentt and earlier measured thyroid functions were collected. These data were 

extractedd from the PLEKsvs database of the Late Effects Study Group of our hospital 

(\rWi\ II  Jaspers, C van den Bos, H Bchrcndt, RC Heinen, PJEM Bakker, MM Geenen, 

FF van Leeuwen, HN Caron, manuscript in preparation). 

Radiotherapyy date, field, dose and number of fractions were determined. Radiation 

fieldss were grouped into three categories according to the expected risk tor developing 

thyroidd damage; high risk cervical irradiation [neck, mantle field, spinal (C2-Th2), 

medullaa oblongata (P-A), W'aldcver's ring + neck, mediastinum, supraclavicular region, 

andd nasopharynx], intermediate risk cervical irradiation | Waldeyer's ring, cerebrum to 

C2,, medulla oblongata (lateral), and pulmones], and low risk irradiation [cranial, orbital, 

frontall  lobe and parietal lobe). Patients were grouped according to the exposed radiation 

fieldd with the highest risk category. Hence, the patient could also have been irradiated 

inn a low risk field, when included in the high risk group. 

Chemotherapyy treatment date, drugs and doses were determined. For the current 

analysis,, all administered drugs were divided in eight groups according to mode or 

actionn (Table 1). The use of any drug and the use ot chemotherapy during radiotherapy 
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Tablee 1. Groups of chemotherapy used in our  patients and their generic names. 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 
8 8 

Group p 

Alkylatingg agents 

Antineoplasticc antibiotics 

Antimetabolites s 

Vinca-- alkaloids 

CC a rbo/cisplatin 

Topo-isomerasee inhibitor 

Asparaginase e 
Steroids s 

Drug g 

Busulfan n 
Chlorambucil l 
Chloormethine e 
Cyclophosphamide e 
Dacarbazine e 
Estramusrin n 
Ifosfamide e 
11 x>mustin 
Melphalan n 
Procarbazin n 
Thiotepa a 
Bleomycin n 
Dactinormcin n 
Daunorubicin n 
Doxorubicin n 
Hpirubicin n 
Idarubicin n 
Mitomvcin n 
Mitoxantron n 
Cytarabin n 
Fluorouracil l 
HH yd n ixy carbami de 
Mercaptopurin n 
Methotrexate e 
Thioguanin n 
VinblasDne e 
Vincristine e 
Vindesine e 
Carboplatin n 
Cisplatin n 
Etoposidc c 
Teniposide e 

Asparaginase e 
Dexamethasone e 
Prednis(i(lo)ne e 

weree recorded. The drugs administered during radiotherapy consisted mainly of 

intrathecall  steroids, methotrexate, and cytarabin, as part of central nervous system 

prophylaxiss in ALL and non Hodgkin lymphoma (NHL). 

Thyroidd damage was scored as present when one of the following criteria was met: 

elevatedd plasma TSH concentration (> 4.5 mU/L), decreased plasma T4 or free T, 

concentrationn (compared with the age-related normal value), enlarged thyroid by physical 

examination,, or diagnosis of thyroid disorder or use of thyrostatics or thyro mime tics. 

Off  the 291 survivors who had not been irradiated in the (peri-) cervical region, use of 

thvromimetics,, thvrostatics and history of thyroid disease were evaluated. Four of 



thesee patients had to be excluded, as their primary tumor was a thyroid carcinoma. 

Thee incidence of thyroid disease in this group was compared to the incidence of 

thyroidd disease in the same age group in The Netherlands. 

Statisticall  analysis 

Descriptivee statistics were performed using the independent samples /test and Pearson X2 

testt for parametric and Mann-Whitney test for non-parametric data using Excel 97 

andd SPSS 10.0.7. (SPSS Statistics UK, SPSS Inc., Chicago, II.). For analysis of relative 

risks,, separate analyses were made for the group of survivors with and without thyroid 

andd central thyroid axis damage (see Tables 6 and 8). To correct for overlap of use of 

thee group without thyroid damage, in these univariate analyses significance was noted 

att P< 0.025. If- an increased risk to develop thyroid damage was expected for the 

variable,, the test was performed one-tailed with the confidence interval set at 94.94 %; 

forr two-tailed tests (no increased risk expected) the confidence interval was set at 

97.477 %. In these analyses the subgroup of carboplatin and cisplatin was excluded as 

thee numbers of patients was too small. 

Covariatess were included in a multivariate analysis if they turned out to have P < 

0.05066 in the univariate assessments. The multivariate analysis was performed using a 

logisticc regression model, with thyroid or central thyroid axis damage as dependent 

variable.. Subsequent significance testing was performed with a = 0.05. 

Results s 
Off  the 205 survivors who had been irradiated for their childhood tumor, 33 had not 

receivedd any chemotherapy. The mean age during radiotherapy was 8.1 yr (range, 0.1-

19.77 vr); the mean age at follow-up 27.4 yr (range, 17.0-44.8 yr). Those treated with 

chemotherapyy were significantly younger during radiotherapy than those not treated 

withh chemotherapy; the mean durations of follow-up after radiotherapy, however, 

wass similar (Table 2). 

Thee most frequent malignancy in the total group was ALL (38.2 %), followed by NHL/ 

HDD (26.0 %) and brain tumors (25.0 %). Of the 172 survivors treated with radiotherapy 

andd chemotherapy, 45.6 % was diagnosed with ALL and 28.5 % with NHL/HD. Of 33 

survivorss not treated with chemotherapy, 78.8 % had a brain tumor. 
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Tablee 2. Clinical characteristics off  205 survivor s of ch i ldhood cancer 

Characteristicc Al l survivors 
(n=205) ) 

Malee ) 

Meann age during RT (vr) (SD) 
Me;mm follow-up after RT (yr) (SD) 
Meann age at follow-up (yr) (SD) 

49.fi 49.fi 

<¥./(4.4) ) 
/J>./(9.3) ) 
27.^(5.3) ) 

RTT + ChT 
(n== 172) 

48.8 8 

"'.5(4.1) ) 
19.4(4,6) ) 
2"\0(4.9) ) 

RT-- ChT 
(n== 33) 

54.5 5 

11.4(4.2) ) 
17.8(8.0) ) 
29.2(6.9) ) 

Test-value e 

X X 
0.361 1 

/ / 
4.88 8 
-1.(19 9 
1.™ ™ 

PP value 

0.548 8 

0.0000 * 
0.122 2 
I.UJ85 5 

R T -- radiulherapy; ChT - chemotherapy; /, Student's / test; * P value significant when < 0.(.l5 

Tablee 3. Percentage of patients treated wit h chemotherapy in each field of radiatio n treatment. 

RTT + ChT RT - ChT Test-value 
n=1722 n=33 X2 

%% (n) % (n) 

Radiationn field 
Highh Risk 
lnrerr mediate Risk 
I.oww Risk 

85.33 (93) 
92.99 (65) 
53.88 (14) 

1477 (16) 
T-ll  (?) 
46,22 (12) 

:i7 i i 
RT,, radiotherapy; ChT= chemotherapy; * P value significant when < 0.05 ( Pearson X2)-

PP value 

Tablee 4. Mean dose of radiotherapy in each radiatio n field. 

Highh Risk 
Intermediatee Risk 
11 />w Risk 

RTT + ChT 
n=172 2 

Meann dose in Gy 
(95%%  CI) 

29.11 (26.9-31,4) 
24,11 (22.8-25.5) 
44.^(36.4-53.0) ) 

RTT  - ChT 
n=33 3 

Meann dose in Gy 
(95%%  CI) 

38.6(32.1-45.0) ) 
38.2(24.8-51.7) ) 

44.33 (34.1-54,5) 

Test-value e 
t t 

3.P8 8 
5.059 9 
-0.058 8 

PP value 

0,11022 * 
0.0000 * 

0.954 4 

RT,, radiotherapy; ChT, chemotherapy; Gy, Gray; / , Student's /-test; CI, confidence interval, * = P value 
significantt when < 0.05. 

Radiotherapyy in the high risk field for developing thyroid damage was given to 53.2 % 

off  all patients, in the intermediate risk field to 34.1 % and in the low risk field to 12.7 %. 

Off  those irradiated in the high risk field, 85.3 % were also treated with chemotherapy. In 

contrast,, more than 46 % of survivors irradiated in the low risk field were not treated 

withh chemotherapy (Table 3). Survivors not treated with chemotherapy received 

significantlyy higher radiation doses in the high and the intermediate risk fields (Table 4). 

Thee most used drugs were the vinca-alkaloids, followed bv corticosteroids and anti-

metabolitess (used in 93%, 84.9%, and 72.7 % of patients treated with chemotherapy, 

respectively).. Fifty-seven percent of the patients treated with chemotherapy also received 

itt during irradiation. 

http://49.fi


Tablee 5. Occurrence of thyroi d axis damage after  treatment wit h (peri-) cervical radiotherapy, 

wi t hh or  without chemotherapy durin g ch i ldhood. 

Noo thyroi d axis Thyroi d Central thyroi d axis %2 P va lue 
damagee ( %) damage (%) damage (%) 

R'i '' ) 77-3 16.9 5.8 
n = P22 133 29 10 

RT-ChTT ) 51.5 24.2 24.2 
n=333 17 8 K 14.066 (.1.001 * 

Alll  ("N) "3.2 18.0 8.8 
n== 2H5 150 3" 18 

RT,, radiotherapy; ChT, chemotherapy; * = P value significant when < 1.1.05. 

Thee occurrence of thyroid axis damage after treatment with radiotherapy, with or without 

chemotherapy,, is shown in Table 5. Of 205 irradiated survivors, 55 (26.8 %) developed 

thyroidd axis damage, either thyroidal or central. Of the survivors who received both 

radiotherapyy and chemotherapy (n=172), 16.9 % developed a variety of thyroid problems 

andd 5.8 % developed central hypothyroidism. Of those who did not receive chemotherapy, 

48.44 % developed thyroid axis damage, of whom 24.2 % developed thyroid disease and 

24.22 % developed central hypothyroidism. These differences were statistically significant, 

mainlyy caused by the higher prevalence of central damage in survivors with brain tumors 

nott treated with chemotherapy (standard residual 3.0). 

Overall,, 37 survivors developed thyroid disease. Their diagnoses were thyroidal 

hypothyroidismm (n=20), TSH elevation/subclinical hypothyroidism (n=7), benign 

noduless (n=2), thyroid cvst (n=l), multi-nodular goiter (n=2), thyroid carcinoma (n=2) 

andd hyperthyroidism (twTo transient and one Graves' disease). The survivors diagnosed 

withh thyroidal hypothyroidism had an average age of 10.4 years during exposure to 

radiation;; the average dose was 37.8 Gy (range, 19.5-66.0 Gy) in the high risk radiation 

field.field. Two survivors irradiated on the cervical area with 18 Gy during treatment for 

ALLL at 2 and 4 years of age, developed papillary thyroid carcinoma 11 and 14 years 

afterr being irradiated. One of them received another 24 Gy on the head. 

Tablee 6 shows the relative risk for predictors of damage to the thyroid gland among 

survivorss of childhood cancer (n=187). Survivors with central hypothyroidism are 

nott included in this analysis. Of survivors with thyroid problems, 83.8 % had received 

highh risk cervical irradiation. Risk for development of thyroid damage was increased 

inn those who had survived NHL/H D (p=0.000). The vinca-alkaloids were the drugs 

mostt used in the survivors with thyroid disease and in the survivors without thyroid 
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Tablee 6. Relative risks for  developing thyroi d damage (univariat e analyses) 

Thyroi dd No thyroi d Relative Risk 95 % CI  Test value P value 
damagee axis damage (RR) Relative Risk  # J[2 -statistic 
N == 37 N=150 (RR) 

One-tailedd (outcome expected) 
Malee <%) t, 
Meann age during RT (yrs) f, 
Radiotherapy y 

Highh risk RT(%) f. 
Intermediatee risk RT (%) f 
Loww risk RT(%) t , 
Meann dose RT (Gy) ffl 

Chemotherapyy (combinations) (%) 
Vinca-alkaloidss + alkylating ag f_ 
Vinca-al.. + alkylating + steroids f. 
Antimetabolitess + steroids f-

Two-tailedd ( outcome unknown) 
Tumorr t\pe (%) 

ALLL ' 
NHL /H D D 
Brainn tumor 
Other r 

(Chemotherapyy (%) 
Treatedd with anv chemotherapy 
ChTT during RT 
Alkylatingg agents 
Ann-neoplasticc antibiotics 
Antimetabolites s 
Vinca-alkaloids s 
Topo-isomerasee inhibitor 
Asparaginase e 
Steroids s 

43.2 2 
10.1 1 

83.8 8 
1U.8 8 
5.4 4 
35.4 4 

48.6 6 
43.2 2 
32.4 4 

13.5 5 
51.4 4 
18.'J J 
16.2 2 

78.4 4 
24.3 3 
54.1 1 
35.1 1 
40.5 5 
70.3 3 
5.4 4 
18.9 9 
64.9 9 

50.0 0 
7.7 7 

46.4 4 
39.3 3 
14,3 3 
287 7 

40.7 7 

33.3 3 
66.0 0 

46.7 7 
22.0 0 
20.7 7 
10.7 7 

88.7 7 

56,7 7 
42.7 7 
42.0 0 
68.0 0 
84.0 0 
12.7 7 
38.7 7 
76.7 7 

0.80 0 
-2.4422

4.4 4 
0.22 2 
0.45 5 

-6.6288 $ 

1.30 0 
1.40 0 
0.33 3 

0.23 3 
2"4 4 
0.91 1 
1.45 5 

0.56 6 
0.32 2 
1.44 4 
0.79 9 
0.41 1 
0.54 4 
0.45 5 
0.44 4 
0.64 4 

0.44-1.44 4 
-4.(X)966 - -U.8743 

3.23-5.99 9 
0.08-0.61 1 
0.12-1.74 4 

-11.82--1.44 4 

0.73-2.30 0 
0.79-2.48 8 
0.18-0.61 1 

97.55 % CI * 

0.08-0.65 5 
1.44-5.19 9 
0.39-2.13 3 
0.62-3.43 3 

0.26-1.18 8 
0,144.0,70 0 
0.75-2.79 9 
0.40-1.58 8 
0.21-0.80 0 
0.27-1.08 8 
0.10-2.11 1 
0.18-1.05 5 
0.32-1.25 5 

0.542 2 
-3.0566 $ 

16.993 3 
10.933 3 
2.159 9 

-2.5644 $ 

0.775 5 
1.276 6 
13.862 2 

13.580 0 
12.737 7 

0.56 6 
0.881 1 

2.712 2 
12.418 8 
1.555 5 
0.580 0 
9.555 5 
3.677 7 
1.570 0 
5.104 4 
2.167 7 

n.s. . 
n.s. . 

0.0000 " 
n.s. . 
n.s. . 

0.0055 ** 

n.s. . 
n.s. . 

0.0000 ** 

0.0011 " 
0 .000" " 

n.s. . 
n.s. . 

n.s. . 
0.0011 ** 

n.s. . 
n.s. . 

0.0033 ** 
n.s. . 
n.s. . 
n.s. . 
n.s. . 

Riskk factors tor developing thyroid damage after irradiation for 37 survivors with thvroid damage vs. 150 

survivorss without thyroid damage. Patients with central hypothyroidism arc excluded. To correct for double 

usee of the group survivors without thyroid damage in analysis for central thyroid damage, significance was 

sett at P < 0.0253. When outcome was expected, significance was tested 1 -tailed. 

PLxpectedd risk for thyroid damage is: -f,: HM = females < males;-fv H( (= younger age during RT < older age 

duringg RT; -J-,: H(h - high risk field RT < intermediate or low risk field RT; f4: HM = intermediate risk field 

RTT < low risk field T; | 5 : H(, = low risk field RT > intermediate and high risk RT ; f(): H„  - low dose RT > 

highh risk RT; f,: H,, - this combination of ChT < other combination ChT; £ For mean age and mean dose, 

thee mean difference with CI with its corresponding t value is presented, instead of the RR with its X2 value; 

** == P value significant when < 0.0253; n Rounded : if tested one-tailed (outcome expected) CI was set at 

94.944 %; for two-tailed tests CI was set at 97.47 % (Student's t test and Pearson X2)\ RT, radiotherapy; ChT, 

chemotherapy;; n .s .- not significant; NHL , non-Hodgkin Lymphoma; HD, Hodgkin's disease; ALL , Acute 

Lymphoblasticc Leukemia. 

diseasee (in 70.3 % and 84.0 %, respectively). Treatment with chemotherapy in general, 

withh any type of drugs or with any previously described combinations of drugs, did 

nott increase the risk for developing thyroid damage. The risk for developing thyroid 

damagee was, however, lower after treatment with the combination of antimetabolites 

andd steroids, with antimetabolites alone, and with administration of chemotherapy 

duringg irradiation (relative risk, 0.33, 0.41 and 0.32, respectivelv). 



Forr the 37 survivors with thyroid damage, all administered drugs were analyzed 

separately.. Due to low patient numbers, the relationship between a certain drug and 

thee type of thyroid damage could not be assessed reliably. 

Thee mean radiation dose for survivors who developed thyroid damage was 35.4 Gy 

(range,, 18.0-70.0; Table 6). Radiation in the high risk field was given in a mean dose of 

36.66 Gy (range, 18.0-70.0) to survivors who developed thyroid disease, which was 

significantlyy higher than the mean dose given to survivors who did not develop thyroid 

damagee (Table 7). The numbers of survivors who developed thyroid damage in the 

intermediatee and low risk fields were too small to allow for statistical analysis. 

Tablee 7. Mean radiatio n dose for  developing thyroi d damage in the different risk groups 

Thyroi dd damage No thyroi d Mann-Whitney Z value P value 
damagee U 

Jrlighh risk (n= KM) n=31 
Meann dose (Gy) 36.6 
(95%% CI) " (30.6-42.3) 

Intermediatee risk (n=65) n=4 
Meann dose (Civ) 23.3 
(955 . CI) (177-28.8) 

U ww risk ( n=21) n=2 
Meann dose (GY) 40.0 
(95%% CI) (-23.5-103.5) 

n.a.,, not applicable; Gy, Gray; CI, confidence interval; * P value significant when < 0.05 

Thee mean radiation dose of survivors developing central hypothyroidism was 34.7 

Gyy (range, 7.5-65.0; Table 8). Central hypothyroidism occurred most frequently in 

survivorss with brain tumors (72.2%). Five patients given irradiation (three in the low 

andd intermediate risk fields, one in the high and low risk fields, and one in the low risk 

field)field) with a mean total dose of 27.2 Gy in the treatment for ALL (n=4) and HD 

(( n-1) also developed central hypothyroidism. 

Survivorss who were irradiated in the low risk field for developing thyroid damage 

weree more at risk for developing central hypothyroidism than were those who were 

irradiatedd in the high and intermediate risk fields. The risk to develop central 

hypothyroidismm was decreased for survivors who had been treated with any 

chemotherapy,, with chemotherapy during RT, and with chemotherapy after the 

administrationn of vinca-alkaloids and steroids. 

n== 0 

2799 "35 -2.63 0.D04* 
(25.9-39.7) ) 

n=61 1 
25.IJJ n.a. n.a. n.a. 

(23,3-26") ) 
n=19 9 
44.33 n.a, n.a. n.a. 

(36.8-51.8) ) 
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Tablee 8. Relative risks for  centra) hypothyroidism (univariat e analyses) 

Centrall  No thyroi d Relative Risk 95 % CI  n £2 -statistic P value 
hypothyroidismm axis damage 

N == 18 N=150 

One-tailedd ( outcome expected) 
Brainn tumor (%) j -
Highh risk RT <%) f, 
Intermediatee risk RT (%) -f, 
Ixjwriskk R T ( % ) |4 

Meann dose RT ( Gy) f, 
Meann age during RT (yrs) f( 
Two-tailedd (outcome unknown) 
Malee (%) 
Tumorr type (%) 

ALL L 
NKL /H D D 
Other r 

Chemotherapyy (%) 
Anyy type of ChT 
ChTT during RT 
Alkylatingg agents 
Anti-neoplasticc antibiotics 
Antimetabolites s 
Vinee a -alkaloids 
Too po-i some rase inhibitor 
Asparaginase e 
Steroids s 

72.2 2 
44,4 4 
27.8 8 

27.8 8 
34.7 7 
7.7 7 

6! ! 

22.2 2 

5.6 6 
0 0 

55.6 6 
22.2 2 
58.9 9 
11.1 1 
44.4 4 
38.9 9 

11.1 1 
11.1 1 
38.9 9 

20.7 7 

467 7 
411.7 7 

127 7 
28.7 7 
7.7 7 

50 0 

46.7 7 

22.(1 1 
10.7 7 

88.7 7 
56.7 7 
42" " 
42.0 0 
68.0 0 
84.0 0 
12.7 7 

38.7 7 
76.7 7 

7.33 3 
0,92 2 
0.59 9 
2.30 0 

-6.002$ $ 
-0.018$ $ 

1.50 0 

0.36 6 
0.23 3 
0.24 4 

0.22 2 
0.25 5 
0.87 7 
0.20 0 
0.42 2 
0.17 7 

0.88 8 
0.23 3 
0.24 4 

2.779-19.322 2 
0.38-2.22 2 
0.22-1.59 9 
1.1.91-5.87 7 

-11.47-0.53 3 
-2.07-2.03 3 

97.55 % CI* 
0.54-4.17 7 

0.107-1.229 9 
0.024-2.224 4 
0.01-5.70 0 

0.09-0.56 6 
0.07-0.86 6 
0.321-2.42 2 
(.1.04-1.02 2 
0.16-1.14 4 
0.06-0.45 5 

0.18-4.31 1 
0.04-1.16 6 
0.09-0.66 6 

22.098 8 
0.032 2 
1.119 9 
2.997 7 

-2.1611 + 
-0.0188 X 

0.794 4 

3.896 6 
2.692 2 
2.122 2 

13.911 1 
7.65 5 
0.94 4 
6.464 4 
3.945 5 
19.830 0 
0.36 6 
5.315 5 
11.535 5 

O.UOOO ** 

n.s. . 
n.s. . 

0.044 * 
0 . 0 1 5" " 

n.s. . 

n.s s 

n.s. . 
n.s. . 
n.s. . 

0.0000 *-
0.012** * 

n.s s 
0.0277 -

n.s. . 
0.(.KKJJ ** 

n.s. . 
n.s. . 

0.0022 ** 

Riskss for damage to the pituitary gland/hypothalamus after treatment for a malignancy during childhood, 

calculatedd as univariates. Patients with thyroid damage are excluded from this analysis. When outcome was 

expected,, significance was tested 1-tailed. Expected risk for thyroid damage is: f,: H(l , braintumors < no 

braintumors;; f2: H r ,, high thyroid risk field RT > intermediate or low risk field RT; f,: H(h, intermediate 

thyroidd risk field RT < less pituirary/hypothalamus damage ;f4: H u , low risk field RT < intermediate and 

highh risk field RT; f.: H( l , lower dose RT > high dose RT; f(): HM , lower age during RT < higher age during 

RT;; $ For mean age and mean dose the mean difference with its corresponding t value is presented, instead 

off  the relative risk (RR) with its X2; * > P value significant when 0.0253 < P < 0.0506;**, P value significant 

whenn < 0,0253 ; 3 Rounded, if tested one-tailed (outcome expected) CI was set at 94.94 %, for two-tailed 

testss CI was set at 97.47 % (Student's t test and Pearson x)l RT, radiotherapy; ChT, chemothcrapv; CI, 

confidencee interval; n.s., not significant. 

Multivariatee analysis for the occurrence of thyroid damage showed significant 

associationss of high risk irradiation field, dose of radiation, and history of NHL/HD 

(Tablee 9). 

Thee use of vinca-alkaloids showed near-significance after correction for covariates 

(P=(P= 0.067; eP= 0.311; 95% confidence interval, 0.89-1.084) for protection of 

hypothalamic/pituitaryy damage. A history of a brain tumor ŵ as the only predictor for 

centrall  hypothyroidism in the multivariate analysis. 

InIn the group of 291 survivors who had not been irradiated in the pericervical region, a 



Tabl ee 9. Signif icant risk factors for  deve lop ing thyroi d axis damage after  chemotherapy and 

radiotherapyy durin g chi ldhood. 

Outcomee Covariate ep 95 % CI  P value Cox &  Snell R2 AUC 

Thyroidd damage )oscRT T 
%hh Risk RT 
sHL/HD D 

nn rumor 

1.UÓH H 

4786 6 
3.801 1 

9.981 1 

1.(.124-1.(!T T 
11 "Hi 1-12.865 
1.58~-9,102 2 

3.3[J"-3U.119 9 

o.UOll

0.IKI 22 " * 

0.<X)33 " * 

0.11 X ) ! ) " " 

o.ll  "6 

o . l i r r 

0."H3 3 

0.758 8 

Multivariatee analysis using binary logistic regression (enter), with thyroid or central thyroid axis damage as 

dependentt using a minimum of 2D cases per covariate. Covariates were included when (near) significance 

wass found in the univariate analysis. **  Significance was found when P < 0.05; RT, radiotherapy; CI, confidence 

interval;; AUC, area under the curve; ĉ  , the odds ro develop thyroid or central hypothyroidism given a 

certainn characteristic relative to the odds for the thyroid or central damage in the absence of that characteristic; 

NHL ,, non-Hodgkin Lymphoma; HI) , Hodgkin's disease. 

similarr incidence of thyroid dysfunction was found (1.1 %) as compared with the registered 

incidencee of thyroid problems in a similar age group in The Netherlands (0.9 %)2 ?. 

Discussion n 
InIn this study we confirm the occurrence of thyroid dysfunction after pericervical 

irradiationn as described by others r ,A i l ; in 55 (26.8 %) of 205 young adults who 

survivedd childhood cancer, thyroid axis disease was found, of which 67.2 % was related 

too the thyroid itself. 

However,, in contrast to some existing literature described in the introduction of this 

report,, no lasting deleterious effect of any drug or scheme of chemotherapy in addition 

too radiotherapy on the thvroid axis was found. Also, in the 291 survivors treated only 

withh chemotherapy, there was no evidence of increased incidence of thyroid problems. 

Thee differences between the results of our analysis and those found in previous studies 

aree most likely explained by the confounding effect of irradiation. To correct for this 

confoundingg effect, multivariate analysis was performed. In the univariate analyses, 

thee administration of antimetabolites, the combination of antimetabolites with steroids, 

andd chemotherapy during radiotherapy showed some effect on the thyroid gland, but 

insteadd of a negative effect a protective effect was found (Table 6). Although one 

otherr study has described a possible radioprotective capability of chemotherapy for 

thvroidd tissue of different drugs 2(l, significance of chemo-protection disappeared 

afterr correction for radiation dose and field in our multivariate analysis (Table 9). 



Afterr correction for the presence of other determinants, the risk factors identified for 

developingg thyroid damage were field of irradiation, higher irradiation dose and the 

historyy of NHL/HD. 

Thee two survivors who had developed papillary thyroid carcinoma, had both been 

irradiatedd with 18 Gy in the cervical region. These doses are low compared to the 

dosess administered to the 17 survivors who developed (subclinical) hypothyroidism 

(mean,, 39 Gy; range, 19.5-66 Gy). This observation is in line with those of many 

otherr studies, demonstrating that the risk to develop hypothyroidism increases with 

radiationn dose 6'11,14, whereas the risk to develop thyroid malignancy peaks at relatively 

loww doses and levels off with increasing radiation dose 2 -2H. 

Statisticall  analysis showed an increased risk for survivors with NHL/HD to develop 

thyroidall  damage even after correction for radiation field and dose. Many studies 

evaluatingg thyroid function after treatment for lymphoma in childhood have been 

performedd 6,t >213
j but the presence of an increased susceptibility for thyroid damage 

inn these survivors has not been described. Although this could be a chance finding of 

thee present study, this observation merits further research. 

Forr patients with brain tumors, it is remarkable that after multivariate analysis, the risk 

forr central hypothyroidism is significantly increased, in disregard of radiation dose or 

fieldfield (Table 9). This implies the need for thyroid function monitoring in all patients 

withh brain tumors. 

However,, we also found central hypothyroidism in five patients treated with cranial 

irradiationn for ALL and HD, supporting the previously described damaging effect of 

irradiationn on the pituitary gland and hypothalamus 24-3tJ>31. 

Althoughh we did not find any permanent additional adverse effects of chemotherapy on 

thee thyroid axis, a few remarks seem justified. First, it is important to realize that the 

susceptibilityy of the thyroid gland for chemotherapy is apparendy lower than that of 

otherr endocrine organs (e.g. the gonads)19, and that those other endocrine functions 

shouldd be monitored continuously in cancer survivors after treatment with chemotherapy. 

Second,, as was stated recently 31-32, unrecognized thyroid problems may be present in 

survivorss of childhood cancer. These subclinical thyroid problems could have been 

missedd in this evaluation as we did not perform dynamic thyroid function tests (e.g. 



TRH-tests,, overnight surge of TSH) when the thyroid function determinants were 

normall  at first evaluation. Also, transient dysfunction of the thyroid gland cannot be 

excluded,, as we measured thyroid parameters several years after the chemotherapy 

andd radiotherapy was given. 

Forr these reasons we suggest that thyroid function should be monitored carefully during 

andd shortlv after treatment with chemotherapy, as low thyroid hormone concentrations 

inn children can have severe consequences for growth and development. After treatment 

withh (peri-) cervical radiotherapy, we advise always evaluating both thyroid structure and 

functionn using ultrasonography and sequential measurements of plasma TSH together 

withh tree T4 (for evaluation of thyroid and central hypothyroidism). 

Inn conclusion, permanent radiation-associated thyroid axis damage is present in young 

adultss who survived childhood cancer. However, permanent thyroid axis damage is 

nott ascribablc to treatment with chemotherapy. 
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Abstract t 
INTRODUCTIONN During treatment for childhood cancer with external radiation to 

thee head-neck region or with radio-iodine liganded compounds the thyroid gland may 

bee damaged. A systematic search was performed to evaluate the effectiveness of 

preventivee strategies against radiation-induced thyroid damage in humans. 

METHODSS A literature search was performed using PubMcd (1966-2004, week 20), 

Embasee (1980-2004 wk 22), OLDMEDL1NE and the Cochrane Central Register of 

Controlledd Trials as primary sources. Only empirical studies in humans were included, 

inn the English, Dutch, French and German language. Relevant studies that were missed 

byy the initial search strategy but referred to in either review articles or in studies 

identifiedd by the search were included. Studies that were focused on comparison of 

differentt types of pharmacological or physical thyroid protection against radiation 

damagee or diminishing the exposure to radio-iodine were included. Studies in patients 

withh Graves' disease, thyroid carcinoma, on radiation exposure during angiography or 

duringg dental procedures were not included, also not in vitro (bio-assays) studies, 

studiess based on computer models or phantoms, review articles or empirical studies 

comprisingg less than 5 study persons. Studies dating from before 1950 were not included. 

Contentss and limitations of all studies were appraised and discussed by two reviewers 

andd consensus was reached on scientific validity, relevance and clinical importance. 

RESULTSS In total, 66 studies were reviewed, of which 55 were found to be both 

validd and relevant. Twenty-six studies included children. Of 47 studies concerning 

radio-iodine,, 39 were found valid. More than 30 different outcomes were used to 

evaluatee thvroid radiation damage or thyroidal uptake of radio-iodide. In 17% of 

studiess the outcome measurements were either unclear or not valid, e.g no reference 

valuee given, palpation of the thyroid or an outdated outcome used. The most prevalent 

protectivee intervention was the administration of excess stable iodide. In 80% of 

studiess in which radio-iodine was given as medical intervention, patients developed 

hypothyroidismm despite Kl prophylaxis. Only in one study, a 100% reduction of radio-

iodinee uptake was demonstrated after Kl administration. The addition of T4 and 

methimazolee improved thyroid function in children after l j l I-MIB G treatment. Also, 

thee combination of perchlorate and iodide reduced thyroid uptake. Only one study 



wass found that evaluated the effects of pharmacological intervention during X-

irradiation;; in all other studies interventions were started after radiation-exposure. No 

benefitt from T administration during X-irradiadon was found. T administration 

afterr X-irradiation resulted in a reduction of development of benign thyroid nodules, 

butt no evidence was found for a preventive effect of X-induced thyroid malignancies 

byy the administration of T . Effective physical intervention strategies for X-induced 

thyroidd damage were the el iminat ion of X- i r radiat ion by replacement with 

chemotherapy,, reduction of the radiation dose and hyperfracdonation. 

CONCLUSIONN The current state of evidence for thyroid protection during exposure 

too radio-iodine or X-irradiation is concerning because of the low number of valid studies. 

Fromm this survey we conclude that KI alone is insufficient to protect the thyroid against 

radio-iodidee and that T4 administration during or after X-irradiation cannot prevent the 

occurrencee of hypothyroidism or thyroid malignancies. Given the current uncertainty 

regardingg the effectiveness of preventive measures in this field, there is a need for well 

designedd randomized controlled trials with well-defined, clinical relevant outcome 

measures. . 



Introduction n 
Externall  radiation to the head and neck region or radio-iodine liganded compounds, 

frequentlyy used in the treatment for childhood cancer, carry the risk to damage the 

thyroidd gland. This mav result in thyroid dysfunction or structural abnormalities, either 

benignn or malignant ''2, which has life long consequences for the developing child. 

Variouss reports have identified risk factors for post-irradiation thvroid damage. These 

includee treatment related variables such as surgery, chemotherapy, total radiation dose 

andd field, type of radiation, fraction size, tollow-up time, age during radiation exposure, 

butt also female gender and Caucasian race2,1. The reported differences in importance 

off  these risk factors mav partly be explained bv differences in the dose of radiation 

andd differences in follow-up time used in the studies that investigated the associations. 

Forr the treatment of various childhood cancers, radiotherapy will continue to be used 

inn the future. Therefore, preventive strategics for the thyroid gland must be developed 

andd evaluated. Physical preventive measures that have been employed so far include 

dosee reduction, field reduction, fractionation of irradiation, or the use of lead shields 2. 

Duee to the fact that plasma thvroid stimulating hormone (TSH) stimulates activity-

andd proliferation of thyroid cells, pharmacological protection of the thyroid has been 

attemptedd bv lowering the TSH concentration prior to, during and after head and 

neckk irradiation 4. A suggestion that has been made for thyroid-protection is the 

administrationn of free radical scavengers \ 

Forr protection against damage from radio-iodide used during diagnostics and treatment 

forr specific tumors such as neuroblastoma (NB), management is focused on the reduction 

off  uptake or increased discharge of radio-iodine. This has most frequently been done 

byy the administration of potassium iodide (KI). In addition, also potassium-perchlorate 

(KCIOJ,, thyroxine (T) or combinations have been used 6' . 

Differentt reports have been published on these preventive strategies. Yet, at present the 

effectivenesss of these preventive measures in reducing clinical thyroid disease is uncertain. . 

Forr this reason, we undertook a systematic review of the published literature after 1950 

onn protective strategies to reduce radiation induced thyroid damage from radio-iodine 

andd external beam irradiation in humans, with special interest to the evidence that has 

beenn produced in children. In this review, the following questions were formulated: 
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1)) Which preventive steps have been undertaken to reduce radiation-induced thyroid 

damagee in humans? 

2)) Are these preventive steps effective in reducing thyroid damage and clinical thyroid 

disease? ? 

Finally,, we attempted to rate the methodological quality of the current empirical 

evidence. . 

Methods s 
Searchh strategies 

Forr this review we searched PubMed (1966-2004, week 20), Embase (1980-2004 wk 22), 

OIJDMEDLINEE and the Cochrane Central Register of Controlled Trials as primary sources. 

Additionally,, relevant studies that were referred to in review articles or other studies that 

weree not found by this search strategy were included, until 1 September 2004. 

Inclusionn and exclusion criteria 

Onlyy empirical studies in humans were included, whether in the English, French, 

Dutchh or German language. From the information in all abstracts identified by the 

search,, we included studies that were aimed at comparing different kind of thyroid 

protectionn against radiation damage (i.e. pharmacological prevention) or that compared 

thee effect of different kinds of treatment modes for the malignancy on outcome of 

thyroidd function (i.e. physical prevention). From the search results in OLDMEDLINE, 

studiess were selected by title, since no abstracts were available. Retrospective case 

seriess or cohort analyses with risk factor analysis for radiation-induced thyroid damage 

butt without preventive intervention were not included. Studies that administered sex 

steroidss or prolactin were also excluded. Studies in patients with Graves' disease, thyroid 

carcinomaa or studies that described radiation effects on other organs than the thyroid 

glandd (for example, salivary glands) were excluded, as were studies comprising less 

thann 5 persons. Studies on radiation exposure during angiography (lead shields, 

phantomss and increasing distance) or during dental procedures were not included. In 

vitroo (bio-assays) studies, studies based on computer or phantom models and review 

articless were also not included in this evaluation. Studies dating from before 1950 

weree not included. 
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Dataa extraction 

Fromm each included study the following data-set was extracted: lsl author name, year 

off  publication, characteristics of the subjects or patients, type of study (whether a 

randomizedd controlled trial (RCT), cohort or case control study), type of radiation 

givenn (i.e. X-ray or radio-iodine), total dose and fractions, nature and duration of 

thyroidd prevention strategy given, time to follow-up, thyroid outcome ot follow-up 

(i.e.. T TSH, ultrasound and radionuclide imaging, biopsy, signs and symptoms, 

histologicall  thvroid tissue evaluation), side effects of interventions and the results and 

authors'' conclusions. 

Appraisall  of studies 

Alll  studies were appraised by two reviewers (HvS & TV). First, the research question 

andd methods of the study were discussed. Subsequently, consensus was reached on 

thee following aspects: 

1.. Scientific validity (V) with regard to the research question, the design of the 

studyy (few drop-outs, no selection-bias, information-bias), the outcomes used, 

andd the full reporting of the data; 

2.. Importance of results (IK), i.e. whether interventions are to be further evaluated 

inn future studies; 

3.. Clinical relevance (CR), i.e. whether a protective intervention is to be implemented 

inn current pediatric clinical practice. A score was given ranging from 1 to 10 

denotingg 'totally irrelevant' and 'highly relevant', respectively. Criteria for high 

CRR were: children were studied vs. adults, feasibility of the intervention (i.e. 

whetherr practical, free of side effects, or at low financial costs), and strength ot 

dataa (i.e. number of patients, length of follow-up). 

Categorizationn of studies 

Alll  included studies were divided into four groups, by intervention type: I) 

Pharmacologicall  protection against the effect of radio-iodine II) Pharmacological 

protectionn against the effect of external radiation, III ) Physical modes of thyroid 

protectionn against radio-iodine, IV) Physical modes of thyroid protection against 

externall  radiation. 
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Results s 
I.. Number of included studies 

Ass shown in table 1, using the different search filters, 392 (filter A + B) and 331 (filter 

A+C)) studies were found using PubMed, and 228 (filter D +E) and 699 (filter D+F) 

usingg Embase. Additionally 19 studies were found using OLDMEDLIN E and 24 through 

thee Cochrane Central Register of Controlled Trials. A total of 66 studies met our inclusion 

criteria,, 47 regarding radio-iodine and 19 regarding X-i r radiation. Twenty-six studies 

includedd children. These 66 studies were critically appraised (addendum I, II & III) . 

II .. Outcomes used (all studies) 

Ass shown in tabic 2, 30 different outcome parameters were used to evaluate the 

preventivee effect of the various interventions. In many studies more than one outcome 

wass reported. Yet, in 17% of studies the thyroid outcome determinant was not well-

defined:: in 2 studies thyroid determinants were not defined at all, and in 9 the intent 

wass stated 'to evaluate thyroid function' without further definition. The most used 

determinantt for interpretation of thyroid function was plasma TSH (in 33%), followed 

byy plasma T4 (in 21%) and free T4 (in 17%). In 8 studies (12%), however, no local 

referencee ranges for the thyroid function determinants were provided. 

Inn 1 1% the results were partly based on palpation of the thyroid, and in 8% on 

ultrasoundd imaging of the thyroid (UST). Histology of the thyroid in some of the 

studyy patients was obtained in 5%. In another 5% of studies, the results were based 

onn information that was obtained by questionnaires. Thyroid scintigraphy w^as 

performedd in 64% of studies. T Vz of radio-iodine was calculated in 4%). 

III .. Protection against radio-iodine 

Manyy potentially damaging radio-iodide containing compounds have been studied; 

13!I-lipiodoll  (n=l ), l - l i r (n=20), m F ( n = 3 ), 1 3 2l " (n=3; 1 also n T ) , IM I-MIB G (n= l l ) , 

131l - tositumomabb (n= l ), , ; , ,I-IgG2a anti-CD20 Bl antibody (n=3), n i I -anti CEA 

antibodyy (n= l ), and 12:,I-fibrinogen (n—3). Some of these compounds enter the thyroid 

byy itself, others first degrade before metabolites are able to be taken up in the thyroid 

gland.. In the final columns of addendum I to III , descriptions and appraisals for each 

studvv arc given. Of the 47 studies, regarding radio-iodine, 8 were considered scientifically 



Tablee 1. Search strategy 

Database e Searchh strategy- Yield d 

PubMed d {radiationn OR radiotherapy OR radiation effects OR radio-iodine OR radioisotopes) 

A N DD (Thyroid Gland OR thyroid diseases OR thyroid*) A N D (prevention OR prevent* 

ORR profylax*  OR rescue OR protect*  OR predict*  OR radioprotect*  OR radiation 

protectivee agents OR radiation protection) 

Filterr "etiology" (hnp:// inn>.med.yale.edu/l ibraiT/reference/publieations/pubrned): 

(oddss ratio[mh] OR case control*  OR odds ratio*  OR controlled clinical trial [pt] OR 

randomizedd controlled trial [pt] OR risk|mhj OR practice guide]ine|pt| OR 

epidemiologicc studiesjmh] OR case control studics[mh| OR cohort studies|mh| ()R age 

factors|mhjj  OR comorbiditv[mh| OR epidemiologic factorsjmh]) 

A - B ; ; 

392 2 

II  mbase 

Filterr "trials": research design [mh] OR clinical trials fmh] OR comparative studv [mh] A+( .: 

ORR placebos [mh] OR multiccnter study [pt| OR clinical trial |pt] OR random* |tiab| OR 331 

placebo*[tiab|| OR clinical trial*  |tiab| OR controlled clinical trial [pt| OR randomized 

controlledd trial |pt] OR practice guideline |pt] OR feasibility studies [mhj OR clinical 

protocolss [mh| OR single blind*  [tiabj OR double blind*  [nab] OR triple blind*  [riab| OR 

treatmentt outcomes fmh] OR epidemiologic research design [mh] t >R double blind 

methodd [mh] OR pilot projects |mh[ ) 

(expp radiation/ or radiation,mp. or radiothcrapy.mp. or exp radiotherapy/ or D: 

radioisotopes.mp.. or exp radioisotope/ or radiation effcct.mp. or exp radiation response/ 1 P9 

orr radio-iodine.t\v.) and (thyroid gland.mp. or exp thyroid gland/ or thyroid disease.mp. or 

thvroidd disease.mp. or exp thyroid disease/ or rhvroidS.tw.) and (exp "prevention and 

contro l "// or exp cancer prevention/ or pe ts or prevents.tw, or protectS.rw, or 

radioprorectS-tw.. or exp radioprotective agent/) 

Filterr etiology " (http:/ /umO.amc.uya.nl /cgi-bin/cgiwrap/mlVbronncn/Bronncn D+E: 

App.cgi)) = ( case control study.mp. or Case Control Study) OR (cohort ana lysis, mp. or 228 

Cohortt Analysis) OR (cohort analvsis.mp. or Cohort Analysis) OR (follow up.mp, or 

Followw I » OR (Risk Assessment) OR ( Risk Benefit Analysis) C )R ( Risk Factor) (1R 

(oddss and ratioS).OR ((relative and risk).tw) OR ((case and controls).tw.) OR ( R1SK)| 

Cochranee highly sensitive search strategy for trials (http://umO.amc.uva.nl/cgi-bin/ 

cg iwrap /mb/bmnnen// Bronnen App.cgi) = | clinical article C )R clinical study C )R clinical 

triall  OR controlled studv OR randomized controlled trial OR major clinical studv C )R 

doublee blind procedure (>R multieenrer study ()R Single Blind Procedure OR crossover 

proceduree OR placebo OR allocarS.rJ,ab. OR assignS.ti,ah. OR blindS.ti.ab. ()R (clinicS 

ad|233 (study or trial)).ri,ab.) OR comparS.ri.ab. < )R con trol S.ti.ab. OR crossover, a,ab, OR 

factorialS.ti.alxx OR fi ill i >vv?upS.td,ab. ORplaceboS,ti,ab. ()R prospectJveS,ti,ab. ()R 

randomS.ti,ab.. OR {(singlcS or doubleS or trebleS or triplS) adj25 fblinS or mask}).ti,ab OR 

trialS.ti,abb ()R (versus or vs.}.ti,ab. J 

D+V: D+V: 

699 9 

OLDMHDUNF F 

Cochrane e 

Centrall  Register ot 

Controlledd Trials 

GG [  (hypophysectom* C )R thyroxin*) AN D thyroid*  AND radiar*), [cortisone AND (degrad*  G: 

ORR metabol*) AN D 131*], [ iodine AND thyroid*  AND (radiar*  OR irradiat*) AN D (stable 19 

iodinee OR iodincl31 O R i l 3 1 ) |, | (dos*  ANDiodin ') AN D thyroid*  AN D (lodincBl OR 

il.31)|,, [methylthiounic*  AN D thyroid*  AN D (radioprot*  OR il.M ORiodin*)], 

[radioprotect**  AN D (xirrradiat OR radiat*) AN D thvroid*], [(radiation OR radiotherapy OR 

radiationn effects C 'R radio-iodine) AN D Thyroid*  OR thyroid*) AN D (prevention ()R 

radiationn protection*  OR prevent*  ()R profylax*  ()R rescue ( )R protect*  < >R predict*  C )R 

radioprotect**  OR radiation protective agents OR radiation protection) AN D thyroid" A N D 

(radioisor**  ()R radiother*  ()R radioiod*)]. 

I II  (radiation OR radiotherapy OR radiation effects OR radio-iodine) A N D (Thyroid Gland 11: 

(( >R thvroid diseases ()R thyroid*; W D (prevention OR prevent*  (>R profvlax*  OR 24 

protect**  OR predict*  OR radioprotect*  ()R radiation protective agents (>R radiation 

protection) ) 

wwvv.canccr.. gov 1 thvroid cancer A N D prevention 

Referencess | References in review articles or other empirical studies 

!:l i i 

|:4(l l 

http://umO.amc.uya.nl/cgi-bin/cgiwrap/mlVbronncn/Bronncn
http://umO.amc.uva.nl/cgi-bin/
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Tablee 2. Thyroi d outcomes used in all studies (valid and non-valid) 
(n=477 (,31I~) + n=19 (XR) = total 66) 

Outcome e %%  of 

studies s 

usedd ' 

Reliablee Comparable Futur ee advise 

X - R o r 1 3 1!!  <n=66) 

Palpationn thyroid IV'-'» No 

L**  1 tra son ography thyroid 8% Yes 

Histologyy thyroid 5% Yes 

Thyroidd function (not 14% l imi ted 

furtherr defined) 

TSHH 33"',. Yes 

T ,, 2 1% Yes 

T ,, 14% Yes 

T44 index 2"n Yes 

FT44 r% Yes 
FT.. 5% Yes 

Ant i-TPOO „ Yes 

Ami-T gg 8% Yes 

PBII r.-i, \„ 
Tgg 6".-,, Yes 

rT,, 3"-u Yes 

TRH-testt 9"-M Yes 

Plasmaa 11 ] 5% Yes 

Fecess [ I ] 2% Yes 

Urinee [ IJ 5% Yes 

Heightt 2% Yes 

Basall  metabolic rate 2% Yes 

Questionnairee 5% Limited 

C O M ETT assay 2% Yes 

Thyroidd dosimetry 5% If method 

iss given 

Totall  & free cholesterol 2% Yes 

Veryy high interobserver variation 

Resultss dependent on time UST 

(improvementt ot" technique in the vears) 

Goodd criteria 

Differentt definitions may be used 

!ff  re f range is stated 

Iff  ref range is stated 

Iff  ref range is stated 

Iff  ref range is stated 

Iff  ref range is stated 

Iff  ref range is stated 

Iff  ref range is stated 

Iff  ref range is stated 

Difficul tt assay 

Iff  ref range is stated 

Jff  ref range is stated 

Iff  ret range is stated 

Difficul tt assay 

Difficul tt assay 

Difficul tt assay 

Iff  TH is provided 

Iff  method is given 

l imi ted d 

Yes s 

Yes s 

Yes s 

Undefined d 

" ' I -- (n=47) 
Thvroidd scintigraphy 
T'' 2 in thvroid 
%% ' ''I in unne 
U,II  plasma 
Totall  bodv counts 

3"' n n 

64"-., , 

4% % 
111 "n 

T'.-'D D 

6% % 

No o 

Yes s 
Yes s 
Yes s 
Yes s 
Yes s 

No o 

Yes s 
Yes s 
Yes s 
Yes s 
Indirectt measurement 

Nott to be used 

Cann be used 

Cann be used 

Cann be used 

Cann be used 

Cann he used 

Cann be used 

Cann be used 

Cann lie used 

Cann be used 

Cann be used 

Cann be used 

Nott to be used 

Cann be used 

Cann be used 

Cann be used 

Cann be used 

Cann be used 

Cann be used 

Cann be used 

Cann be used 

Nott to be used 

Too be evaluated 

Too be used 

Cann be used as marker 

off  severity of 

hypothyroidism m 

Nott to be used 

Too be used 

Too be used 

Too be used 

Cann be used 

Cann be used 

'Iff  applicable: "/» of studies in which the certain outcome can be used regarding the tvpe of RT used (e.g. 
uptakee in scintigram not possible in studies with XR).TH= target height 

nott valid, due to fact that it was unclear how the thyroid function was tested (3 studies), 

howw long the patients were followed in time (2 studies), how the study sample was 

gatheredd and/or due to the fact that the results in the study were not clearly presented 

(44 studies) or due to highly selected populations (i.e. all clinically suspected of thyroid 

diseases)) with very diverse follow-up times (n=l). Of the remaining 39 valid studies, 

onlyy in 10 studies a control group without thyroid protection was evaluated. Nine of 



thesee studies used tracer doses of radio-iodide or '^'"Tc-pertechnctatc and one was 

performedd with lipiodol. Fourteen studies included children. No studies were found 

onn physical protection against radio-iodine induced thyroid damage. 

Thee most frequently used intervention strategy was the administration of  ll I (77%, 

tablee 3A), which was administered in a variety ot preparations: orally as solid KI or 

Nal,, Lugol's solution, saturated solution of potassium iodide (SSKI) or Nal and as 

dermall  tincture (2% solution). In several studies the exact administered dose could 

nott be retrieved, because the dose was given in number ot drops instead ot in mg. 

Also,, in one study Lugol's solution and SSKI were considered the same, however, 1 .ugol's 

solutionn contains about 8.4 mg iodine and SSKI about 38 mg iodine per drop s. The 

administeredd doses varied from 1.8 to 2000 mg per dav. In 70% of studies in which Kl 

wass used for thyroid protection, the intervention strategy proved to be insufficient, 

expressedd as visible uptake of radio-iodine in the thyroid or the development of 

hypothyroidismm (HT). In one study in adults, it was observed that despite the 

administrationn of 100 mg KI , in 74% the thyroid was visible by scintigraphy9. In children, 

givenn KI 100 mg (in 3 divided doses per day) the thyroid was visible in 21.5% 1(1. Overall 

inn 80% studies in which KI was given for thyroid protection during a medical 

interventionn with radio-iodide coupled to a compound (n=15), the development of 

hypothyroidismm was reported in up to 85.7% of the patients. 

Inn one stud)' a reduction of radio-iodide uptake to 0% was shown after 247 mg KI  n, 

butt in most other studies iodine excess led to a maximum reduction ot uptake of 95-

97%.. After increasing doses to 50 mg KI the efficaa in reduction of uptake diminished, 

althoughh increasing reduction was found until 200 mg. The doses that were administered 

differedd widely between the various studies; inhibition of uptake after 2 hours was 

seenn after the oral administration of 30 mgKI, but when acute blocking of the thyroid 

iss needed (e.g. in a nuclear disaster) 100-200 mg KI was more effective, blocking the 

thyroidd within 30 minutes n. Side effects were reported in only two studies, mainly 

hyperthyroidismm in the elderly (up to 35%), and transient TSH elevations and vomiting 

inn the young 121\ The best reduction in radio-iodine uptake was achieved by the 

administrationn of Kl just (one hour) before radio-iodine exposure. The protective 

abilityy of KI diminished rapidly when given after exposure to radio-iodine; if KI was 
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administeredd 3 hours after exposure the uptake was reduced with 50% 14. When 

continuouslyy exposed to radio-iodine, repeated administration of KI was shown to be 

nccessarvv i1-1^"'. 

Thee administration of TSH besides KI , in an experimental setting, after exposure to 

radio-iodide,, diminished tVi after exposure to radio-iodine with 40% u. Lividas and 

colleaguess experimented with different combinations of drugs (KI, carbimazole (CBZ), 

KCL()4,, and TSH) and found that the combination of TSH, CBZ and KCLO was 

mostt effective to reduce radio-iodide uptake (reduction of tVi from 76 to 7.8 days, 

p<0.005),, when given 7 days after exposure to radio-iodine ' . The administration of 

TSHH alone, which was applied in 2 studies, also reduced t Vi (from 94 to 16 days). 

Thee combination of KCLO and KI was also given in 2 studies 1H'19. In these cohorts, 

aa cumulative incidence ot hypothyroidism of 0% to 10% was reported. However, the 

follow-upp time was unclear in one and short in the other. KCLO. alone showed a 

furtherr reduction of uptake in the thyroid when compared to T, and Lugol's solution 

(8000 mg), although radio-activity in the thyroid was still seen (5.7 mGy MBq"1 

administeredd ' 1!I-MIB G 2l) and 0.3 to 0.76 MBq when coupled to iodocholesterol  21). 

Thee administration of iodized compounds, originally used for radiologic examinations, 

alsoo decreased radio-iodide uptake up to less than 10% 22. Decrease of uptake of radio-

iodidee was found until 3 to 107 days after administration of the iodized compound, 

dependentt on hydrosolubility 22,2\ The drug amiodarone, containing 75 mg iodine per 

20()) mg tablet, was shown to induce hypo- and hyperthyroidism. Uptake of radio-iodide 

wass decreased in the euthyroid and hypcrthvroid patients, but preserved in hypothyroid 

patientss with an elevated TSH. This is presumably caused bv a failure of the escape 

mechanismm of the inhibitor)- effect of iodide (persistent Wolff-Chaikoff effect)24. 

Inn 10% of studies, anti-thyroid drugs like MM I were administered after exposure to 

radio-iodidee leading to TPO inhibition which decreased X.V2 of radio-iodide in the 

thyroidd gland l . In one study in which n iI-MIB G was administered to children with 

neuroblastoma,, anti-thyroid drugs were combined with KI and T . A reduction of 

uptakee in the thyroid was seen as well as a reduction in occurrence of hypothyroidism, 

whenn compared to a historic control group given only KI . 

Thee remaining interventions were only examined in one single study. Iodate was 
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Tablee 3A. Interventions used in valid studies for protection against radio-iodide (n=39) 

Interventio n n % % Sidee Effect Our  conclusions Advise// implicatio n 

'-- -iodide oral  72" n 11.37 to 33'1 

(Kl ,, Nal, Lugol (elderly) 

etc.),, l .Sto2(K!(lmg 

lodate,, lOOmg 3"«> II 

Perchloratee u"-'n (I 

(Cl .CXJ&Xïmgand d 

11 tincrure,4.2 & K4 % fi"'i . Vomiting 

TSH,, IML'i m 5,,--<, d 

CarhimazolefCBZ}'' 3% II 

K l & T S H "" 5"-«, i i 

K I ,C;H // ' 3% li 

K ll  , T4 & MM I ' 3% Transient 

h\perthy--

roidism m 

TSHH and C l O ^ ' 3"/,. (I 

K l a n d C X O /'' 5% 0 

K ll  and T," 3% Nausea 

TSHH and CBZ ' 3% ('I 

T S H . C B Z a n d K l'' 3% (I 

TSH,CB/ . ,KCL04 '' 3"„  (I 

Meralluride**  3"n 0 

Hydrocloruth.'' 3 "" 0 

Hypaque/Telepaquee 10"-i> (I 

Dnodrast /angio,' ' 

iod ipamide'' 3 "" 0 

Priodaxx " 5"'i (I 

Amiodarone e 3'"r,, 0 

Bestt results seen in adults attcr K! 

2(H)) mg, I hour in advance; never 

100"'ff  protection Readministration 

iss necessarv. 

Protectivee effect same as iodide, 

directt effect on M S (like CAO~)r 

Uptakee in thyroid gland, 3 .7 Gy / 

MBq.JjCsss thvroid uptake then T. & 

Lugo! ! 

Reductionn in uptake less than Kl 

21iii  mg orally 

1''asterr elimination Shorter t ' 'i (94.4 

) ) 

Shorterr t ' 'J in the thvroid 

( 9 4 . 7 -MM 1.1) 

II  effective in eliminating radio-iodide 

whenn compared to Kl orTSI 1 only 

Reductionn of t1-'? of 50% (ns) 

Betterr protection than K l alone, 

stilll  not 100% 

Sign,, reduction t1^ after exposure 

Ven'' low incidence HT (0 &10%) 

Doess not prevent uptake 

adequately y 

Signn reduction tVi after exposure 

Vervv significant reduction t','2 

Mostt significant reduction t1-: 

N oo effect on thvroid uptake 

Noo effect on thvroid uptake 

Decreasee uptake up to one month, 

telcpaquee longer than bypaque 

Uptakee reduced up to HT days 

Uptakee reduction < Hi"'», until 

11 month 

Hypothyroidismm caused by block 

inn organification, no escape 

mechanism m 

KII  is inadequate tor thvroid protection, 

especiallvv tor children. The risk tor side 

effectss does not outweigh the risk tor 

thvroidd damage in the elderly {> 6(1 years). 

lodatee useful tor storage problems, not 

adequatee bv itself tor children, the effect on 

M SS should be studied 

Uptakee M1BG in C-ccllsr' Dose inadequate!* 

Shouldd be investigated 

Tincturee in this dosage less effective than 

oral,, in emergencies useful. 

Mayy be useful when no more circulating 

radio-iodidee is present. Not to be used in 

clinicall  practice. 

Nott to lie used in children bv itself due to 

inductionn hvpothvroidism, in combination 

withh T, mav lx*  useful 

Nott to be used when circulating ' ,!1 is stilt 

presentt as it increases uptake 

Nott to lx- used in children by itself due to 

inductionn hypothyroidism, in combination 

withh T4 may be useful 

T44 dose too low; advise Kl , methimazole 

andd thyroxine 125 J ig/m2 

Nott to be given before or during exposure 

Shouldd be further evaluated 

Mustt be combined with MMI or G(_>4 

Inductionn of hypothyroidism: not advised 

before/duringg exposure 

Inductionn of hypothyroidism: not advised 

bee fore / d u ring expt jsure 

Inductionn ot hvpothvroidism: not advised 

bee fore / d u ring expt isure 

Norr to be further evaluated 

Nott to be further evaluated 

Nott to be used tor thvroid protection 

Nott to be used for thyroid protection 

Nott to be used tor thyroid protection 

Nott to be used for thyroid protection 

m o ree i n t e r v e n t i o ns p er s tudy a re poss i b l e, ' d o se g iven in a d d e n d um 

demonstratedd to be equivalent to iodide, which may be practical when distributed in 

countriess that arc at risk for radio-iodine exposure, when a long storage time is needed, 

ass it is more stable than iodine solution 2:\ The administration of diuretics had no 

evidentt effect on thyroid radio-iodide uptake or elimination 2(\ 
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Tablee 3B. Intervention s used in valid studies for  protection against X-irradiatio n (n= 16) 

>urr  conclusions Advise/ implication Interventio n n 

Pharr  macological 

Interventio n n 

Thyroxinee (T^) 

duringg RTDose: 

0.22 mg from 5 days 

beforee until 

completionn of RT 

T 44 / T-j after RT 

Dose:: 0.15-0.25 mg 

% % 

N = 5 ' ' 

20"/,. . 

60% % 

Sidee effect 

l xx weight 

losss I X 

tachycardia a 

None e 

reported d 

DTPP after RT 20% None 
Dose:: > 1 g for > reported 
""5%% of time after 
1""  thvroid surnerv 

Thyroxinee during RT does not 
preventt HT in adults, induction of 
neoplasmss not known 

Administrationn of T4 decreases 
nodules.. No prove that it reduces 
thyroidd malignancies 

Administrationn of DTP outdated. 
Uncertaintiess of T4/T,/l dose. 

Thesee results may be different for children. 
Thiss should firstly be examined in an 
animall  model (function and structure), 
thenn perhaps again be translated into 
clinicall  trial. 
Inn most studies, many uncertainties present 
concerningg the dose of T4 and the length 
off  TSH elevation in the past. A well-
designedd prospective evaluation should be 
done,, starting during radiation-expos ure 
andd continuing for more than 10 years. 
Thee pissibly preventive effect 
substantiatess a well designed prospective 
triall  with T, or T4 supplementation. 

Physical l 

Interventio n n 

Lowerr R dose 

N = l l ' ' 

18% % None e 

reported d 

(Hvpcr)) fractionation 2"?% None 
reported d 

Changee RT field 9% None 
reported d 

Chemotherapy y 
insteadd of RT 

Frequentt ft)1 low-up 

l.eadd Shield 

Detectionn bv 
COMRTassav v 

11 .owering dose prevents against HT 

(Hyper)) fractionation prevents 
againstt HT 
Craniospinall  RT leads to more HT 
thann cranial HT 

36%% Pancreatitis & 1 report: moree HT, but age bias 
thrombosiss present? 

9"/,» » 

reported d 

9%% None 
reported d 

9%% None 
reported d 

Leadss to earlv detection of HT 
andd secondarv tumors 

Leadss to reduction or radiation 
exposure e 

Mayy possibly lead to early 
preventionn bv detection of generic 
susceptiblee patients 

Loweringg (or eliminating) radiation is 
advisedd , if this is oncological]v feasible 
(similarr survival pediatric malignancy) 
Hyperfracdonationn is advised, if this is 
oncologicc all v safe 
Itt possible, cranio-spinal RT should be 
avoided d 
Adjuvantt negative effects of chemodicrapy 
onn other organs should be carefully weighed 
againstt preventive effect on thyroid (e.g 
busulphann (alkylating agent) instead of TBI; 
moree gonadal dysfunction)? 
Alll  children surviving childhood cancer 
shouldd be followed regularly and screened 
onn endocrine parameters for early 
detectionn of deficits and occurrence of 
secondaryy tumors 
Consequencess of CT not sure (risk for 
thyroidd cancer from 0.1 Gy, indicating that 
10000 CT scans must be made before risk is 
present.. However, limitation of radiation 
exposuree is always positive (if it does not 
interferee -with imaging)). 
Shouldd be evaluated in a large cohort of 
survivorss of childhood cancer with and 
withoutt XR-induced thyroid cancer 

moree interventions per study are possible 

IV.. Thyroid protection against X-radiation (XR) 

Off  6 studies that met the criteria for inclusion regarding pharmacological prevention 

forr XR- induced damage, 5 were considered valid. The reason for non-validity in one 

studyy was that a non-reproducible outcome parameter (i.e. palpation of the thvroid) 

wass used 2 and the fact that there was a high chance for a selection bias, leading to an 



Chapterr 11 a 

overestimationn of beneficial results. Of 13 studies on physical ways of prevention, 

twoo were not considered to be valid due to a lack of definitions on outcomes. Ten 

studiess were performed in children with malignant diseases. 

Off  the five valid studies on pharmacological interventions to prevent against XR 

damage,, only one studied the administration of the intervention (i.e. supplementation 

TV)) during exposure to XR (table 3 B). In this prospective cohort studv, patients were 

askedd to take T4. A total of 20 patients received 200 \ig T4 daily from the moment they 

weree included during the whole course of radiotherapy. The control group consisted 

off  all patients that were invited but did not want to participate. After a mean follow-up 

timetime of 19 and 33 months, respectively, 60% of the T4-group developed hypothyroidism, 

whilee it was found in 'only' 35% ot controls. These results were reason enough tor the 

investigatorss to stop the intervention and to conclude that T supplementation to lower 

thee plasma TSH during XR does not prevent thyroid damage. 

Al ll  other studies administered thyroid hormone, either T4 or Dried Thyroid Powder 

(DTP)) years after exposure to radiation in order to prevent or reduce the number of 

thyroidd nodules or malignancies, using doses varying from 0.15-0.25 mg T . In two 

studiess out of four, it was demonstrated that T4 or D TP treatment reduces the number 

off  benign neoplasms and in one it was suggested to reduce the incidence of carcinoma: 

noo recurrence was found in 13 patients treated with more than 1 g D TP for more than 

755 % of time after the 1sr surgical procedure (in a group of 50 patients followed for a 

meann period of 9.9 years). However, in the studv performed by Shafford, patients that 

weree given T4 developed new nodules while on therapy: it was reported that TSH was 

nott fully suppressed in these patients 2W. In the studv performed by DeGroot no effect 

off  T4 could be found on the development of both new benign and malignant lesions 

duringg T supplementation 2'\ 

Thee 11 valid physical preventive studies demonstrated that elimination of radiation 

exposure,, lowering radiation dose, hyper fractionation and the use of lead shields all 

reducedd the radiation exposure and/or thyroidal radiation damage. In one study no 

damagee was found at all after 18 or 24 Gv or treatment with chemotherapy 1". Lowering 

thee radiation dose from 36 to 24 Gy did not result in a decrease of h\-pothvroidism in 

thee study bv Paulino et al  11. However, in this cohort children receiving 23.4 Gv had a 



meann age of 7.2 years and were followed for a mean period of 6.1 years, compared to 

childrenn irradiated with 36 Gy who had a mean age of 13 vears and were followed for a 

meann period of 14.7 years 31. Thus age and follow-up rime were confounding parameters 

andd the interpretation of the 'no difference' result in this study is not possible. Side 

effectss of chemotherapy were reported in one study l2. 

Frequentt follow-up of childhood cancer survivors with no signs or symptoms led to 

earlvv diagnosis of thyroid dysfunction and early detection of secondary malignancies, 

likee lung cancer or metastases from the primary tumor 3-\ An attempt to predict which 

patientss are at increased risk to develop thyroid malignancies after radiation was done 

inn one studv with the COMET assay 34. In this study, it was demonstrated that the 

DNA-repairr rime in patients with radiation-induced malignancies was slower than in 

thosee without 34. The application of a lead bib shielding the thyroid gland during CT-

scanningg of the cerebrum reduced radiation exposure by 38%. However, no data on 

thee consequences of this reduced amount of radiation (of 0.86 mGy) on the thyroid 

wass reported 3:\ 

Discussion n 
Preventionn of damage to endocrine organs due to cancer treatment is important, 

especiallyy in children but also in adults, to maintain optimal circulating concentrations 

off  hormones and to prevent the development of endocrine malignancies. For children, 

thee hormones produced by the endocrine system are essential for a normal mental, 

motorr and pubertal development and growth into adolescence. Because around 70 % 

off  children with cancer will survive, long term management and prevention ot side 

effectss is an increasingly important aspect of cancer treatment. 

Althoughh radiation damage to the thyroid gland has been a well known adverse effect 

off  pediatric cancer treatment for many vears, the current state of evidence for thyroid 

protectionn methods during exposure to radio-iodine or X-irradiarion is concerning. 

Thiss is a consequence of a rather low number of suitable studies, the many different 

interventionn strategies and the more than 30 different outcome measures that have 

beenn used. Given the heterogeneity between studies in this review it is neither sensible 

norr possible to statistically combine numerical results into overall estimates of the 

interventions'' effectiveness. 



Wee found it surprising that, although the reported occurrence of thyroid dysfunction 

duee to X-radiation is far larger than from radio-iodide use, the number of studies on 

preventionn ot this type of damage is much tewer. This can partly be explained by the 

factt that radio-iodine tracer studies have often been performed for studies on thyroid 

metabolism.. For these studies, that usually evaluated thyroid function 'on the side', 

clinicall  relevance was lower when compared to studies that were intended to investigate 

effectss on the thyroid. The former studies often provided very littl e or incomplete 

dataa regarding thyroid function, making their results less useful for clinical practice. 

WTicnn developing new interventions in medicine, studies are often first done in adults, 

fromm which the (successful) interventions can be transferred to pediatric clinical practice. 

Forr this reason, we did not exclude studies that were performed in adults. This is 

importantt to realize, however, since the results obtained from the adult studies may 

havee to be interpreted quite differently for children, due to the fact that the uptake of 

radio-iodidee may be higher in children, their thyroid gland is more radio-susceptible, 

andd their expected lif e span is greater. 

Forr a correct interpretation of studies on the effects of radio-iodide, the fact that the 

degradationn and stability of various compounds may differ has to be taken in 

consideration.. For example, during administration of  n i I -MIBG , up to 5 % of the 

administeredd dose may consist of free 1:MI , while 1MI-lipiodol is much more stable 

andd less l-,|I wil l be present for uptake by the thyroid gland M\ Also the radio-iodine 

nuclidee (12"I , 12-1I,1->1I) used, differed between the studies indicating that the optimal 

lengthh of time in which thyroid protection must be administered may vary, depending 

onn the tV'2 of the administered radio-nuclide. With regard to the administration of  i : i , I -

MIBG,, considering the results of Eng et al. -1 , and assuming the dose of CLO that 

wass given was appropriate in their study, it is possible that radio-MIBG is taken up bv 

thee thyroid gland. Considering their origin, it is most likely that C-cells are the culprits. If 

thiss is the case, then protection of the thyroid wil l not be possible by preventing the 

uptakee of radio-iodide in the thyroid during 13II-MIB G treatment, and other preventive 

strategiess must be searched aiming at the C-cells instead of the tbvrocytes. 

Concerningg the interpretation ot the thyroid scintigraphy several remarks may be 

made.. Uptake of radio-iodine in the thyroid measured by the gamma camera can be 



usedused as marker for radiation damage, assuming that the detected y-radiation reflects 

thee absorbed radiation (in case of  1MI mainly p-radiation, in case of  12T y-radiation). 

Visualizingg the thyroid in this way is a very sensitive marker of exposure of the thyroid 

glandd to radio-iodine and the resulting damage. The interpretation and possible 

consequencess of this uptake can, however, be difficult as this depends on the way 

uptakee is quantified, the technique that is used for visualization and the underlying 

diseasee or the patient's characteristics. Also studies that measured the percentage of 

radio-iodinee uptake or that calculated t Vz of radio-iodine in the thyroid but that did 

nott measure thyroid damage in time were included, again with the assumption that the 

percentagee of radio-iodine in the thyroid and length of time of uptake in the gland 

arcc both markers of thyroid tissue damage. 

Preventionn of exposure to radio-iodine may be effectuated bv hindering radio-iodide 

uptakee into the thyroid gland via the sodium-iodide svmporter (NTS). This can be 

donee by dilution of the circulating radio-iodide by the administration of high doses 

off  stable iodide. Another way is blocking NIS, for example bv the administration of 

perchlorate.. In case the radio-iodine has already entered the thyroid gland, prevention 

off  radiation damage may be done by shortening the time that the radio-iodine is 

capturedd within the gland (tVi ), in other wrords by accelerating the efflux of radio-

iodine.. This can be done, for example, by the administration of anti-thvroid drugs 

thatt block the subsequent organification and binding of radio-iodine into the thyroid 

orr by the administration of TSH, as TSH stimulates the iodine turnover with utilization 

off  Tg and increased secretion of thyroid hormone (sec general introduction for more 

extensivee overview7 of possible protective interventions). 

Iodide e 

Highh doses of stable iodide may be given in various solutions, such as Nal and KI . In 

80%% of the studies in which KI was given, hypothyroidism due to exposure to radio-

iodinee (U11) was reported in up to 85.7% of the patients. It may be expected that with 

thee optimal time of administration (preferably one hour before exposure), KI will 

givee a maximum reduction in uptake up to 97 %. Because the risk to develop a radiation-

inducedd thyroid malignancy is increased already at low radiation doses from 0.1 Gv 

onwards,, reduction of radio-iodine uptake must be aimed up to 100 %. For these 



reasons,, wc believe that KI cannot bc considered an effective protective intervention, 

especiallyy not in children in the clinical setting. Yet, for children almost no side effects 

weree reported and for this reason Kl mav be considered to be sate. 

So,, in case of a nuclear disaster and mass distribution of thyroid protection, KI may 

bee recommended because in this situation it will be difficult to monitor the thyroid 

functionn in the individual child. If KI is administered to children, this should be done 

inn repeated doses to a dose of 60 to 100 mg per day. 

Becausee the effectiveness of administration of KI after radio-exposure was shown to 

falll  rapidlv in time, it is of no benefit to administer KI 24 hours after exposure to 

radio-iodine.. In this case it is more effective to increase the efflux of radio-iodine 

fromm the thyroid with TSH or blockers of the organification. 

Forr the elderly, the indication to administration KI is different than for young people, 

becausee of their increased risk to develop hyperthyroidism 12. This risk should be 

balancedd against the latency time of thyroid malignancies and their shorter life-

expectancyy and it may be considered reasonable not to administer thyroid protection 

-- at least not in the form of high doses of iodine- to these individuals. 

Perchloratee (CL04 ) 

Blockingg the uptake of radio-iodide through NIS can be done by the administration 

off  CLO -salts. Considering the positive results we feel the potential of CL04 should 

bee further investigated. 

Thyroidd hormone 

Thee addition of T4 to thyroid protection procedures may serve three purposes; 

decreasingg the plasma concentration of TSH subsequently lowers the uptake ot radio-

iodide,, decreasing plasma TSH lowers the thyroid cell's metabolism, which theoretically 

reducess its radio-susceptibility, and, lastly, the administration of thyroid hormone-

ensuress euthvroidism during the administration of, for example, MMI . 

Onlyy one valid study reported the use of T4 in combination with MMI and KI . This 

resultedd in a decreased radio-iodide uptake and diminished occurrence of 

hypothyroidismm compared to children only given KI for thyroid protection 1(l. The 

fact,, however, that incidentally some uptake in the thyroid gland could be detected 



duringg this method of thyroid protection, necessitates the exploration of alternative 

orr additional actions by, for example, the administration of CLO -salts. 

Wee found only one study that attempted to prevent thvroid damage by lowering TSH 

duringg XR. In that study, prophylactic T4 did not reduce thyroid damage. However, 

recentlyy promising results were reported in an abstract that described a reduction in 

occurrencee of hypothyroidism in children treated with cranio-spinal irradiation for 

brainn tumors; 90 % hypothyroidism versus 41% in the TSH suppressed group 3H. 

Inn animal models (see Part II) it has been shown that hypophysectomy is the only 

protectivee intervention for the development of radiation-induced thyroid malignancies. 

Thiss may be due to the simultaneous deficiency of other pituitary hormones, in 

particularr growth hormone (GH). We feel that further exploration on lowering TSH 

andd radiation protection should first be done in animals before application in humans. 

Argumentationn for this opinion is our previous suggestion (chapter 6), that lowering 

TSHH could also be more disadvantageous than advantageous, regarding the occurrence 

off  thyroid carcinoma. 

Consideringg the studies included in this review, sufficient evidence is now available 

showingg that the supplementation of T4 after irradiation ma}' reduce the number of 

benignn thyroid nodules. However, there is no evidence that it also prevents the 

developmentt of thyroid malignancies. The positive effect of T4 on benign nodules 

mayy be transient after cessation of the T4 treatment, and its advantages should be 

furtherr questioned. 

TSHH and anti-thyroid drugs 

(Combined)) administration of TSH and anti-thyroid drugs may increase the efflux of 

radio-iodidee ' . However an increase in plasma concentration of TSH will also increase 

thee uptake of (radio)-iodide, indicating that these compounds should only be 

administeredd after exposure, when the greater fraction of radio-iodide is already taken 

upp by the gland and removed by the kidneys. For this reason, these agents are not 

appropriatee for the medical situation, when the protective intervention should be 

performedd before administration of and exposure to radio-iodide. An exception can 

bee made, however, for the anti-thyroid drugs that block organification, if these are 

combinedd with T4 to prevent a rise of plasma TSH. 



Physicall  prevention 

Modess of physical prevention that appeared to be protective include elimination of 

radiationn exposure, reduction of total dose, and hyperfractionation. Before applying 

suchh preventive strategies, it must be guaranteed that the efficacy of the treatment for 

thee primary malignant disease remains at least equally good. With regard to the 

replacementt of radiation therapy with chemotherapy, possible negative effects of 

chemotherapyy must be outweighed by its benefits. For example, hypothyroidism due 

too irradiation is easier to manage than infertility caused by alkylating drugs. 

Frequentt follow-up of patients was shown to be effective for early detection of thyroid 

dysfunctionn and for the occurrence of (non-thyroidal) secondary malignancies. Since 

earlyy detection of thyroid and other endocrine organ dysfunction can result in early 

treatmentt and prevention of negative consequences such as growth retardation or 

delayedd puberty, we propose that all childhood cancer survivors are offered frequent 

follow-upp at least until adulthood. 1 jfe-long follow-up is indicated to detect secondary 

malignancies,, and, here too, early detection may improve survival chances. 

Thee COMFLT assay, used to detect repairable DNA damage and repair time was used 

inn the studv by Leprat M and may be useful to detect the patients who are at risk to 

developdevelop a secondary thyroid malignancy (so called genetic biomonitoring). The COMET 

assayy has been used for monitoring the risk of DNA damage resulting from 

occupational,, environmental and lifestyle exposures, and has been recommended above 

thee ELISA for these purposes because it is a simple assay which requires few cells and 

DNAA damage can be assessed in individual cells y). If the findings of Leprat can be 

substantiatedd in larger cohorts of patients exposed to radiation with and without 

secondaryy (thyroid) malignancies, this would open the discussion to consider more 

aggressivee preventive steps for the patients at risk (c.g prophylactic thyroid removal). 

Conclusion n 
Theree is currently no evidence that the thyroid can be effectively protected by 

pharmacologicall  intervention against damage inflicted by radionuclide or radiation 

therapyy with external beam. The evidence for effective pharmacological thyroid 

protectionn against radio-iodide is poor in quality but leads to the conclusion that KI 

alonee is insufficient. 



Revieww of humnn p ievent ive s t ra f .eg i tü 

Theree is a need for well designed randomized clinicaJ trials comparing novel protective 

strategiess for both radio-iodide and XR, with valid and well defined thyroid outcomes. For 

thyroidd function, this implies at least TSH and T4 (with local reference ranges). If other 

determinantss are included the assays should be stated by name with their reference values. 

Forr children treated with radio-iodine liganded compounds we would suggest an intervention 

triall  with the combination KI , KC104, MMI and T4. For children treated with XR, we feel 

thatt more animal studies are warranted to explore effective preventive strategies. 
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Chapterr 11 a A d d e i ï d d ï tii  ï: i i ii  h i i i r r sa rs; 

Authorr  &  year  of pub. ref nr  Study des ign &  populat ion Type and dose and of RT Prevention strategy 

Agee at RT in years _ t y Pe 

- t imin gg of strategy v 

Bacherr K, 2(X)2 : Prospectivee randomised 

cohortt with cuntrols (RCT), 

patientss with HCC (n-68) 

Meann 59 years (SD 9 ) 

1,11 Hipiodol 

1.8355 MBq 

A)) 1.856 & 

B)) 1.811 

K I I 

A)noKI I 
13)) KI 10U mg per day (from 

davv -2 to -i- 14) 

BB - D + A 

B lumM,, 1968 Prospectivee cohort, who 

receivedd , n I tor clinical 

purposess (own controls) 

(n=ll l ) ) 

(++ computer model) 

Agee not given 

(1.44 MBq 

(afterr thyroid retention curve 

wass const am) 

T SHH and /or  KI 

Control l 

TSHH K.IL'i m 

TSHH + KI {2(10 nig) 

K II  200 mg orally 

A A 

Ramsden,, D 1967 Prospectivee case control, 

volunteers,, 5 studies in each 

individuall  (n—9) 

(++ computer model) 

Agee not given 

! , , II  (OXH.P MBq) and L12l " 

{0.199 Men 

bothh orally 

K I I 

A )1~(0,, 147, 124 or 37 mg 

244 h before) 

B ) r ( 1 0 U m g ) ( - 5 h too + 4 

dayss after ingestion) 

C)) 1 (0, 5 and 25 m g, to 

measuree uptake) 

BB + O + A 

Saxena,, KM1962"' Prospectivee cohort T children 

mentallyy defective, euthyroid 

(n=63) ) 

Agee groups: 

1-33 years old 

4-66 years old 

9-111 years old 

.rally y 

11.044 MBq tracer dose 

N a l l 

Nnn I: Km, 3(H), 600, 1000, 

11 51.10 | ig daily, orally 

HH + D + A 

Sternthal,, ; 19H0 Prospectivee cohort, 

volunteerss (n = 22, 12 men, 

1(11 female) 

ii  Hi -

lt.. 4 Mik ] and subsequent 

(l,~~ MBq during iodide 

ee 23-50 vr, mean age 30 vr ingestion 

K I I 

100 mg single dose 

3(J++ 1 Omg daily 

300 + 15 mg daily 

300 -i- 30 mg daily 

5l'' mg daily 

HtOO mg daily for 12 days 

BB T D 
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Thyroi dd Outcome Results 

usedd Fol low-up t im e {Fup) 
Conclusionss (of authors) Limitation s (L) of the study 

andd our  conclusion (C*) 

U l w & L ' w 2 2 

Thyr.. dose 

Thyr.. visib. TSH, FT, 

(inn 6 patients) 

Fup:: 8.4 months 

(Controlss and KI ) 

Uw l :: 0.42% and 0.23% 

l ' w 2 : 0 . 37%% and 0.18% 

T.. dose.: 11.9 and 5.5 Gy 

Thyr.. visib.: 94% and 74% 

N oo hypothyroidism (HT) 

1311-Upiodoll  isassociared with L: very short fup, ail 

loww thyroid dose and uptake. omnipaque before RT-no 

K II  reduces thyroidal uptake 

andd is recommended 

thyroidd function 

C:: KI does not prevent 

againstt uptake 

V:: Y, except HT 

IR:Y Y 

CR:7 7 

TT ! ' j , , (Measured by daily 

scintillation)) + computer 

modell  for minimum dose and 

time-interval l 

Fup:: 45 days (?) not clearly 

stated d 

Averagee T y ,— 

Control:: 6.9 + 0.7 days 

TSH:: 5.3 5 days 

TSHH +K1: 2.5 + 0.7days 

KI :: 6 .5+ 0.6 days 

Durationn of effect after 1 dose 

T S H / K J iss 1 day.55% 

reductionn in thyroid RTdose 

afterr ~ days uitf i K l /TSH 

Repeatedd K l /TSH is most 

effectivee in reducing thyroid 

radiationn dose and risk tor 

hypothyroidism m 

Kronee patient pap ca., one 

DM, ,, thyr. function not 

measured,, multiple tests in 

patient t 

C: C: 

V:Y Y 
IR:: Y 
CR: 7 7 

%% thyroid uptake (every 1.5 h 

onn day 1, then 2 to 3 

measurementss on further days) 

%% of rota] iodine in urine 

GG raphs for thyroid uptake in 

time e 

Timee for recovery 

Fup: : 

A)) + 0,1,2, 5& Tbr 

B ) -5 .5 , -3 , -1 .5h ,+2&4days s 

QQ not given 

A)) uptake after 1 h: 37 mg ; 

6%,, 124 mg; 2%, 247 mg; 0% 

(min.. amount 1 to block is 40 

mg).Timee for recovery of 

blockk - 8 days, B) with 100 

mgg within 30 min. blocked, 

constantt until 30 h after 

ingestionn C) normal uptake 

39-52%% , 25 mg as carrier: 1 % 

55 mg; 24%, empty stomach/ 

fulll  stomach 43 and 4 1% 

Minimumm ami mm of stable 

iodinee to block the thyroid 

neededd is 30 mg (101) mg in 

acutee exposure) - at 

continuouss exposure blocking 

withh 35 mg even 12 h advised IR: Y 

CR:5 5 

[.:: Intervention group B nor 

clearlyy defined A in results & 

interpretationn 40-37-311 mg 

C: : 

V:: Y 

244 h pbi 

244 h I excretion 

244 h ; ' 'I uptake, before and 

duringg every 2 weeks until 5 

%% uptake or no change in 

uptake,, and after stop Na-1. 

Fup: : 

Subsequentt weeks (?) 

244 h pbi: 5.5 Mg/100 ml 

beforee and 5.9 fig/1 after 

244 h 1 excretion: increased 

withh Nal dose 

2-vrr olds: max change after 2 

weeks,, with 300 pg, further 

suppressionn with 600 |jg. Max 

suppressionn of uptake with I 

I5 IX)-2000ng/m-perday y 

(5%% uptake in 2-4 weeks) 

Dosee related to size ot 

individuall  more than age —> 

m - M H DD 1500-21 NX I mg/ 

day—  adults: 3-4 mg, kids 1 -

2_mg g 

Reboundd of uptake within a 

w c e k^^ need for continuous 

administration n 

1.:: uptakes performed after 2 

weeks,, not earlier. Not clear 

howw MF.D has been 

calculatedd PBI unreliable 

C:: Again no 100% block! 

V: Y Y 

IR:Y Y 

CR: 8 8 

' : , II  thyroid uptake: base-line 

&&  after 3, 6 and 24 h 

serumm T4, T,, TSH, anti-Tg 

Fup: : 

122 davs 

100 mg single dose KI:12.5% Prolonged blockade should 

uptake,, >30 mg: < 1.5% IK* obtained-

(minn 0.7), lowest after 100 mg perhaps not to administer 

dallyy (ns) 

totall  % uptake sign lower after 

1000 mg 

afterr stop KI , diminished 

uptakee after >511 mg 

teversiblee decrease in T and 

T,, + increase TSII on day 8 & 

12,, no effect on anti-Tg 

1000 mg but a lower dose (30 

mg)) KI 

L: --

C: : 

V:: Y 

IR:Y Y 

C R : 6 6 



Addendum m 

Authorr  &  year  of pub. ref nr  Study des ign &  population Type and dose and of RT 

Agee at RT in years 

Preventionn strategy 

-type e 

- t imin gg of strategy5 

Lividas,, DP I9"5 Prospectivee case-control 

euthyroidd persons 

(investigatedd for possible 

fhvroidd disease and asked tor 

participationn in the srudv) 

(n=68j j 

Agee not given 

].77 MBq tracer dose 

KI 1 1 

CBZ* * 

H 33 + CBZ 3 

TSH 4 4 

T S H 44 + K C L 0 4 5 

TSH 44 + CBZ 2 

TSH 4+KI J J 

T S H 4++ CBZ 1 +K I  J 

T S H 4++ CBZ 2 + K C L 0 4 

(fromm dav 8 < mwards) 

AA (from dav ~) 

Kammski,, M 200041 Prospectivee cohort , CD20-

positivcc B-ccll M I L 

parients(n== 59) 

Mediann 5(1 vears (23-~5) 

1 ' '' I- tositumomab 

21(122 to 5661 MBq 

K I 3 d d 2 d r o p s ( d a y -ll  to 

-14) ) 

B - DD - A 

Brans,, B2ni 12 4- Prospecrivcc cohort, panenrs 

withh stage IV NB (6), 

carcinoidd syndrome (2) 

malignantt pheo (2) (n = Hl)7 

children,, 3 adults 

, , : I -M1B G G 

Meann dose 18.' 

patient t 

K ll  (5(1 m g <5 vrand 1(10 mg 

MBt]]  per >5 yrs of age) from day -2 to 

+30 0 

BB + D + A 

Vann Santen, 11 20021' Retrospectivee cohort, NB 

patientss ( n- 42) 

Meann 2.<) years (0.1-17.9) 

[ , ' I -- MIB G 

.V-7.44 GBq 

averagee 3 x pp (1-8) 

Kl lOOm g g 

(33 days for1 2 1! -MIBG , 14 

davss for ' '"I - MIBG) 

BB + D + A 

Vann Santen. H 2003 Prospectivee cohor t, 

(comparedd ti > historic 

controls),, \ B patients 

(n=23) ) 

Meann age 2.8 (1.1.1-10.7) 

m l - M l B G G 

3 . " - " .4GBH H 

averagee 2 s ( 

T 44 & Methimazole &K I : 

BB + D + A 

Picco,, P 1995'; Prospectivee cohort, NB 

panentss (n= 14) 

Children n 

i , L i -- M I B G 

2.5-5.55 GBq, 2 pp f 1-6) 

K II  2-3 mg/kg per day, once a 

dav,, dav -7 to + 7, extra dose 

afterr vomiting 

BB + D + A 

Garaventa,, A 19')1' Prospectivee cohort,NB 

patientss (n = 31) 

Mediann 5 f 18 mnths-20 yrs) 

11 " I - M I B G 2.8-6.0 GBq 

meann 2.3 (1 3) pp 

KII  (2-3 mg/kg/d) and T 4 (2 

pg/kg,, day -7 to + " 

BB + D - A 

Blum.. M 1%" Prospectivee case control, 

healthyy volunteers (n=62, 110 

determinations; ; 

Agee ranging from 21-"2 vears 

\ a - | ; | l l 

555 Be] and after 24-48h 

anotherr 55 to 190 Hq 

H 5 r oo KKKimg, 

Time:: -1 h to (I to 

BB - D - A 

6.h h 
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Thyroi dd Outcome Results 

usedd Follow-up t im e (Fup) 
Conclusionss (of authors) Limitation s (L ) of the study 

andd our  conclusion (C*) 

Dailv:: biol. T12 radio-activity 

inn thvroid unnarv radio-

activitiess plasma protein 

boundd l M r ( P Bs , l I ) F - u p: 15 

days s 

Afterr TSH + CBZ + K1 & It is possible to accelerate the 

TSHH + CBZ+ K C L 0 4 lowest elimination rate of radio-

T'-'ii  thyroid iodine-all are effective, TSH 

Inn all groups urinary excretion & CBZ & KCLQ4 most 

increased,, most after effective and also wifh TSH 

T S H + C B Z++ K.CLO, & CBZ +K.I 

sign,, increase P B '" after TSH 

& T S H + C B Z++ KCUO, 

L:: patients possible thyroid 

disease,, different dose of K l 

used,, start 7 days after !31I , 

TSHH has to be given 'K, no 

follow-up-- small # per group 

C: : 

V: Y Y 

IR:: Y 

C R ; 8 8 

TSHH (every 3-6 months) 5 (8.4%) e lec ted TSH, 2 KI provides adequate 

Mediann 3 years(3-29 months) (3%) placed on thyroxine protection 

supplementation n 

L:: no thyroid uptake, short 

follow-up,, no reference values 

TSHH , no controls, incidence 

T FF at this age? 

C:: V:Y, IR: Y 

CR>6 6 

Urinaryy iodide excretion 

TS11""  I T , , I T 4 Anti-Tg , 

anti-TPO O 

Absorbedd n l l thyroid dose 

Fup:: 11 months 

Urine:: massive iodine 

overload.. 4 0% 

hypothyroidism.. No auto-

immunity.. Absorbed thyroidal 

dosee 0.2-30 Gv 

K II  is not sufficient for thyroid 

protection n 

Highh inter and intra-individual 

variability y 

L:: 1(1 of 20 patients 

ee valuable-only 3 children 

C: : 

V:Y Y 

1R:Y Y 

CR: 8 8 

TSHH " T4 and I T 4 

Thyr.. visib. 

Ultrasoundd thyroid (n=6) 

Fup:: mean 2.3 yrs(0.1-8.5) 

42.9%% permanent 

hypothyroii  d: s m 

Inn 21.5% of scans thyroid 

visible e 

N oo abnormalities 

K ll  not sufficient 

N oo relation thyr visib. and 

hypothyroidism m 

L:: retrospective, no controls 

C: : 

V:Y Y 

IR: Y Y 

CR::  own work 

TSHH ~ T 4 , T „  FT,, Tg Anti -

TPCC >, Anti-TG 

Thyr.. visib. 

["up:: 19 months (1-34) 

17.4%% permanent 

hvpothvroidiss m 

Inn 5.3% of scans thyroid 

visible e 

T4,, methimazole, Kl 

improvess thvroid protection, 

butt still not 100% 

L:: no prospective controls, 

shortt fup 

C: : 

V:: Y 

1R:Y Y 

CR::  own work 

T ; ,, T 4 T S H' 

L'' I tra sonography in 3 

Fup:: 2 years 

Nott given 

Fup:: unclear 

85.7%% hypothyroidism, 8 pt 

(57%)) T4 treatment —

9 / 1 1 = 8 0% % 

Hypoplastic,, slight 

nonhomogeneouss thyroids 

6.4%% (2/31) hypothyroidism 

(unclearr how many were 

tested,, 1 patient also received 

TBI ) ) 

K II  not sufficient tor thyroid 

protectionn when given 
U , I -M IB G G 

Litdee toxicity of M1BG 

I.:: 3 patients also TBI 

C: : 

V:: Y 
IR:: Y 

C R : 9 9 

L:: 1 patient also given 

C: : 

V: N N 

IR:Y Y 

CR:3 3 

TBI I 

244 h + 48 h uptake in thvroid 

Fup:: 24 hours & ""2 hours 

24-hh uptake with 0, 50, 1U0 & KI 200 mg no side effects + 

2000 mg Kl =~.4, 1.3, 0.6 & reduces ' , ] I~ uptake best, 

0.3""  N increasing amounts do not 

Promptt reducoon in uptake, further reduce uptake 

whenn KI is given 3 h later : Readministranon is necessary 

50'"""  reduction in uptake 

Att 48 & ""2 h, uptake reduced 

wirhh increased dose 

U:: no data on children -large 

CI I 

C: : 

Y:Y Y 
IR:Y Y 

C R : 6 6 
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Authorr  &  year  of pub. ref nr  Study des ign &  population Type and dose and of RT Prevention strategy 

Agee at RT in years '^YP^ 
- t imin gg of strategy v 

F.rti.SS 198" Prospectivee cohort of 1) r , 1l -MlB G for 34 days 211 Sodiumperchlorate 

1)) humans: 3 adults, one child, MBq (No dose given) 

suspectedd of 2) i l l I-MIB G (dose not given) 

pheochromoevtomaa or 

adreno-- med ui la ry 

hyperplasia(n=4) ) 

2)) KM) mice 

B e h rI T 1 9 % - '4 4 Retrospectivee cohort, patients '^I-ant i-CEA antibody 

withh CEA-e.\pressing solid 

adenocarcinomass (diagn: 278 ro _"() MBcj 

N=366 , : , ,1 

thenn 1." to 8.1 GBuj 

Age:nott given 

K ÏÏ  ( L u g o l o r S S K I ) 3 d d5 

drops== 120 m g/ day (-24h) 

too 2-3 weeks after injection 

andd Potassiumperchlorate 

2(100 mg 2 dd (-30 min to last 

dayy ot" injection) 

BB + D + A 

Cronquist,, A 1971 2* Prospectivee cohort, male 

volunteers,, double-blinded 

N = 5 ,22 replications on each 

i r . 2 ,--

0.744 MBq orally 

Iodid ee or  iodatc or water, 

orallyy (both UK) mg iodine in 

100 cc water) 

AA (mean 2 h 8 mn) 

Press,, O 1095 4! Prospectivee cohort, pa dents 

withh relapsed B-cell 

lymphomas s 

N = 2 5 ( T v n = 2 1) ) 

n l I - lgG2aant i -CI )200 Bl Saturated potass ium iodide, 

antilxxiytracer:: 185-3"\5 MBq, 5 drops orally dai)y( day  I to 

Tx:: 15-31Gy +30) 

BB - D + A 

Miller ,, K 1989 ¥' Healthyy adult male volunteers, l1i [-labeled Nal KI oral,130 mg 

randomizedd + controls 3.7 kBq in 0.2 I . orange juice, 1 tinctur e on arm 4 ml 2,,n 

N = 244 Age 24-51 vears orallv 1 tincture fore-arm 8 ml 2" 

B B 

Cuddihv,, R 1066 Nomall  healths and euthyroid L1|I-contaminated milk, 

individualss during 14 davs (2x) 

\\ = 11 Age: 6-5H years 

Stablee potass ium iodide 

1.8fnn = 2 ) o r 4 . 2 ( n - 2 ) mg 

Matrhav,Kl 'J98 8 Prospectivee cohort, patients 

withh neuroblastoma which 

concentratee MIB G 

Mediann age at Dv: 4,2 years 

(0.5-32) ) 

n=3n n 

n , l -M lB GG 111 to 666 MBq/ 

Alll  had extensive Cht prior to 

M1BG,22X-RT,8ABMT/ / 

PSCC (6'IHD 

KCI0 44 ;K nig/kg, 2 h before, 

aa 6 hours for 5 days.KI :6 

mg/kgg 1 h before, then 0,86 

mg/kgg a 4 hours for 7 davs, 

thenn 1 mg/kg for 21 or 42 

d a y s , B -DD + A 

Klingebiel,, T 1989 4" Prospecnvee cohort of 

childrenn with stage II I  & IV 

neuroblastoma a 

\ - 1 ( 11 Age: 1-0 years 

' ! ,1-MIB GG 131-20" MBu./kg Kl ,, 50IJ mg. 'm- t rom dav 

onwards s 

B - D + A A 



Revieww of human preventive strategies 

Thyroi dd Outcome Results 

usedd Fol low-up t im e {Fup) 

Conclus ionss (of authors) Limitation ss (L ) of the study 

andd our  conclusion (C*) 

1}}  Total body counts at 

variouss times 

2)) Absorbed dose in other 

organss than thyroid gland * 

Peakk around jugular region in 

alll  patients as sign of uptake 

inn thyroid gland 

individuall  A in retention or 
1 3 1 , --

inn vivo splitting of  n i l - \ I IB G 

Absorbedd dose to rhvroid 

=5.699 mGy/ MBq despite 

KCLO,. . 

Uptakee in the thyroid gland 

despitee administration of 

perchh lorate 

L:: no dost of per given, or 

momentss of admirustranon 

C: : 

V:: Y 

IRrY Y 

CR::  7.5 

Thyroidd dosimetry in relation 

too scrum TSH and free n T 

inn scrum 

Totall  bodv clearance rates 

TS11 i after 1 and 2 vears 

(n=2(.l) ) 

Highh in ter variability in 

thyroidd uptake, due to 

incompliancee (?), biol. T '/: 

11 lowever also irregular intake. 

K Q O + K ii  99% block (?). 

Thyroidd doses; high inter-

variabilityy (2,5-43.6 Gy); no 

relationshipp herween TSf I or 

freee ' " l in serum, positive 

relationn with hiological T 
1hlncompliantt patients high 

uptake,, hut nor ex tra-ordinary 

high.. Patients with many side 

effectss had lowest thyroid 

uptakee No elevations of TSJI 

Measurementss of radioactivity After 15 and 55 minutes equal lodate converses rapidly to 

inn neck and thigh: 5, 15 and 55 reduction in thyroid uptake iodide + excretes L '2I the 

minn after prevention strategy same as iodide 

—>> th\Toid count— neck count-

thighh count. 

L:: 6 with MTC (4 total 

thyroidectomy,, 2 partial)-not 

clearr when uptake was 

measured d 

C: : 

V:N N 

1R:N N 

CR:3 3 

L:: few studv persons 

C: : 

V:Y Y 

IR:Y Y 

CR:8 8 

Thyroidd outcomes not 

defined d 

Fup:: 45 months 

6/211 elevated TSH (28.5%) N oo conclusion drawn on 

rhvroidd function 

I,:: no thyroid definition 

given,, no thyroid uptake given 

C: : 

V:Y Y 

IR:Y Y 

CR:7 7 

Serumm 1:1.1, 6 + 24 post-

administration. . 

Thyroidd uptakes: 2,6,24 h 

poo s t- admim s tra ti on 

Serumm I: Oral Kl > 8 m!> 4 ml Oral KJ most effective block. 

Thyroidd uptake: oral Kl : Skin ! in absence of Kl also 

0.34%,, 8 ml: 2%, 4 ml: 7%. beneficial, at 24 h equal to Kl 

Peakk 2 h after application. 

Largee variations 

L:: Dose tincture and oral not 

comparable e 

C:: V:Y 

1R:N N 

CR: 3 3 

Thyroidall  uptake of  : M 

144 days by scintillation 

crystals s 

Reductionn of uptake:1.8 mg: 

333 and 48"/-. 4.0 and 4.2 mg : 

699 and 62%i Turnover of 

'' 'T in children faster (but # 

tooo low for details) 

Hndocnnee assessment of 3 patients asymptomatic 

thyroidd function before Tx, hypothyroidism (slightly low 

att day 28, every 3 months to 1 T4 and elevated TSf 1) (two-

year,, then yearly. after 4 to 8 weeks post-Tx 

Fup;>> and one after 2™ Tx) 

Iodinee present in milk is 

accumulatedd the same way as 

inorganicc iodide, uptake 

reducedd by stable iodide. 

Loww occurrence of H T d ue 

too aggressive blocking of 

thyroidd (despite X-RT?) 

I,:: very low number of 

patientss and different age-

groups s 

C:V:Y Y 

IR:YY  CR:4 

L:: Fup not given 

G G 

Y:Y Y 

IR:YY  CR:6 

Thyroidd function ( not 

defined) ) 

Fup:: not given (median 

survivall  f if all was 129 day; 

(55-399)) ) 

Noo hypothyroidism Noo conclusion drawn on 

thvroidd function 

L:: no exact data of thyroid 

function,, no thyroid 

scinitgraphv v 

OV:: N, 

1R:NN CR: -



CC hapte-!- 11a A.cide^rlun n 

Authorr  &  year  of pub. ref nr  Study des ign &  populat ion Typ e and dose and of RT Prevention strategy 

Agee at RT in years _ t y p e 

- t imin gg of strategy v 

Garaventa,, A 1999 4" Prospective cohort, panents '-" l-MIB G mean 3.7 GB^ 

withh neuroblastoma stage 3 ( 2.5-5,5) 

andd 4, Age 1-15 vears N = 43 

Iodin ee 2-3 mg /kg per day 

givenn from day -5 ro ->-K 

BB + D + A 

Picco,, P 1993 ,(' Prospectivee cohort ot 

childrenn with unresectable or 

disseminatedd neuroblastoma 

N =9 9 

11LI-M1BGG mean 3.2 GBo, 

(2.5-3.7) ) 

44 also TBI+ABM T 

Lugoll  solution 2-3 m g / k g/ 

dayy from day -~~' to ' 

B + D +A A 

Kammski,, M 1993 Prospectivee cohort patients 

withh relapsed or irrcspi msive 

non-Hodgkin'ss lymphoma 

N = 9 off  111 

l M MgG2aant i -CD200 (Bl j 

antibody y 

1855 to 8436 M Hi] 

KII  2 drops orally 3 times a 

davv ( d a v- 1 to -14) and 

C104""  201') mg 3 times a day 

(dayy 0 to +7} 

B + D +A A 

Prcss ,00 1993 =1 Prospectivee cohort patients 

withh B-cell lymphomas, not 

responsivee to normal therapy 

NN = 19 of 43 

l : i , l- lgG2aami-CD2U,, Bl 

antibodyy 0.5-10mg/kg 

++ 0.2 mg antibody trace label 
123II  /kg 

K II  , 5 drops (orally ) daily for 

300 days starting 24 h before 

infusion n 

B + D +A A 

Castnmovo,, F 1994 " Prospective cohort of ' ^ - f ib r inogen 

patientss undergoing hip 171X1 KBtj 

replacementt surgery' N = l 2 

(off  15). Age; 58  11.5 years 

K II  2.5 mg /ml, 1 ml even- 12 

h,, 2 days prior to surgery ro 

1(11 days after 

B +DD + A 

Schteingart,, D 1960 J' 

Taguchi,, J 1963 s"' 

Prospectivee cohort of 

hospitalizedd patients, some 

withh congestive heart failure 

N=35.. Age not given 

Prospectivee cohort hospital 

padentss ordomiciliary 

members,, with chronic 

pulmonaryy or cardiovascular 

diseasee N —23. 

Age:: 48 to ~!~! yrs (A) and 38-

700 yr (B) 

'11 1 8 5 M . BH 

'II  1.1 MBq.orally 

Merr  al iunde 2 ml or 

Hydrochlorothiazid ee 2 x 50 

mgg or  Acetazolamide 4 x 

2500 mg 

A)) inorganic iodide 200-

20000 mg daily for longer 

pcriods,NN = 14 

B)) KI (20(10 mg I~) daily, rwo 

weekss or three months N = 9 

Denham,, M 1974 Case-reportss - cohort of 

patientss considered to 

developp trombocmbolism. 

Age:: 8", 83 and 65 yrs 

N=3++ N=31 

n n KI I 

Casee report 1+ 2: 2.6 g 

KII  in 3 weeks Case report 3: 

55 gover 6 weeks 

Cohort ;? ? 

Naumann ). 1993 n Personss living in Bialystok, 

Krakow,, Po/nan, Wroclaw, 

Szczecinn after the Chernobyl 

disaster r 

N=52092-»» 34491 

completedd the study, Agc:0-

166 yr :36,"'"'i' of group 

r , ' ll  high/ average /low 

contamination n 

predicted:: 3.1 ro 68.1 mSv 

KII  Children: Single dose 

(867"'.O O 

>> 2 doses ;2.39"ii). Tincture 

-- single dose (6.1" i.} . Adults: 

23.2"... (single dose 19.6%. 

>> 2 doses 1" ii , nncttire 2.6" i 

Foodd restriction 



Revieww of human prevent ive s t ra teg ies 

Thyroi dd Outcome Results 

usedd Fol low-up t im e (Fup) 

Conclusionss (of authors) Limitation ss (L ) of the Study 

andd our  conclusion (C*) 

TSH,, T , ,Tj 

Fup—— median 59 months (22-

11 53}  trom diagnosis 

21/43(49%)) high TSH, with 

normall  T , and T4, subse-

quentlyy 15/43 overt HT —> 

requiredrequired T4 In 19(44%) 

normall  thvroid function 

Subclinicall  hypothyroidism is 

frequentt in spite of KI 

protection,, compliance is a 

criticall  point 

L;-- no cut-off points for TSH 

given n 

C:V:Y1R:YCR: 9 9 

TSHH (normal = 4 m l 7 F ), 

FT,,, height 

Thyroidd ultrasonography 

Primaryy HT in 8 ( 2 also 

TB1++ ABMT) , overt HT in 

2 /99 (slow growth and 

myxedema) ) 

Damagee permanent. 

Inn 3:hypoplastic glands 

Thyroidd function tests at start. No hypothyroidism 

afterr 1 month and several Thyroid uptake in fij; 

monthss later (undefined) paper? 

Fup:: max 11 months 

Lugoll  mav not prevent 
thyroidd damage by 1M 1-
MJBG G 

Noo conclusion drawn on 
thvroidd function 

L:: 2 TBI 
C: : 
V:Y Y 
IR:Y Y 
CR:9 9 

L:: adults small group, no 
dosimetry,, short fup 
C;; V:Y 
IR:Y Y 
CR:6 6 

TSH?? (not stated) 

Fup;; median more than 26 

months s 

42%% elevated TSH 

concentrationss for which 

thyroxinee was given. 

Noo conclusion drawn on 

thvroidd function 

I.;; adults, small group, no 

thyroidd dosimetry, short fup 

C:: V:Y 

IR:YY  CR: 7 

Dailyy counts thyroid gland, 

forr 1IJ davs 

Maxx counts thyroid 36-89 % 

Uptake:: 0.43-4.1.11% =1.1-

13.44 cGy (mean 6.09 cGy) 

Loweringg KJ dose to 5 mg/ 

davv is safe 

I.:: adults, no thyroid function 

measured-loww dose, low 

counts-largee variation 

C:: V: N, IR:N, CR:3 

PB]]  prior, 4,24 and 48 h No sign, change in PB1 Diuretics have no influence I.:-

Urinaryy excretion and No sign change in urinary on thyroidal uptake of iodine C: 

thyroidall  uptake of  ! , l l excretion or thyroidal uptake or renal excretion V:Y 

IR: YY CR: 5 

Uptakee studies 12 h after 

discontinuationn of iodide, (2 

too "2 h uptake) 

Inn case of prolonged 

suppression:: TSH in some 

Serumm T4 and T, before, 

duringg and after KJ (given as 

index:serumm T 4 / T , uptake, 

referencee range 0.5-1.5 ) 

A)) normal uptake within 3 to 

155 davs, 2 pat prolonged 

suppression! " " 

B)) After 2 weeks: 3 normal 

uptakee within 15 days, 1 after 

344 davs, 2 prolonged 

suppression.. 1 prolonged 

suppression.. After TSH: 

increasee in uptake. 

lndex:Alll  3 cases increase of 

indexx (hyper). In 18/31 

normall  thyroid tests 

33 normal —> hvper 

22 hvper —> normal 

88 normal —* hvpo 

Uptakee of 131-iodide after 

prolongedd iodide 

administrationn disturbed for 

longerr periods, suggesting 

hypothyroidism m 

Itt is reasonable not to give KI 

too the elderly Young: 30 mg 

KII  daily. 

Pre-existingg thyroid disease: 

noo KI but perchlorate 

I.:: No plasma TSH and T4 

measured.. No controls. No 

baseline.. Thyroid nodules? -

hyperr or hypothyroidism? 

C: : 

V:Y, , 

IR:Y, , 

C R : 5 5 

I.:: nr 2 had goiter, nr 3 had 

Gravess at age 11 

C:: V: Y 

1R:Y Y 

C R : 7 7 

Questionnaires.. Hxamination Harly K\ more effective, 

andd blood collections, single dose not sufficient.2 

Thyroidd counts direct and adenomas, no carcinomas 

indirectt by 5-comparument Side effects in (1.2% : no 

model111 ot iodine metabolism permanent effects, in 0.37% 

(comparedd to model tor of newborns transient 

unprotectedd population) Side increase in TSH + decrease-

effectss of K! I T 4 , vomiting was common 

afterr tincture 

Kvcnn delayed KI wil l provide L:-indirect methods 

partiall  protection C: 

Inn 40% effective protection , V:Y 

withh earlier prophylaxis it IR: Y 

mightt have been 6( 1-70% CR: 7 



Chapterr 11a A d d e n d umm I: '"' < in hi*m;-.Hv; 

Authorr  &  year  of pub. ref nr  Study des ign &  population Type and dose and of RT Prevention strategy 

Agee at RT in years ' 0 1 ^ 
- t imin gg of strategy * 

Pochin,, F. 1962 M Normall  subjects; 

NN = 6 

13211 ,H.55 to 0.93 MBcj, orallv KI , containing 200 mg I or 

N ad d 

B+D-rA A 

Kuhl,, 1 195T' Prospectivee cohort, pa dents 

withh RA(n=~ ) ,RC( l ) , gout 

(1),, 1 control 

NN = W 

'II  ,1.85 to 2/78Mtfc i , orally A C T H l(K»-2ftfl mg daily or 

cortisonee 21III mg daily tor 10-

166 days 

B - D - A A 

jacobsson,, I. Prospectivee , female 

gynaecologyy patients, 

evaluationn of thrombosis 

N=25.. Age > 50 vrs 

nI-fibrinogen n K II  3 0 0 mg 

Dailyy 10-12 day 

B-D+A A 
Srart:: -1 h 

Weber,, K 2Ü01 " Prospectivee persons, who 

neededd thyroid examination 

otherr reasons than thyroid 

(euthyroidd persons). N—5 

Comparedd to phantom 

12, ii , 37 Idk] 2000 pg stable iodide (KI ) 

noo K.I 

100 mg 1 h before 

B + D +A A 

Uuszno,, B 2003 ^ Prospectivee patients, who had 

routinee thyroid uptake 

N-1753—>> 167 euthyroid 

-- 149 endemic goiter 

age:: mean 50- 2(1 

noo goiter age: mean 47 

—>> 1586 thyrotoxicosis 

age:: mean 57 

sll  , 2.96 MBq,orally Iodin ee supplementat ion 

programm in Poland: 3 0  10 

mgg K.1 /kg household salt 

Comparisonn 1966 vs. 1986 vs. 

19999 and 20(111 

Barbanno,, A 19v5 1] Patientss with various adrenal 

diseases s 

N - 1 33 Age: not given 

1,11-19-iodncholesterol,, 44.4 

MBu u 

5pa t :T 33 UK) Jig da i l y-

Lugol' ss solution, 5 drops 3 x 

aa day, starring 4 days until "7-8 

dayss after, 2 switched to 

KCL<< \ (nausea)8 pat: KCIC )4, 

80(11 mg, from day -I to - 8 

Treuner,, j , 198" Childrenn with NB 

NN = ln 

'1-MIBGG mean 6.1 GBq KI ,, 51XI mg / m ; , 

startingg day -3 

B+D+A A 
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Thyroi dd Outcome Results 
usedd Follow-up time (Fup) 

Conclusionss (of authors) Limitation ss (L) of the study 
andd our  conclusion (C*) 

Thyroidd radio-activity, before 
andd after KJ 

Reductionn in uptake after KJ 
comparedd to NaCl when 
administeredd after ' ,2I 
11 h: 97-99% against 128'!,., 
22 h: 87-94%, against 149%, 
33 h: 96-100%, against 154% 

488 h radio-iodine excretion 
(ass % of Administered 
amount}Basall  metabolic rate 
Totall  and free cholesterol 

Inn all patients increased ' 
excretionn rate 
Basall  metabolic rate not 
different t 

Fup:: betüre, during and 10 to No change in cholesterol 
144 days after stop ACTH/ 
cortisone e 

KJJ administration after î Small number, low uptakes, 
accidentall  contamination with not high accuracy 
kingg living iodides is still of C: 
valuee when after a few hours V:Y 

IR:Y Y 
CR:8 8 

ACTHH and cortisone increase Lr L'nclear if it is a change in 
thee excretion rate of thyroidal thyroid state or renal 
11 ?11 clearance 

C: : 
V:N N 
1R:N N 
CR:3 3 

l2TT in thyroid by Nal In 14: mean % uptake = 
detector,, 9-12 days after [1.06% of total injected 
injectionn {when 80-90% free activity. In 11 without 

TT )—y 14 with background background measurement: 
correction,, in 11 no mean uptake fl.(ï7%. Dav 38 
backgroundd measured. After & 59 (no block):mean uptake 
38-599 days, uptake without 0.5% 
background d 

Thvroidd blocking with 300 
mgg daily is vcrv effective 

I.:: no thyroid function : 
damage? ? 
C; ; 
V:Y Y 

IR:Y Y 
CR:7 7 

FT,,, FT4,TSH, TPO (TDA? 
TAK?),Tg g 
UST,, Scan, Nal detector 

Thyroidd uptake: 80% in Model can be used for 1̂  
personn with low iodine supply describing time course of C:KI not a 11X1% block 
(155 llg/d), 44-50% with iodine V:Y 
adequatee iodine supplv IR:Y 
normall  person. After 10 mg CR: 8 
II : uptake 3.6 to 7.6%, in 

modell 5% 

244 hour uptake 
thvroid d 

' ll in the 

Adrenall  scintigraphy after 48-
722 hours 
Thyroidd scintigraphy dailv 
Calculatedd net rhvroid activity 

Euthyroidd persons:No sign. A 24 hour ,3'l uptake is valid 
inn uptake between patients to evaluate the iodine 
withh goiter or not, mean value prophvlaxis 
27%.. Mean 1966: 66%. Mean 
1986:46%.. Mean'98-2000: 
27%.. Thvrotoxicosis:L'ptake: 
1999:: 42%, 2(1(1(1: 42%, 2(X>1 
38%% (p<0.01) 

Max.. thvroid radio-acrivirv; 
22 patients that switched: 230-
2500 pCi on 2nd /3™ day 
3withT,, + [.ugoL7(.)tol30 
JACIii  after 4-6 days, 8 with 
KCL(>4:: 7.7 to 20.5 ".Ci, 1-3 
davs. . 

T,,  Lugol does not prevent 
uptakee adequately. 
KCI(")44 provides a more 
satisfactoryy protection 

L; ; 
C: C: 
y-.y y-.y 
IR:Y Y 
CR:9 9 

L:: small # of patients, no 
follow-upp of thyroid function. 
Interferencee of Gushing: low 
TSH? ? 
OO V:Y 

IR:Y Y 
CR8 8 

Nott defined 
Fup:: 54-508 day; 

Noo side effects involving 
hormonee svstcms 

KII  provides adequate 
prevention n 

I.:: no outcome defined, short 
fup p 
C;Y:N,1R:Y,CR:3 3 



Chapterr 11a Addendumm Ï; '1>'1 I in humnns 

Authorr  &  year  of pub. ref nr  Study des ign &  populat ion Type and dose and of RT Prevention strategy 

Agee at RT in years -type 
- t imin gg of strategy v 

I l ' in .L1972( ' " " Individuals s 

N=78.. Age: 20-50 

M l , , 

566 x once 22x repeatedly 

K II  10 to 650 mg+10,100 & 

2000 repeatedly 

BB & B + D - A 

Il'in ,, L1972M l Human n ' !!  , dose not given K II  101) mg 

8,166 h, 1,1.5, and 2 days 

beforee & 2, 8, 24 h after 

B + D +A A 

Ogdcn .HH 1959 M Euthyroidd patients, 

N = 25 5 

'II  , 0.37 to 1.85 MBq, orally Hypaque 30 ml 51)";, 

(diatrmtatee sodium), N = 19 

Telepaqucc 3 g (iopanoic 

acid),NN = 6, B 

Rogers,, W 1955' Euthyroidd patients having 

routinee cholangiography, N -

1|II  , dose not given Iodipamide,, 40-60 cm- of 

200 % soludon 

Thoren .AWiO1 12 2 Patientss with different thyroid 

diseases4 4 

'11 , dose not given Differentt iodine or  iodized 

compounds]]  n some KSCN 

(0.11 g 4 dd for 4 days) 

B B 

Slingerland,, D 1957 f>1 Human:: patients having had 

cholecystogramss preceding 

thyroidd uptake (hyper and 

euthyroidd subjects) 

N == unclear + hospital 

recordss 89 patients 

+Ratss and guinea pigs 

iM II  .labeled to Pnodax 11.1 

M13q,, orally 

(rats:: 0.5 to 2 mg) 

Priodaxx (iodoal-phionic acid) 

andd T e l e p a q ue (3 mg per 1 (I 

gg diet) and inorganic iodide 

(1.922 mg /g diet for 1 day) 

B B 



Revieww of human preventive strategies 

Thyroi dd Outcome 

usedd Fol low-up t im e (Fup) 

Results s Conclus ionss (of authors) Limitation s (L ) of the study 

andd our  conclusion (C*) 

Thyroidd 131J content From lOOmgno more Max effect at 200 mg, daily, 

additionall  effect of protection given simultaneously or just 

withh increasing K] dose before radio-iodide 

(uptakee 9% of total 

administeredd dose). Higher 

K ll  dose > inorganic fraction. 

Uptakee never 100% 

diminished.10-500 mg: reduct. 

80-84%% 100 mg: 90% 200 

mg:: 97.5% block. Fquivalent 

too 5(X) mg 

L:: translated from russian 

language e 

C: : 

V::  Y 
I R : Y Y 

C R : 8 8 

Thvroidd E11l content l1"11 24-h before: reduction in 

uptakee the greatest. 1.5 ro 2 

dayss before: 50% reduction2 

hh after: 67% reductions and 

244 h after: ineffective 

Thyroidall  efflux cannot be 

spccdendd by radio-iodine 

L:: translation from Russian 

language e 

C:V:Y Y 

[R:Y Y 

CR:8 8 

Thyroidd uptake 

measurementss after 1,3,5 and 

244 h 

Plasmaa PB1 

Hypaque:: elevation of PBI 

afterr 1 day return to normal 

onn day 3. Thyroid uptake 

decreasedd 1s' day, after 4'h day 

alll  normal. Telepaque: PBI 

returnedd to normal within 52 

days.. liffect on thyroidal 

uptakee until 7 to 131 days 

(meann 58 days) 

Afterr hypaque thyroid uptake 

normall  within 3 days, after 

Telepaquee uptake normal 

afterr a mean of 58 days 

L:PBII  increased bv iodine 

compoundd h^'paque? 

C: : 

V: Y Y 

IR:Y Y 

CR: 5 5 

244 h thvroid uptake 

Serumm iodine 

\ \\ ithin 2 to 7 days decrease in 

uptake,, together with 

increasee in serum iodine. 

Uptakee normal after 59 to 

1077 days, iodine serum still 

increasedd until > l(P days. 

Serumm in organic iodide 

normal l 

Iodipamidee decreases thyroid 

uptakee due to liberation of 

iodide e 

L:--

C; ; 

V:Y Y 

IR:Y Y 

CR:7 7 

PBI I 

Radio-iodinee tracer tests 

Thyrotoxicc patients earlier 

normall  tests, no A between 

euthyroidd goiter or non-

goiter.. Hach iodized 

compoundd different influence 

rCholecyst.:: 3-4 months 

1VP:: 2-3 weeks 

lodd ochlorhydroxy quinoline 

6-99 months Lipiodol: 3 to 4 

vearss Iodide : 6 months 

Majorr differences between 

iodizedd compounds and state 

off  thyroid and radio-iodide 

uptake e 

L:: table 2 missing, no exact 

data,, many individual 

measurements,, heterogenic 

group,, no doses recorded 

C: : 

V:N N 

IR:Y Y 

CR:3 3 

11 luman: Whole body counts 

Thyoidd uptake Serum PBI & 

totall  iodine, 24 h urine + 

fecess iodine 

Animall  s:Serum, feces and 

urinee chromotographv 

\X~holee bodv counts Thvroid 

weightt after PTL' 

Humans:tt 'A Pnodax 12 h. 

Radioactivityy thyroid 16fi% 

comparedd to thigh. Thyro-

toxicosis:: no uptake tracer 

afterr 2-5 days, but after 6-7 

days.. Great variation in 

uptakee (3 days to I year 

decreasedd uptake).Rats: 3 mg 

telepaquee reduced uptake to 

68%,, I to 58% .No A in 

thyroidd weight after PTL* + 

Telepaque. . 

Markedd variation in uptake L: 

afterr cholecystectomy, C 

Priodaxx has lirde deiodination V:Y 

inn human and fast excretion 1R:Y 

inn urine.Faster turnover CR: 6 

iodidee in hyperthyroids 

14 14 

file:///X~hole


Authorr  &  year  of pub. ref nr  Study design &  population Type and dose and of RT Prevention strategy 
Agee at RT in years _ type 

-timin gg of strategy v 

Cupp,CC 105"-: dd subjects N- I' : , i II  ,0.41 n. ".4 MBi] orally Priodaxx with /witlx >ur 
(bovine)) TSH 5 U im 
IÏ Ï 

Feibush,, ! TOS' Patientss with rontgen 
examinationn of the urinary 
tractt or cholecvstograpliv 
N^244 (Ueuthvroid, Id 
hvpcrthvroid) ) 

r , ,ll  (\al;,U.',4 Mli H nrally Telepaquee ("\-tll ) 
Diodrastt  ;N=4; 
BA A 

Gurnet.. P 1964' Patientss with up takt.' studies 
alterr contrast tor diagnostic 
reasons,, and one lor 
therapeuticc reasons 
N=466 V 2 . V " 

; ; ' ll  (Nal), U.-4 MBqorallv Lipiodol l 
Urography y 
Biliar yy opaques 
Cholecyy s togra phe s 
B B 

W'iersinipi.WW 1986 Cohortt of patients, cardiac '""Tc-per tech net ate, 4 MBq Four  groups: 
diseasess & bronchitis 
N=533 '37 males) 
Age:: mean 34 yr 
KI(N=1 ) ) 
Amiodaronee (34 x long 
term,, 18 x before) 

(NN = 13) 
\ a! ' T ~ ~ '.44 MBq (S=7>(Y) 

1.. normal TSH, no iodine 
excess s 
2.2. normal TSH and angio 
(260-4400 mg I/ml ) 
3.. normal-low TSH + long 
termm amiodarone 
4.. increased TSH + long 
termm amiodarone 
Stablee iodide 500 <lg 
B B 

Legendd to Addendum I 
Pub.:: publication 

C+:: Conclusion: 

Y:: Y or N= valid ves or no 

[R:: Y or N= important results ves or no 

CR:: score ranging trom 1 -111 on clinical relevance 

KI :: potassium iodide 

L'lw :: calculated activity after 1 week/administered activitv after a decay of 1 week 

l."2\v:: calculated acm ltv after 2 weeks./administered activity after a decay or 2 weeks 

NIH, ::  non Hodgkin's lvmphoma 

TSH:: thvroid stimulating hormone 

FT.:: free tri-iodothvronine 

FT*,:: tree thvroxine 

Anti-Tg:: anti-thvroglobulin 

Anii-TPO:: anti-thvropero\idase 

HT:: hvpothyroidism 

file:///-tll


Thyroi dd Outcome 
usedd Follow-up time (Fup) 

Uptakee thyroid gland-
afterr 3 & 7 days and 2 months 
(N=6)--
bcfore&&  after TSH (N= 

244 h thyroid uptake 

=5) ) 

Thyroidd uptake, 6, 24,48 h.2 
d-222 yr after contrast 

Clinicall  exam. Thyroid T4, T,, 
I-T4,, rTv TRH-rcst 
Thyroidd microsomal and TG 
antibodies s 
Thyroidd scintigraphy (pos/ 
neg) ) 
Thyroidd uptake (10,211,60 rnin 
andd discharge with Cl()_, 
(SIX)) mg) 
24—hh urine 

NB: : 

Ref.. value: 

TBI : : 

PBI: : 

Lii  B I I kit: 

MIBG : : 

Car: : 
Per: : 
M.RD: : 
H/h: : 
Subs: : 

Tx: : 
Thyr.. visib.; 
*«* . . 

Results s 

Duringg 1H week all uptake 
reducedd to < 10"'o, within 3(1 
dayss to normal. After TSH 
uptakee rose to normal for 3 to 
44 days, no effect on 
shorteningg effect of Priodax 

66 marked depression, 5 
moderate,, 1 slight and 2 no 
depressionn of uptake. 
Returnn to normal in 1 to fi 
months.. Only in 1 
h\-perth\\ roid person decrease 
inn uptake 

20/477 uptake less than 20% 
27/477 uptake > 20%. Most 
oftenn reduced after lipiodol 
(unrill  2 years). Increased 
uptakee after urography (after 
177 yrs) Many individual 
variations.. Hyperthyroidism 
facilitatess a return to normal 
fixation n 

5/133 pos scans with ,,<JmTc-
per-technetate,, all 
hypothyroidism.. 3/8 with neg 
scann hyperthyroidism 
Groups:l.NN = 11,2.N=7, 
3.. N=7,4. N=5 Uptake 
decreasedd in eu- or 
hyperthyroidismm with iodine 
excess,, identical in euthyroids 
withh no iodine excess and 
hypothyroidd with amioda-
rone.. Discharge greater in 
groupp II and III and IV 
Urinee iodide 150-fold 
increasedd in amiodarone 
patients s 

neuroblastoma a 
referencee value 
totall  body irradiation 
prot t :inn bound iodine 
liothyroninee ' ''I diagnostic kit 
meta a 
carb b 
perc c 

-iodobenzylguanidine e 
mazoie e 
llorate e 

minimall  effective dose 
hour r 
subsequent t 
treatment t 
thyroidd visible on scintigraphy 
(p<0.001) ) 
p<0.05 5 

Rev ieww of h u m an p 

Conclusionss (of authors) 

Thyroidd uptakes are reduced 
untill  one month after 
cholecystography y 

Contrastt media do not 
interferee with the diagnosis 
hyperthyroidism,, 6/14 
patientss decreased uptake, 
uptakee normal in 1 month 

Lipiodoll  has a intense and 
prolongedd action. 
hydrosolublee substances more 
reducedd and transient, 
variablee results after 
choicee vst. 

Iodinee excess as a 
consequencee of amiodarone 
treatmentt not associated with 
inhibitionn of thyroidal uptake. 
Amiodaronee induced 
hypothyroidismm is caused by 
failuree of the escape 
mechanism m 

reventivee strategies 

Limitation ss (L) of the study 
andd our  conclusion (C*) 

U-U-
C: : 
V:Y Y 
IR:Y Y 
CR:6 6 

1.:N N 
C: : 
V:V V 
1R:Y Y 
CR:8 8 

L:: verv various tollow-up 
dates s 
C: : 
V:N N 
1R:N N 
CR:3 3 

L:--
C: C: 
V:Y Y 
IR:Y Y 
CR:9 9 



Chapterr 11a A d d e n d umm h ",:i" I i n h u m a ns 

TL " ;
] ; ii Effective half-life 

papp ca: papillary thyroid carcinoma 

DMM Diabetes Mellitus 
&!! at different time points, 5-6 mice sacrificed & activity per organ calculated (dose 

calculationn via MIRD-method and extrapolated to men through biokinetic model). 

(nott used for absorbed dose in thyroid gland) 

MT CC medullary thyroid carcinoma 
vv timing of preventive strategy: B/D/A — before, during or after exposure to RT 
11 K I60mg ldd 
22 carbimazole 40 m g /d 

K I 3 0 m g /d d 
44 TSH 10 U, im (day 7,8,9,11,13) 
55 HCLO,~l g /d 
66 reference ranges : TSH: <4.2 m l ' / U FT,:> 1.8 pg /ml, FT4: > 1.0 ng/dl 

referencee ranges: TSH: <4.5 m U / L , T4 and free T4 not given 
ss doses: T4:100 J i g / n r /d -1 to 28, once a day , Thiamazol:0.5 m g / k g /d , day -1 to + 28, 

inn twice a day, and KI : 90 mg/d (day 0-14, in three t imes/d) 

""  reference ranges T,: 1.23-3.1 nmol /L, T,: 4.5 -14 mcg/d l, TSH: 0.6-4.0 m U /L 

" '' prolonged suppression: 24h-uptake less than 15 % for longer then 30 days 
1!! 5-compartment model by Johnsson, including measured L1I1 in air, milk, other foods, 

standardss as age, sex, thyroid size and iodine uptake 
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Chapterr 11a 

Authorr  &  year  of pub, ref nr 

Murphy,, ÏL 1986'* 

Bant leJJ 1985 <r 

deGroott , 1 .1983 "" 

Schneider,, A 1978 (,K 

Studyy design &  populat ion 

Agee at RT in years 

1)) Prospective cohort, 

randomlyy offered + controls, 

previouslyy irradiated patients 

\ = 8 8 8 

averagee age now (yrs): 34-38 

andd 36-35; average yrs after 

RTT 28-31 and 28 

2)) cross-seed onal cohort, 

irradiatedd patients already on 

T,-therapyy for various reasons 

N=46 6 

averagee age now 42 & 41, 

averagee vrs after RT 30-35 

Prospectivee subsequent 

cohortt controls (asked to 

takee 1 ,-T41 >r m it), patients 

withh I-iodgkin's and non-

Hodgkin'ss lymphoma 

(N=200 + 20) 

Controls:: 29 yr (17-52) 

T,:: 22 yrs (18-53) 

Prospectivee part of studv, 

padentss with history of 

thvroidd irradiation or 

irradiationn and the possibility 

off  a thyroid abnormality, (RT 

forr tonsil, adenoid, thymus 

acnee or other) 

Meann age : 33.5  11 yrs 

Prospectivee part: 

1522 with normal findings —» 

inn 86 evaluation (53 with T4 

++ 33 without replacement) 

955 with abnormal findings —» 

344 with T4, 8 without T4 

followed d 

Patientss with prior head-neck 

RTT and nodular disease, part 

off  intervenaon-analvsis ot 

riskk factors for radiation 

inducedd thvroid tumors 

N = 50 0 

Addend? ? 

Typ ee and dose and of RT 

X-RTT to thymus, tonsils, or 

facee for acne 

RT-dosee not known 

Mandee radiation therapy 

Mean: : 

T jj  4403 4 

C)) 4394 5 

X-rayy and radium source 

Averagee thyroid absorbed 

dosee 4.5  9.2 Gy 

X-RT T 

Meann dose 87 Gy 

smm It: XR ir> h u m a ns 

Preventionn strategy 

-type e 

-t imin gg of strategy *' 

1)) 0.2 m g T, per day 

2)) T,, dose not given 

(noo placebo) 

A A 

11 ,-T. 2(H) JUg daily (start mean 

55 days before RT, until RT 

wass completed) 

B - D D 

T44 0.15-0.25 mg (I .-thyroxine 

orr liotrix) ' 

AA (prospective) 

D T PP at least 1 gr for at least 
75"'iio ff  rime after thyroid 

surgeryy (N —13) 

377 controls 

A A 

Age:: mean 33.8 years 



Revieww of human prevent ive s t ra teg ies 

Thyroi dd Outcome 

usedd Follow-up time ( F u p) 

Results s Conclusionss (of authors) Limitation s (L ) of the study 

andd our  conclusion (C*) 

Appearancee or disappearance 

off  minor palpable 

abnormalitiess by 2 attending 

phycisians s 

Physiciann unaware of 

previouss examination, not 

blindedd for T4 

Fup: : 

1}}  24-52 months 

2)) 34-50 months 

1)) 6 lost to F I T 

T4: l /2 l ll  norma! —> abnormal 

(papillaryy ca) 

5/244 abnormal still abn. 

-i-- in 3 dose reduction due to 

sidee effects (0.1 mg/day) 

Controls:: 7/30 normal —* 

abnormall  , 8 / 14 abnormal —» 

abnormall  (1 ca) (A: p=0.0004) 

2)) 3/30 normal —> abnormal, 

9/166 abnormal —> abnormal 

(22 ca's) (A=n,s.) 

T44 is effective in reducing 

thyroidd abnormalities after 

RT T 

L:: selection-bias (40% 

refused),, not randomized, no 

placebo,, not blinded 

palpation,, no UST 

noo report on plasma TSH or 

T ,, concentration 

C: : 

V:N, , 

IR:N, , 

CR: N N 
Fut.. impl: must be repeated 

withh L'ST, randomised, earlier 

afterr RT 

T44 index and TRH test' 

TSH,, T . ~ever\' 6 months 

Fup: : 

C)) 19 months (8-37) 

T JJ 33 months (16-49) 

T 4 , F T4 , T v T S H , T g1A n r j - t g g 

Annual ly y 

Fup:: (prospective p an of 

studvv = 4 vears) 

Inn 15/20 TSH suppressed 

(<< 2) during RT 

Inn 2 patients; 1 weight loss, 1 

tachycardia a 

T4-group:: 60% 

hypothyroidism,Controls: : 

35%% hypothyroidism 

Off  86 with no thyroid 

abnormalities: : 

Inn 5 /53 with T4 new thyroid 

abnormalityy (1 ca) 

Inn 2 /33 without T , new 

abnormality y 

Off  42 with thyroid 

abnormalities: : 

2 /422 worse, 19/42 no change, 

13/422 disappeared 

*/ 88 abnormality disappeared 

I.-thyroxinee does not prevent 

RTT damage to the thyroid 

L:: A in fup, in 5 TSH not low; 

alll  panents lymphangio before 

RT,, no placebo 

C: C: 

V:: Y 
IR:Y Y 

CR:: 8 

N oo prove that T4 reduces L: large group lost to fup, no 

thyroidd abnormalit ies, when exact info on thyroid function 

startedd decades after exposure during T4 therapy, short Fup 

C: : 
V:Y Y 
IR:Y Y 

CR:6 6 

Future:: prospective 

evaluation,, earlier T4 after RT 

F.xamii  nation: 9 /13 normal 

-abnormal:?;; 1 nodules 4 / 13 uncertain 

palpatedd by at least 2 observers 0 /13 abnormal 

and/orr region on scintigram 

-uncertainn if observers 15/37 normal 

disagreedd or ambiguous 4 /37 uncertain 

scintigramm 18/37 abnormal ( 6 surgery, 2 

-normall  carcinoma)(p< 0.05) 

Thvroidd suppression therapv 

preventss recurrence of RT 

inducedd thyroid carcinoma 

L:L:  retrospective evaluation, 

manyy uncertainties in data 

C: : 

V:Y Y 
IR:Y Y 

CR:6 6 

Fut:: prospective evaluation 

w i t h T , , 
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Authorr  &  year  of pub. ref nr  Study design &  population Type and dose and of RT 
Agee at RT in years 

Preventionn strategy 
-type e 
-timin gg of strategy * 

Shafford,, F 1999 : s Prospectivee cohort of X-R'I' Thyroxine (n=12)or n< 
patients,, previously irradiated All neck, 33 also mediastinum thyroxine i'29) 
forfor Hodgkin's disease in Mean 33 G\ {22.3-+1) 
childhood d 
N=4" " 

Fogclfeld,, L1989' Prospectivee cohort, 511 
patients, , 
-*-- thvroid surgerv 
{<< 1985) for benign nodular 
disease e 

X-Irradiatcdd for benign 
conditionss before age 15 

Thyroxinee f at least 0.1 mg, 
NN = 299l or no thyroxine 
ff  N = 21)1! 

Legendd to Addendum II : 
ÖÖ Conclusion:: V: = valid yes or no, IR: important results: Y or N= yes or no, CR: clinical importance 

gradee from 0-10 

Futt  impl: future implications 

n.s.:: not significant 

RT:: radiotherapy 

CSp:: craniospinal 

Gy:: Gray 

Postt fos: posterior fossa 

UST:: ultrasonography of the thyroid gland 

TSH:: thyroid stimulating hormone 

FT4:: tree thyroxine 

Auto-imm.:: auto-immunity of the thyroid gland bv measuring anti-peroxidase antibodies 

w.i:: when indicated 

TRH:: thyrotropin releasing hormone 

Pup:: follow-up 

PNET:: primitive neuroectodermal tumors 

ChT:: chemotherapy 

HT:: hypothyroidism 

CRT:: cranial RT 

HFI ''  axis: hypothalamus , pituitary, thyroid axis 

Ca:: carcinoma 
11 TRH-tcst is defined suppressed when TSH <2.0 m l ' / L during RT 
22 Reference values: TSH: 0-5.0 mL' /L , T4 5.0-11.5 JIg/dl 
11 Liotrix : combination of both levothvroxine and liothvroninc (T and T.). 

Iff  thyroid nodule found —» operation +T /Liotri x . If refusal for surgcrv or benign disease —> 

onlyy T4/Liotrix . 

Iff  normal results ->- RT > 20 rads —> T,/Liotr i x 

normall  thyroids, euthyroids with nodular goiter, thyrotoxic patients with diffuse or nodular 

goiter,, euthyroid patients who were hyperthyroid before radio-iodine therapy 



Revieww of human prevent ive s t ra teg ies 

Thyroi dd Outcome 

usedd Fol low-up t im e (Fup) 

Clinicall  examination 

Thyroidd function tests 

L'ST T 

Fup: : 

mediann 5 years (3-6) 

Periodicc examinations/ 

questionnaire/telephone e 

aboutt medication, results of 

medicall  exams + scans, 

diagnosess +risk factor 

analysis s 

Tup:: 11.2 \TS (1-40.6) 

Results s 

Focall  abnormalities: 

4 /299 unchanged 

5/299 increase in size or # 

6/299 no abnormalities 

14/299 developed new abn. 

8 /12wi thh focalabnotmalitics 

—»11 /8 disappeared 

11 /8 no new sbnorm. 

2 /88 decrease in size and # 

4 /88 increase in size and # 

4 /122 developed abnorm. 

Recurrencee of nodules in 

19 .5%% of which 1 9% 

malignant. . 

Risks:: female, extent of 

surgery,, 1 nodule, single lobe. 

T4:: lower recurrence rate 

8 .4%vs .35 .8%,p<( l . 05 ,no o 

effectt on occurrence of 

thyroidd cancer 

Conclus ionss (of authors) 

Difficul tt to determine the 

rolee of T4 

resolution n 

onlyy in T4 

inn prevention; 

off  focal lesions 

group p 

T44 treatment related to 

decreasee in recurrent nodules. 

butt not malignancies 

Limitation ss (L ) of the study 

andd our  conclusion (C*) 

L::  patients already on T 4 , no 

dataa on TSH suppression 

Mostt patients long period of 

TSHH elevation 

Q Q 

V:Y Y 

IR:Y Y 

CR:6 6 

I.:: 31/201 a l s o T4 < 50% of 

fup-time,, 36/299 on T, not 

alwayss T4 

Dosee /compliance unsure 

++ not randomized. 

C: : 

V:Y Y 

IR:Y Y 

CR:6 6 
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Chapterr 11a Addendumm f!!; XR in humans, physical prevention 

Authorr  & year of pub. ref nr  Study des ign &  populat ion Type and dose and of RT Prevention strategy 

Agee at RT in years - t y p e 

- t imin gg of strategy *' 

Ricardi,, I" 20II1 "" 

Chin,, D 1997 ~! 

Paulino,, A 2(102 ,! 

Prospectivee cohort study, 

childhh ood m ed ull oblasto ma 

(N=20&\=12) ) 

A)) 7.4 & 

13)8.4 4 

Cross-sectionall  cohorts, 

childhoodd medulloblastoma 

andPNET T 

(N=34&NN = 14) 

A)) 8.4 & 

B)7.9 9 

Historicc cohort (n-32) 

medulloblastomaa patients 

AJ7.22 (1.7.13) 

B)7.11 (1.7-12) 

C)) 13 (5.1-20) 

Cobaltt 60 or 4-6 Me\ 

photons s 

CSpp + post tos. 

A)) 34,5-36 Gv, 

Meann 24.2 Gy 

(1.5Gy/fr) ) 

Externall  beam Csp + 

A)) mean 35 cspp & 17 

boostt mean thvroid d 

Gv v 

II  -At erna i beam 4 mV, 

andd 12.5 mV 

B)) 36 CSp + ChT 

C)) 36 CSp 

(( 1.8/ traction) 

po o 

G\ \ 

ose e 

stt tos 

24 4 

66 mV 

B)HFRTT , 36 Gv Csp + 30 

Yyy boost on post fossa. 

Meann 28.6 Gy 

11 Gv/fr 

D D 

B)) HFRT 36 Gy Csp, 1 Civ / 

firr & 36 Gy boost post. 

Fossa,, 1 Gy/fr 

Meann thvroid dose 29 Gv 

A)) 23,4 CSp +ChT 

(Loweringg dose t'rom 36 to 

23,44 Gy) 

Schmiegeloww M, 200.3" Cross-sectionall  study , case-

control,, patients with a 

childhoodd brain rumor 

(N=71) ) 

8.44 yr (0.8-14.6) 

6"Coo (n=14), linear ace. 

4,, 6, 8 mV different fractions 

B)) 42 x cranial RT (13x47 

Gy,, 29 s focal 51 Civ) 

CSpp (A) vs. C1R(B) 

A )) 29x CSp (spine 35 Gy, 

brainn 36 G y ) , 2 2 + 18 Gy 

tumorr boost 

C)) controls 

l.ando,, A 2001 Crosss sectional , patients in 1s: External beam 

continuouss remission of 

childhoodd AL L 24 Gy and 18 Civ (2 Gy per 

(N -95)) fraction) 

A)) CRT + ChT (n=38) 

B)) ChT only (n=57) 

Med.. 3.9(0.5-14.8) 

Hamilton,, V 2001 Prospectivee cohor t, patients External radiation 

withh previously untreated 

Hodgkin'ss disease 

N = 29 9 

Med.. 12(6-16) 

200 to 24 Gv (in 1,8) tor stage 

I,, II , II I 

20-244 Gy with mulri-ChT 

insteadd of 30 or 40 Gv 

Socié,, G2001 " ' Crosss sectional cohort, 

patientss with myeloid 

malignancies s 

NN = 488 

TBI ,, 12 Civ fractionated 

++ CY 

Noo TBI  but B U S+ CY 

(taskk H 1995" (Childrenn with newly 

diagnosedd ALI.,n—41 

Craniall  RT 12-18 Civ Noo RTbut it triple Tx 

(MTX ,, hvdrocorosone and 

cytarabine) ) 

O'Meara,, \\" 2003 Prospectivee cohort follow-up X-RT , 

off  head and neck cancer 123 RT on thyroid with 

panentss treated with RT opposed lateral fields or low 

N == 127, A^e: not given neck "yolk" field 

Frequentt fup after 1 month, 

thenn every 3-4 months, 3r J 

&4'hh yr even' 6 months, then 

annuallv v 



Thyroi dd Outcome 

usedd Follow-up t im e (Fup) ) 

TSH,, FT /yea r l y, w.i. TRH-

test t 

L-STT 2-yearly 

Auto-imm. . 

Fup: : 

& & 

4 4 

F T 4 o r T 4 4 

TSHH even' 6 months 

(noo ref range given) 

A)) 8.3 

B)) 4.6 

FT,,, TSH 2 

Fupp mean: 

A)) 6.1 B) 1 2 (^ 1 2- 3 

TSH,, F T „ , T 4 , T , 1 

TRH-test t 

Fup:: mean 

A)6 .1B)) 12 C) 12.3 

TSH,, T,,T4 

TRH-test4 4 

Fup:: A) 9.1 (1.2-18.3) 

B)) 4.2 (1.2-14,5) 

Med.. 8 

N ott given 

Fup;; 5 years ? 

(off  24 pat = med 56 months 

(24-78)) ) 

Questionnairee on occurrence 

off  hypo-and hyperthyroidism, 

(nott further defined)* 

TSH,, T4, rT,, PRL after 

11 ,2,3,4,anc! 5 years(l-

Mediann tup: 74- months 

Thyroidd function tests 

inn 62 patients 

Chestt X-ray (CXR) 

Physicall  examination 

(34-99) ) 

(TFT) ) 

Results s 

Thyroidall  HT : 33.3 vs. 80% 

Alsoo in central HT in 10% of 

controls. . 

UST:: in controls in 3 5% small 

thvroid.. Structural changes 

(undefined)) in 85 vs. 3 3% 

Noo auto-immunity 

14%% HT after HFRT against 

62%% of controls 

1)) Dose + ChT: 

A)) 8 3% HT 

B)) 60% HT 

C)) 20% HT 

2)) Age: 

< 5 y r s:: 100%, HT 

5-100 yrs: 60% HT 

>> 10 yrs: 20% HT 

Off  paoents with thyroidal HT 

(=24%) ,71%CSpp 300 29%, 

CRT,, 4 patients in group B 

centrall  HT 

N oo A in FT4, T , or age at RT, 

inversee relation TSH and fup 

time,time, no effect of ChT 

TSHH normal in 93 patients 

T 44 normal (higher in CRT 

group) ) 

T ,, norma! 

Noo difference between 18 

andd 24 Gy 

22 patients compensated 

hypothyroidism m 

Sidee effects of ChT 

pancreatitis,, thrombosis 

Hypothyroidismm in N = 6, 

hyperthyroidismm N = l . 

N oo further analysis, numbers 

tooo small 

N oo hypothyroidism 

Inn 43.5% hypothyroidism 

diagnosedd (n=27) 

CXR;; in 3 lesions found 

PEE found 28 recurrences and 

rumors s 

Revieww of human pr 

Conc lus ionss (of authors) 

HFRTT results in less 

hypothyroidism m 

HFRTT decreases 

hh vpoth vroidi sm 

Loweringg dose from 36 to 

23.44 Cry does not prevent HT, 

ChTT gives more 1 IT 

Youngg age more HT 

Moree thyroidal 

hypothyroidismm after Csp 

thann after CRT 

N oo long term impact on H TP 

axiss of CRT 

Therapyy well tolerated, it will 

bee several years before the 

longg term sequalae can be 

determined d 

Bothh regimes lead to similar 

longg term outcomes. 

N oo conclusion on thyroid. 

I.t.. triple therapy does not 

givee endocrine dysfunction 

andd is effective against (.\S 

relapse e 

Routinee fup with TFT, PF 

andd CXR contributes to the 

detectionn of HT and 

secondaryy malignancies. 

eventivee s t ra teg ies 

Limitation ss (L ) of the study 

andd our  conc lus ion (C*) 

1.:: 1) Group B all pre-

irradiationn chemo 

andd A in type of chemo 

2)) A in FUP ( but HT after 

meann time of 4.5 years) 

C:: V: Y IR: Y 

CR:10 0 

1)) A in FL'P, but mean time to 

HTT is same (3.2 & 3.0 yr) 

2)Differencess in chemo 

C:: V : Y I R : Y 

CR:8 8 

I-:: different time intervals of 

functionn testing, ChT might 

overrulee dose reducing effect. 

youngg age — bias 

C:V:Y Y 

IR:Y Y 

CR:7 7 

L:: 71 of 91 responders 

(responderss bias?) 

122 pat anti-consulvants 

166 pt 5 week T4 withdrawal 

C:: V: Y 

1R:Y Y 

CR:7 7 

L:: sign difference in age at 

fupp + time of fup, 95 of 303 

evaluatedd (exclusion bias?) 

CC V: Y 

R:: Y 

CR:9 9 

L;; no controls, no 

specificationn on thyroid 

testing g 

C:: V:N, IR:N, CR:3 

Future:: redo evaluation 

I.:: no definitions of hypo / 

hyperthyroidism m 

C:Y:: N, IR:Y, CR; 3 

F:: prospective study 

lili  no control group with 

crania!!  RT 

C:: V:Y, [R:Y,CR:"7 

L:: no definition of T FT 

C:: V:Y, 1R:Y, CR: " 

F:: routine fup 



Cn.Krü.;:?? - 1 * n A t i d e m i i M 

Authorr  &  year  of pub. ref nr Study design &, populat ion 

Agee ai RT in years 

Leprat,, l : 1998 ,4 Patients irradiated in 

childhoodd who developed 

thyroidd cancer 

(N== 13), patients with RTbut 

withoutt thyroid tumor (N = 2), 

healthyy donors (N = 8) 

Age:: not given 

Thomas,, B 1993 " Cross-sectional, survivors 

afterr BMT forchildhood 

ALL L 
N = 49 9 

Meann age 

\\ = 2(>:87 (2,3-15.8) 

X = 2 3 : (oo (1.4-ltl.~) 

Voorhcss,, M 1986 '' Cross-sccrional children after 

CNSS prophylaxis for ALL 

whoo remained in complete 

remission n 

\ = 9 3 3 

Age:1-15 5 

Beaconsficld,, T 1998 v" Prospective cohort, with 

controlss patients 

Age:: not given 

N=60 0 

+ + 

Phantom m 

Legendd to Addendum II I 

 t'i;  'KM m h k i r M i l f i S . 

Typ ee and dose and of RT 

X-RT,, highest dose 4SGy 

Singlee fraction (SF)TB1 9-10 

Gy y 

N = 26 6 

Alsoo 21 patients cranial RT in 

historyy ' 

MT XX i t - C r a n i al RT 24 Gy 

Computedd tomography (CUT) 

off  the head (18 slices) 

phys i i f r .Hll  p* o v e n i k m 

Preventionn strategy 

-ryp e e 

-rimin gg of strategy * 

Detectionn ot impaired D NA 

repairr assessed by C O M ET 

Assay y 

Fractionatedd RT (FF) 

(122 f TV in 6 fret or 14.5 Civ in 

88 fret) 

N=23 3 

M T X i t & n o R T T 

or r 

MT XX it and MTX iv 

55 mm lead-equivalent bib. 

shieldingg the back and front 

**  : (V: = val id yes or n o ), ( IR: i m p o r t a nt resu l ts: Y or N = ves or n o ), (CR: cl inical r e l evance g r a de 

f r omm 0-1(1) 

H F R T:: h y p e r r r a c t i u t i a t ed r a d i o t h e r a py 

R T:: r a d i o t h e r a py 

H T :: h y p o t h y r o i d i sm 

C S p:: crani<.>spinal 

O R :: cran ial i r rad ia t i on 

G y:: G r ay 

Postt tos: p o s t e r i or fossa 

T B I :: to tal b o dy i r r ad ia t i on 

CY:: c v c l o f o s t a m i de 

B U S:: b u s u l p h an 

I .. ST: u l t r a s o n o g r a p hy of t he thy ro id g land 

T S H:: t hy ro id s t imu la t i ng h o r m o ne 

T H :: T SH e leva t i on 

I ' T , :: free t h y r o x i ne 

A u r o - i m m:: a u l o - i m m u n i ty of the thyro id g land by m e a s u r i ng a n t i - p e r o x i d a se a n t i b o d i es 

w.i :: w h en i n d i c a t ed 

T R H :: t h y r o t r o p in re leas ing h o r m o ne 

Hup:: f o l l o w - up 

P N E T:: p r im i t i v e n e u r o e c t o d e r m al t u m or 

C h T:: c h e m o t h e r a py 

H T :: h y p o t h y r o i d i sm 



Thyroi dd Outcome 

usedd Follow 

Cornett assay 

-upp time (Fup) 

*i nn lymphocytes 

afterr in vitro exposure to 2 

andd 5 Gy X-ray ray 

ï n 9 2 % - [ T T , G n R H a nd d 

TRH-test1" " 

Inn all :TSH and T4 

Fupp : 
SI;:: 2.0 years 

IT :: 1.4 years 

T S H , T4 4 

G H,, Cortisol testosterone, , 

unnt'' [ ;SH & I.H, Arginine 

andd ITT-test 

Fup:: 6.2, 4.8 andd 3.3 years 

TLD ss over left lobe of 

thyroidd giant 

CRT: : 

Med.: : 

TFT: : 

CXR: : 

PE: : 

TLD : : 
] ] 

2 2 

i i 

4 4 

5 5 

(i i 

t! ! 

'J J 

II I I 

11 1 

craniall  RT 

median n 

Results s 

D N AA damage in all 

lymphocytess at 2 and 5 Gy. 

Slowerr kinetic repair in 

patients.. At 60 min. higher 

proport ionn of residual 

damagee (30 vs. 10 %). N o 

relationn with p53 status. 

SF:: 58% T F, after 3.5 yrs, 

15% lowT4 .. I n 7 T 4 

supplementationn started 

FF:: 25 % transient T F, 1 low 

T4,, no T4 supplementation 

11 child low T4(RT+MTX) ,nr 

<< >ther thyroid abnormalities 

Unprotected:: 1.56 mgy 

Shielded: : 

0.866 mGy —> dose reduction 

off  38 %' 

(phantomm 60 % reduction), 

maxx at skull base 

Thyroidd function tests 

Chestt X-ray 

physicall  examination 

thermoo luminescent dosimetry 

referencee range: TSH= 0.2-4.0 mU/ml, 

R e v i eww of h u m an p 

Conclus ionss (of authors) 

Patientss that develop thyroid 

tumorss after RT are partially 

defectivee in late restitution of 

D N AA damage, this may allow 

preventivee surveillance in 

children. . 

I TT leads to a diminished 

occurrencee of 

hypothyroidism m 

N oo long term effects ot 

MT XX or CRT on 

hypoo thalamus -pituitary axis 

Shieldingg reduces the RT 

dosee to the thyroid. This 

shouldd be considered 

especiallyy in children. 

FTT :6.3-15.3pg/ml 

referencee range FT4:0.71-1.85 ng /dL ,TSH :0.40-3.5 mU/L, 

referencee range: TSH:0.4-4 m l ' / L , FT+: 

r e t e n t i vee s t r a t e g i es 

l im i ta t ion ss (L ) of the study 

andd our  conclusion (C*) 

I.: -- in vitro studies ot 

lymphocytes,, not th\Toid 

tissue,tissue, only 2 patients checked 

withh RT without thyroid 

rumor r 

C:: V:Y, 1R:Y, CR:5 

Future:: test in large cohort 

L:: outcome due to HF or 

craniall  RT? , relative short 

Fup p 

C:: V:Y, IR: Y, CR:5 

Future:: long term fup, 

withoutt cranial RT 

] . : --

C: : 

\':Y Y 

R:Y Y 

CR:6 6 

L:: con sequences r 

C: : 

V:Y Y 

IR:Y Y 

CR:7 7 

9-255 pmo l /L, T :60-140 nmol /L, T, :0.9-2.7 nmo l /L 

referencee range :TSH :0.4-3.8 and 0.5-4.2 (new assay introduced), T 

1600 and 60-140 nmo l /L 
:1.23-3.077 nmol /L, 1\: 69-

alsoo on occurrence of cataract, alopecia, osteonecrosis, pulmonary diseases, secondary malignancies, 

returnn to work and school and functional 

Referencee range: TSH: 0.3-40 m l ' / L , T, 

statuss at last follow-up. 

:: 65-135 nmol / i, rT,: 0.82-1.12 U /L , PRL:1.7-14 Jlg/L 

Alsoo CT-abnormalit ies, height SDS, IGF-1, urine G H, FSH, LH, 

bonee age 

Comett assay-

testosteronee or oesttadiol, 

-- SCGF.—single-cell gel electrophoresis to detect D NA damage 

patientss also treated with various cytotoxic agents. 

ITT—— insulin tolerancee test (0.1 L'/kg), j n R H - g o n a d o t r o p h inn releasing hormone 100 Jig and 

TRH=thvrot ropinn releasing hormone test (200 Jig) 

Alsoo supraorbital, infraorbital, nasion, philtrum, lower lip, molar, temporomandibular joint, gonadal 

andd occipital measured. . 
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Abstract t 
INTRODUCTIONN During treatment for childhood cancer with external radiation 

(XR)) to the head-neck region or with '"''I the thyroid gland may be damaged. The 

currentt preventive strategies for the thyroid in humans are insufficient and new strategies 

mustt be developed. For this reason, a systematic search was performed to evaluate the 

effectivenesss of studied preventive strategies for radiation-induced thyroid damage in 

animals. . 

METHODSS A literature search was performed using PubMed (1966-2004, week 20), 

Hmbasee (1980-2004 wk 22), and OLDMEDLIN E as primary sources. Only empirical 

studiess in animals were included. Relevant empirical studies that were not found bv 

thee search strategy but were referred to in either review articles or in empirical studies 

identifiedd by the search were included. Studies that were aimed at comparing different 

kindd of thyroid protection against radiation damage (i.e. pharmacological prevention) 

weree included if they were in the English, French, Dutch and German language. Studies 

onn hyperthyroidism, in vitro (bio-assays) studies, studies based on computer or phantom 

models,, and review articles were not included. Studies dating from before 1950 were 

nott included. Contents and limitations of all studies were appraised and discussed by 

twoo reviewers and consensus was reached on scientific validity, relevance and 

implicationss for research and practice. 

RESULTSS In total, 61 studies were detected bv the search. Thirty-three different thyroid 

outcomess were used to interpret radiation damage. Follow-up time of most studies 

wass insufficiently short for our aim. Of 12 studies concerning XR, 10 studies were 

consideredd valid, of which 5 were dated from before 1970. Nineteen different 

interventionss were administered. The administration of T, decreased the number of 

thyroidd adenomas but did not prevent the occurrence of subsequent carcinomas. The 

administrationn of methvlthiouracil (MTU) briefly before radiation exposure resulted 

inn less thyroid damage. The administration of free radical scavengers demonstrated a 

protectivee effect for the thyroid, with a very short follow-up time. Of 49 studies 

concerningg IMI exposure, 47 were considered valid for our purpose. More than 45 

differentt interventions were studied. The administration of propylthiouracil (PTU) or 

MTUU increased the number of thyroid adenomas and carcinomas. Hvpophvsectomy 
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preventedd the development of thyroid tumors. The administration of thyroid hormone 

(TT or desiccated thvroid powder, DTP) reduced the occurrence of histological 

abnormalitiess reversiblv, but did not prevent against the development of thvroid 

carcinoma.. Rats given a low iodine diet showed an increased uptake of radio-iodine. 

Thee administration of KI , briefly before radio-iodine exposure reduced thvroid uptake 

withh 97 %. Perchlorate (C104 ) had a stronger effect on reduction of uptake than KI . 

Thee administration of selenium-salt protected against the development of thyroid 

adenomass in one study. 

CONCLUSIONN The number of studies on the protective strategies against thvroid 

damagee caused bv irradiation with an adequate follow-up time in animals is too low. 

Thee studies that have been performed are clinically heterogeneous and use manv 

differentt thyroid outcomes, making their results difficult to compare and interpret. 

Forr prevention of thyroid malignancies after irradiation, hypophvsectomv is the onlv 

provenn strategy, yet very hard to implement in clinical practice. The administration of 

selenium-saltt and free radical scavengers must be further investigated. 



Introduction n 
Externall  radiation to the head/neck region or the administration of radio-iodine 

ligandedd compounds is frequently used in the treatment for childhood cancer. Both 

mavv damage the thyroid gland, resulting in thyroid dysfunction and/or structural 

abnormalitiess ',2. Due to awareness of these and other adyerse effects, the use of 

radiotherapyy has been more and more restricted, but it will remain a necessary tool in 

thee future management of childhood tumors. For this reason, ways to protect the 

thyroidd against radiation effects must be developed. 

Thee most common way to protect the thyroid against exposure to radio-iodine is the 

administrationn of high doses stable iodine for dilution. Also prevention of radio-

iodinee uptake into the thyroid can be done bv blocking its transporter (natrium-iodide 

symporter,, NIS). The latter may be done by the administration of pcrchloratc (CI04 ). 

Iff  radio-iodine is already taken up by the thyroid, its efflux may be accelerated by the 

inhibitionn of its organification with, for example, propylthiouracil (PTU). 

Forr both radio-iodine and XR, it has been shown that increased levels of thyroid 

stimulatingg hormone (TSH) during and after irradiation leads to an increased radiation 

damagee of the thyroid due to an increased number of proliferating cells. Subsequently, 

itt has often been suggested that decreasing the concentration of plasma TSH is radio-

protectivee for the thyroid gland. 

Thee evidence for the effectiveness of preventive interventions ot thyroid damage due 

too radiation during childhood is, however, poor. Concerning the protection against 

XR,, the evidence in humans is poor in volume and quality (see: Part I ot this series). 

Furthermore,, it was found that the protection of the thyroid gland against the use of 

radio-iodidee used for medical applications is insufficient. Therefore, alternative 

preventivee interventions are needed, initially making use ot animal models. 

Too evaluate the effectiveness of studies preventive strategics in animals, we undertook 

aa systematic search of the literature on pharmacological interventions that reduce 

thyroidd radiation exposure and radiation induced damage from radio-iodide and external 

beamm irradiation in animals. 

Forr this review, the following questions were formulated: 

11 Which preventive interventions have been undertaken to reduce radiation-induced 

thyroidd damage in animals? 



22 Are these preventive interventions effective to reduce thyroid damage? 

33 What are the possibilities to transfer these findings to human pathology? 

Finally,, we attempted to rate the methodological quality of these empirical data. 

Methods s 
Searchh strategy 

Forr this review we searched PubMed (1966-2004, week 20), Embase (1980-2004 wk 

22)) and OLDMRDIJNE as primary sources. Relevant empiric studies that were 

referredd to in review articles or other empiric studies that were not found by this 

searchh strategy were also included. The search strategies with their search terms are 

shownn in table 1. 

Tabl ee 1. Search strategies used 

Database e Searchh strategy Yield d 

PubMed d 

Hmbsu u 

OLDMHDUN EE E 

(radiationn OR radiotherapy OR radiation effects OR radio-iodine OR A: 1280 
radioisotopes)) AND (Thyroid Gland OR thyroid diseases OR thyroid*) AND 
(preventionn OR prevent' OR profvlax*  OR rescue OR protect*  OR predict* 
ORR radioprotect*  OR radiation protective agents OR radiation protection) 

Filterr animals: f 'animal s"|MeSH Term s| OR "animal population groups"[MeSH A+B: 331 

Terms]) ) 

(expp radiation/ or radiation.mp. or radiorherapy.mp. or exp radiotherapy/ or C: 1P9 
radioisotopes.mp.. or exp radioisotope/ or radiation effect.mp. or exp radiation 
response// or radio-kx'line.tw.) and (thyroid gland.mp. or exp thyroid gland/ or 
thyroidd disease.mp. or thvmid diseasc.mp. or exp thyroid 
disease// or thvroidS.m) and (exp "prevention and control"/ or exp cancer 
prevention// or pc.fs or preventS.tw or protects.t\y or radioprotcctS.rw. or exp 
radioprotectivee agent/) 

lilterr '  animal" = AND | Nonhuman OR animal OR Animal Experiment | C+D: 295 

|| (h\-pophvsectom* OR thyroxin*) AND thyroid*  AND radiaf], [cortisone AND h: 19 
(degradee C )R metabol*) AND 131 *] , [ iodine AND thyroid*  AN D (radiat*  ( )R 
irradiat*)) AND (stable iodine OR iodinel31 OR Ü31)] , [ (dos" AND iodin") 
ANDD thyroid*  AND (iodinel31 OR i!31)|, [methylthiourac*  AND thyroid* 
ANDD (radiopror*  OR il31 OR iodm*)], [radjoprotecf AND (xirrradiat OR 
radiat*)) AND thvroid*], [(radiation OR radiotherapy OR radiation effects OR 
radio-iodine)) AND Thyroid*  OR thyroid*) AND (prevention OR radiation 
protection**  OR prevent*  OR profvlax*  OR rescue OR protect*  OR predict* 
ORR radioprotect" OR radiation protective agents OR radiation protection) AND 
thyroid**  AND (radioisot*  OR radiother*  OR radioiod*)!. 

References s Referencess in review articles ot other empirical studies I ;:: 38 



Inclusionn and exclusion criteria 

Onlyy empirical studies performed in animals were included. From all abstracts, studies 

weree included that were focused on comparing different modes ot intervention to 

protectt the thyroid against radiation damage (pharmacological prevention). From the 

searchh results in OLDMEDLINE, studies were selected from the titles, because no 

abstractss were available. Studies that administered sex steroids or prolactin were 

excluded.. Studies on hyperthyroidism, treatment for thyroid carcinoma or studies that 

onlyy described (radiation) effects on other organs than the thyroid gland were excluded. 

InIn vitro bio-assays studies, studies based on computer or phantom models and review 

articless have been excluded. Studies in the F,nglish, German, Dutch or French language 

weree included. Studies dating from before 1950 were not included. 

Dataa extraction 

Fromm all studies the following data was extracted: year of publication, characteristics 

off  the animals, type of study (RCT, cohort, case control), type of radiation given (XR 

orr radio-iodine), total dose and fractions, type and time of intervention strategy given, 

timee to follow-up, thyroid outcome of follow-up (T , TSH, thyroid tissue evaluation, 

thyroidd uptake of radio-iodide), side effects of given intervention, results and 

conclusionss from the authors. 

Categorizationn of studies 

Alll  included studies were divided into those studies using radio-iodide (Addendum 

IV)) and those using external beam irradiation (Addendum V). 

Appraisall  of the studies 

Alll  studies were appraised by two reviewers (HvS &JdV). First, all results and limitations 

off  the study were discussed. Subsequently, consensus was reached on the following 

aspects: : 

11 Scientihc validity (V), with regard to the research question, the measurements 

performed,, the design of the study, and the full reporting of the data; 

22 Importance of results (IR), i.e. whether the interventions are to be further evaluated 

inn future studies; 



33 Translational (transl), i.e. whether a protective intervention studied in animals is to 

bee implemented in current human research or even human health care. 

Interpretationn and results 

Alll  studies that were considered valid for our review are categorized by intervention in 

tablee 2A and B. All relevant (thyroidal) outcomes are summarized in table 3. 

Results s 
I.. Thyroid protection against radio-iodide 

Forty-ninee studies were found by the search (addendum IV). Of these 49, 47 (96 %) 

weree considered valid, although only 37 (79 %) of them were considered relevant for 

ourr scientific purpose. Of 20 studies, the results were considered to be important for 

futuree research in animals or in clinical practice. 

Thee studies were heterogeneous for many items: e.g. the dose of radio-iodide administered 

(3.33 Bq to 11.1 MBq), and the type of animal (rats (39 studies), guinea pigs (2), chimpanzees 

(2),, mice (4), Indian catfish (2), fire salamanders (1) and dogs (2)). Finally, the interventions 

andd the outcomes varied widely (summarized in tables 2A and 3). 

Thee most studied intervention, in 40 % of studies, was the administration of PTU or 

methylthiouracill  (MTU), alone or in combination with TSH, MMI , T4 or KI . The 

dailvv dose of PTU differed from 0.05 to 30 mg in rats ^ (body mass around 200-250 

g)) and 75 to 150 mg in guinea pigs 6 (body mass 250-300 g) given as injection (sc or ip), 

andd often it was administered in the diet or drinking water (0.1 % solution) H for 

severall  wTeeks or months without exact determination of the dose. All studies 

demonstratedd an immediate acceleration of efflux of radio-iodine from the thyroid, 

duee to the inhibition of the iodide organification. This effect was shown to be reduced 

bvv simultaneous administration of T indicating that the speed of efflux is, in part, 

dependentt on TSH \ When given continuously for 12 to 15 months after exposure to 

radiation,, the administration of goitrogens increased the occurrence of thyroid tumors, 

bothh benign and malignant, most probably due to the continuous stimulation by TSH t). 

Thee second most studied intervention (in 38 % of studies) was the nourishment of a 

loww iodine diet, in manv studies compared to increasing amounts of dietary iodine. A 

loww iodine diet increased the uptake of radio-iodide up to 40 % of administered dose 



Tablee 2A. Interventions used in valid animal studies (n=47) on protection against thyroid damage 
duee to radio-iodine or radio-iodine uptake. 

Intervention n N1 1 Ourr  conclusions Advisee for  clinical application 

HH ypop hy sec torn v 

-- with TSH 
-- with T, 

T 4 o r T
1 1 

-- with TSH 

Preventss the occurrence of radiation induced 
thyroidd tumors, decreases radio-iodine uptake 
andd retention.*!", stimulates thyroid uptake 
iodidee direct!v (noTSH). 

Mavv reduce uptake. Mav reduce radiation 
inducedd (nuclear) changes, by lowering TSH, 
effectt is temporary. 

Nott translarjunal to humans. 
Possiblyy preventive effect also 
partlvv due to GH deficiency"' 

Mayy be used during l1,I 
exposuree to reduce '"'l uptake. 
Longg term effects need further 
animal// human studies 

DTP P Outdated d Nott to be used 

TSH H 
-- with Ouab. 
- Q Of f 
-- MM1 
-MMi&ao 4 4 

 PTL' 

TSHH alone increases elimination of radio-
iodide,, when given H h after radio-iodide gift. 
Ouabb & 0 0 4 both increase removal more 
thann PTU and MM1. Best effect obtained by 
combiningg TSH and C104 when compared 
t o l ""  ClO,"orTSH. 

TSHH can be given to remove 
radio-iodinee after exposure, 
butt not before or when still 
circulating g 

IJCIWW iodine diet 18 Increases iodide uptake 

1J'II  (K!, Nal) ip/oral 15 Reduces uptake optimal if given 1 h before. 
Uptakee in rats: 0.01 % (100 mg), chimps 0.45 
oo (5 mg/kg). Does not inhibit thyroid 

function.. However, reduction often 97-99 %, 

Shouldd be prevented 

Additionall  protective devices 
mustt be administered because 
reductionn is not 100 % 

I-tincturc c 

'""  I vapor 

C I O" " 
-- with PTT' & T4 

-- with PTU 

2 2 

1 1 

2 2 
1 1 
1 1 

Iss as affective as oral I , more difficult to dose Might be alternative for oral I 

Reducess uptake in toxic range Nott to be used 

Reducess uptake fastest. In combination with Must be repeated in animal 
T44 and PTU, no extra effect of PTU on release experiments to study effectivity 
curve.. Multiple applications necessary in case of prevention of radiation 
off  continuing exposure. damage + toxicity 

SCNN 3 
-- F~ N O " , IO,", K)4~ 1 

Reductionn in uptake I > CIO > 10, > 
I04">SCN">> CLO ~> NO,~> F ". SCN 
increasess efflux of iodide. 

SCNN might be useful for 
protection,, however give less 
effectt than CI04 . General 
acceptedd studies. 

PTL'/MT T 
-withh T4 or DTP 
-withT44 + MMI 
-withh Kl 

AA A F 
withh MT 

15 5 Inhibitss organification: speeds removal of  131I . To be given in combination 
Increasess uptake & radiation effects (adenoma with T4 to prevent TSH 
andd carcinoma) due to rise in TSH. Short increase. 
administrationn mav be radio-protective due to 
effectt on oxidation (decrease of H..O., 
generation). . 

Carcinogenic,, lethal with radio-iodide. 
Increasess radiation effects with MT 

Nott to be used 

AFT T 

MIX ; ; 

Noo A in radio-iodide uptake 

Decreasee in radio-iodide uptake (due to 

hypothyroidism) ) 

Nott to be used 

Inducess hypothyroidism. 
Tuxicitvv not known. 

TableTable continued nti next page 



Revieww of an imal s tud ies 

Tablee 2A (cont inued) 

Interventio n n Ourr  conclusions Advisee for clinical application 

(Nor)) adrenaline 

Cortisone e 
-- with PTL' 

Hydrochlorothiazidee 1 

ACTHH 2 

Decreasess 1 uptake 

Stimulatess uptake of radio-iodide 

ACTHH decreases uptake of radio-iodide 

Decreasess uptake of radio-iodide and 
increasess renal clearance of radio-iodide 

Duee to low TSH? Not 
transs la tional 

Nott to be used 

Effectt via low TSH*1 Should be 
furtherr investigated. 

Shouldd be further studied in 
humans s 

Adrenalectomy y 

Gonadall  hormones 

Selenium m 

Loww temperature 

Phenolss & amines 

Differentt salts 

Urinaryy excretion + thvroid uptake diminished 

Increasee uptake 

Preventss against thvroid adenoma, possibly 
againstt carcinoma 

Increasess radiation effects as TSH 

Mayy be competitive substrates or inhibitors of 
peroxidase e 

lododiuresiss increased by increase of plasma 
ionicc concentration 

Nott to be used 

Nott to be used 

Nott specific for thyroid. 
Shouldd be studied further in 
animall  models. 

Nott to be used 

Nott to be used, outdated, 
replacedd by PTU /MM I 

Nott to be used, toxicity 

ADH H 

Oxytocin n 

Increasess renal clearance of I , no effect on 
thyroidall  uptake 

Increasess renal clearance of 1 

Too be further studied in 
animals s 

Nott to be used 

onee study can deal with several different interventions 

Tabl ee 2B. Intervention s used in valid studies in animals against X-radiatio n (n=10) 

Interventio n n N1 1 Ourr  conclusions Advisee for  clinical application 

Thyroxinee (TJ 

-200 fig/1 Of) j» for 3 
weeks s 
-1000 jig for 5 days 

DTP P 
-6,, 10&21 days 
-2500 mg/kg ad libitum 

Mcthylthiouraci!!  (MT) / 
Thioureaa (T) 
-500 mg ip 24 h bcti ire XR 
-0,11 « in drinking water 

Possiblyy short term protective effect on Scientific: repeat experiment in 
thyroidd histology. No evidence for protective animals with longer T, 
effectt of T4 administration during XR on administration and longer 
developmentt of adenoma's and ca's after one follow-up (2 years) 
year.. Clinical: search for other 

alternatives s 

DTPP prevents against development of 
adenoma'ss but not carcinomas. DTP after TBI 
positivee effect on survival and granulopoiesis. 

Possiblyy radio-protective effect if given short 
termm bv inhibition of peroxidase and 
reductionn of 02 radicals. D>ng term 
administrationn leads to hypertrophy and 
stimulatedd thvroids. 

DTPP not to be administered 
anymoree due to uncertainties 
inn dose. To be replaced by 
iodinee or thyroid hormone. 

Scientific:: repeat experiments 
too study radio-protective effect. 
Whenn administered, T4 should 
bee added to prevent elevation 
off  TSH. 

labklabk continued on next page 



Crtapterr 11b 

Tablee 2B (continued) 

Interventio n n N l l Ourr  conclusions Advisee for  clinical application 

T44 & T 
-- I0()u,gfor5daysT4& 
O.ll  "'n in drinking water T 

Possiblyy short term protective effect on thyroid Repeat expenments to study 
histology.. radio-protective effect of this 

combination. . 

-100 mg 1 ip during 7 dys 

T44 &
 r\~ 

-20|ug/100gfor3wks s 
&&  10 mg for 7 days 

Increasee in TSH during exposure to XR + 
increasee in adenoma after 1 vr. 

Noo protective function, not to 
bee administered 

Noo protective effect for thyroid function or Not to be administered 
forr the development of thyroid tumors 

S-pf f 
-- 30 mg/kg ip once or 
twice e 

Possiblvv preventive action S-pf on thyroid 
glandd (comparable to MT/T?). 

Repeatt experiments with 
longerr fup rime. Not specific 
forr thvroid tissue. 

Serotonin n 
-noo dose given 

Uptakee radio-iodine as controls: no radio-
protectivee effect 

Noo further studies warranted 

MEA A 
-equall  to 200 mg AET/ 
kgg body mass ip 

Causess a decrease in uptake of radio-iodine, 
equall  before and after XR 

Mayy cause hypothyroidism, 
furtherr studies in animals 
needed d 

AET T 
-2000 mg/kg body mass 

'P P 

Causess a decrease in uptake of radio-iodine, 
equall  before and after XR 

Mavv cause hypothyroidism, 
furtherr studies in animals 
needed d 

MEAA & AET 
-bothh 200 mg/kg ip 

Causess a further decrease in uptake of radio-
iodine,, equal before and after XR 

Mayy cause hypothyroidism, 
furtherr studies in animals 
needed d 

Cvstaminee 1 
-200mg/kg g 
Cvstaminee & 5- 1 
mm eth ox y tryptami nc (CM) 
-90mg/kg&15mg/kg g 
P,P,Cys:: (PC) 1 

Givenn to block the adrenergic effects ot 
hyperthyroidismm induced by DTP, nor used for 
studiess on thyroid protection. 
CMM and PC both increase survival of mice 
afterr XR. PC has most effect. No effects on 
thvroidd gland given 

Cvstaminee highly toxic 
(convulsions),, not to be used 
II  iighly toxic, n< >t to be used 

PC:: I Iighlv toxic, n< >t to be 
used d 

APTH-' ' 
- 3mg /100g g 

Preventss against morality in rats. Possibly 
preventss against thvroid damage. 

Shouldd be further evaluated in 
animall  studies, with addition ot 
'1\'1\ to prevent hypothyroidism. 

Tumorr immune 

prophylaxis s 

Vitaminn K 
-4000 mg 

Preventss against the development of thyroid 

carcinoma a 

Noo effect on thvroid function. Possibly 
protecuonn on for histological effects 

Furtherr animal studies arc 
needed,, not specific for thyroid 

P'xperimentss should be 
repeatedd in animal studies, 
withh longer fup. 

Vitaminn C 
-4000 mg 

Noo effect on thyroid function. Perhaps some 
protectionn on histological effects 

Experimentss should be 
repeatedd in animal studies, with 
longerr fup 

Vitaminn E & GSH 
-4000 & 1000 mg 

Noo protective effects Toxicc effects: no further 

studies s 

':: one studv can deal with several different interventions 
2.2. p _,_p+Q.s = propranolol ]$ mg/kg, phenobarbital 25 mg/kg, cvstamine 180 mg/kg 

-1:: APTH: 1 -acetvl-3-phenylamidinethiocarbamide hydrochloride (anti-thyroid drug; inhibitor of peroxidase) 
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itl '11.. Also in hypophysectomized rats with a low iodine diet an increased uptake of 
131II  was found, most likely due to dilution of the concentration of radio-iodide 12. 

Singlee or multiple doses of highly concentrated iodine were administered in 32 % of 

thee studies. The administration of high doses of iodine was given as Kl , Nal or 

iodide-iodinee solution, either oral, intra-peritoneal (ip) or subcutaneous (sc) or as tincture 

onn the skin. In all cases thyroid radio-iodide uptake was reduced. In chimpanzees, it 

wass demonstrated that the reduction in uptake was optimal when KI was administered 

onee hour before radiation-exposure, using 5 mg/kg per day resulting in a median 

reductionn in uptake to 0.45 % of initial dose of  123I  u. No effect of KI on thyroid 

functionn was found, except for a minor increase in TSH. The fetuses of pregnant 

chimpanzeess could be adequately protected as well  54. 

Iodinee vapor, given to dogs and rats, was able to decrease iodine uptake only when 

toxicc doses of vapor were given (the air of the exposure chambers was deep purple 

whichh irritated the respiratory tract of the animals) lu, 

Iodinee tincture (2 or 10 % solution), applied to the paw directlv after exposure, resulted 

inn a 92 to 97% reduction in radio-iodide uptake, which was comparable to the 

administrationn of about 19 mg KI orally, given directly post-exposure L\ 

Hypophysectomy,, investigated in 24 % of included studies, led in one study to 100 % 

preventionn of radiation-induced thyroid tumors, and in another to a reduction of 

nuclearr abnormalities (i.e. large nuclei, irregular in outline and hvperchromatic) 16J". 

Thee administration of T4,T., or desiccated thyroid powder (DTP), alsoo diminished the 

nuclearr changes, but after cessation of T4 supplementation, the histological 

abnormalitiess became manifest ,f'. 

Thee administration of thyroid hormone reduced the uptake of radio-iodide, although 

too a smaller extent than KI (both given ad libitum in drinking water): day 1: 0.79 & 

0.133 and day 7: 0.32 & 0.02 MBq /g thyroid respectively '8 . 

Thee administration of cortisone acetate and ACTH both led to a significant reduction 

ott uptake, which could be correlated to a decrease in thyroid and body weight of the 

animalss !'''2n. In addition, it was shown that cortisone increased renal clearance of 

radio-iodidee 21. 

InIn 25 % of the studies TSH was administered, often in combination with other 

compounds.. After the administration of TSH alone, an increase in uptake of radio-



iodidee was seen when given in the 1s' 24 hours after radio-iodide injection ~. When TSH 

wass given 24 hours after radio-iodide exposure, it increased the efflux of radio-iodine 

fromm the thyroid, resulting in 40 % reduction in radio-iodine content in 12 hours. 

Off  the various anions known to inhibit NIS 2\ the total body radio-iodide retention was 

measuredd showing the following order of reduction after 12 days: 

I~>C100 ~>I0r> I0r>SCN~> CLO "~> NO ~~> F~ 24. Only CIO,"" was administered 
44 3 4 .1 /"  ~r 

inn one studv, combined with PTU in one, and with PTU and T4 in another study. When 

comparedd to I , C104 had a stronger effect on the reduction of uptake (41 vs. 57 %), 

especiallyy when given repeatedly (optimal dose 30 mg/kg in guinea pigs)22. The maximal 

effectt on efflux of radio-iodine was achieved by repeated injections of sodiumperchlorate 

togetherr with TSH 22. Also, SCN increased the efflux (K,rH) of radio-iodine 2\ 

Thee administration of selenium-salts was done in one study (10 to 100 |ig per rat), 

demonstratingg a protective effect on the development of both radio-iodine and X-

radiationn induced benign thyroid tumors, and also against the development of radiation-

inducedd leukemia, lung cancer and breast cancer. A tendency towards the reduction 

off  malignant thvroid tumors was found, however this was not significant 26. 

II .. Thyroid protection against external irradiation (XR) 

Inn total 12 studies addressing pharmacological protection against XR-induced thyroid 

damagee in animals were found (addendum V). Of these 12, 10 (83 %) were considered 

too be valid. 

Onee study was not considered to be valid, as it did not report on 9 of 20 animals in 

thee thyroxine treated group and 28 % of the animals were lost in the follow-up. The 

secondd non-validated study did not report on the t Vi of methylthiouraril (MTU), 

aminotriazolee (AT) or sodium perchlorate (SP), which was considered relevant since 

thee injections were given onlv once, 24 and 6 hours, before exposure to XR. Also, the 

resultss were not presented separately for both groups. Furthermore, thyroid damage 

wass measured indirectly, by goitrogenic challenge. 

Off  the 10 valid studies, 5 were dated from before 1970, 4 before 1984, and the other 

33 more recently. All interventions used arc given in table 2B. 

Alll  studies were performed in rats (3 in Wis tar, 1 in non-inbred strain H, 1 in CFW, 2 
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inn albino, 1 in Sprague Dawley and 1 in Long Evans; in one study the strain was not 

mentioned).. Also regarding the mode of intervention, there was much variation (table 

2B),, but studies could be compared due to the fact that most compounds are assumed 

too be radio-protective based on a similar mechanism of action (depression of TSH or 

thee reduction of free radicals). Regarding the administration of thyroid hormones, 

onlyy in 2 studies T4 was administered, and in the others DTP. DTP is outdated and 

nott used anymore, because it contains thyroid proteins (mainly thvroglobulin), 

containingg a combination of T , some T3 and iodine in variable amounts. Many different 

thyroidd outcome determinants were used, as illustrated in table 3, making it difficult to 

comparee the studies to each other. 

InIn the 10 valid studies, 19 different types of preventive intervention are described. Of 

these,, 16 types were only used once. T , DTP and anti-thyroid drugs (MTU or thiourea 

(TU))) were administered in two studies. 

Inn one study, after the daily administration of 100 (Ig T4 to rats for 5 days preceding XR, 

thee histology of the thyroidd glands resembled those of non-irradiated glands. Follow-up 

time,time, however, was brief (35 days)2'. In rats who received 20 jLlgT, /100 g body mass 

dailyy from one week before single dose irradiation with 15 Gy to 2 weeks there-after, no 

protectivee effect was found regarding thyroid dysfunction or thyroid neoplasms. In the 

irradiatedd rats without T, administration, no carcinomas were found, but in contrast in 

thee group with T4 one carcinoma was found and TSH was elevated at follow-up 28. 

Thee administration of DTP in mice and rats prevented, after irradiation with 10 Gy, 

thee occurrence of thyroid adenomas, but not of carcinomas 2'J. In mice given total 

bodyy irradiation (TBI), a diet with DTP for 10 and 21 days increased survival from 40 

too 70 %, possibly related to stimulation of the erythropoicsis (reflected in an increase 

inn number of thrombocytes)3". 

MTUU or TU, given once as 50 mg ip, 24 hours before exposure to irradiation 31 or ad 

libitumm as 0.1 % in the drinking water from 37 days before XR 2 , both in rats, gave 

differentt results. When given in a single dose before exposure to XR (0 to 16 Gy) it 

wass shown to be radio-protective (measured as goitrogenic response of thyroid cells 

afterr sacrifice)31. When it was given in the drinking water for 37 days preceding radiation 

withh 6 Gy, the thyroid glands demonstrated the typical histologic appearances of TU 



treatmentt after 39 days 2~. The addition of T4 to TU in the drinking water resulted in 

aa normalization of the histologic appearance 2 . However, both studies had a short 

follow-upp time (6 weeks and 39 days, respectively). 

Thee administration of 10 mg 12 I as radio-preventive strategy did not demonstrate 

anvv positive result: an increase of TSH was measured during the administration of 

suchh high doses of Nal (and radiation exposure) and subsequently, a higher number 

off  adenomas developed in this group of rats. The administration of T4 to the rats 

givenn iodine also did not result in an}' protective effect on thyroid function or structure 

whenn evaluated one year after exposure of 15 Gy ~H . 

Otherr intervention strategies were not specific for the thyroid gland, but radio-protective 

effectss were observed in the thyroid gland. S-phenethyl formamidino-4 (N-ethyl 

isothioamide)) morpholine dihydrochloride (S-pf), a sulfur containing compound, 

demonstratedd to be radio-protective for the thyroid, testes and brain, in rats that were 

givenn two times 15 Gy. However, the follow-up time was brief (7, 14 and 18 days)"'*2. 

Thee compounds 2-mercaptoethylamine (MEA), 2-aminoethylisothiouronium (AET) 

andd the combination of both caused a diminished uptake of radio-iodide before and 

afterr XR, which was interpreted as hypothyroidism by the authors. The subsequent 

low77 basal metabolic rate caused by hypothyroidism was thought to be radio-protective 

forr other organs 3\ 

Thee compound acetyl-3-phenvlamidinethiocarbamide hydrochloride (APTH), an anti-

thyroidd drug, was administered in a dose of 3 mg/ 100 g body mass to albino rats 30 

minutess before exposure to XR, 6 Gv, and decreased mortality from 60 to 0 %. Due to 

APTH,, the histologic appearance of thyroids resembled active glands with enlarged 

follicless and colloid with many vacuoles, but no necrotic changes were found after 15 

andd 30 days follow-up -14. 

Inn another stud}-, tumor immune prophylaxis was performed, by the administration 

off  Ivophilized xenogenic fetal cells (derived from connective tissue and bone marrow), 

demonstratingg a reduction of thyroid adenocarcinomas from 55 to 15-25 % 3" , after 

aa follow-up time of 6 months. 

Thee administration of free radical scavengers (vitamin E, 400 mg, vitamin C 400 mg 

andd glutathione 1000 mg) was performed in Wistar rats, demonstrating a protective 
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Tablee 3. Ou tcomes used in all s tudies ( radio- iodine/ X-ray , valid and non-val id) 

Outcome e %%  of studies Reliable 
used* * 

Comparable e Advisee for  human practice 

U1II  and XR N=61 

Histologyy thyroid 33% 

Weightt thyroid 10% 

Histologyy pituitary 13% 

Pituitaryy TSH content 2% 

Weightt pituitary 2% 

Presencee metastases 11% 

Goitrogenicc growth/ 3% 
challenge e 

Iodidee trapping 3"-'.. . 

Yes s 

Limited d 

Yes s 

Yes s 

Limited d 

Yes s 

Yes s 

Yes s 

II  j mi ted 

Yes s 

Yes s 

limited d 

Yes s 

Iff  method is the same 

Yes s Yes s 

Too be used 

Nott to be used 

Too be used 

Easierr to use plasma TSH 

Difficul tt outcome. Not to be used 

Too be used 

Indirectt way to interpret thyroid 
function.. Not to be used. 

Increasedd trapping is a sign of 
thyroidd activity, may be hypo- or 
hyperthyroidism.. May be used. 

TSH H 

PBI I 

FT4 4 

T4 4 

T, , 
Tg g 

TBG G 

Cholesterol l 

Adrenal l 

Mortal]]  t 

histology y 

y/survival l 

8% % 

111 % 

3% % 

8% % 

8% % 

3% % 

3% % 

2% % 

2% % 

3% % 

Yes s 

limited d 

Yes s 

Yes s 

Yes s 

Yes s 

Yes s 

Yes s 

Yes s 

Yes s 

Iff  ref range is given 

Iff  method is stated or 
iff  converted to T4

 B 

33 f ref range is given 

Iff  ref range is given 

Iff  ref range is given 

Iff  ref range is given 

Iff  ref range is given 

Yes s 

Yes s 

Yes s 

Too be used 

Nott to be used 

Too be used 

Too be used 

Too be used 

Too be used 

Too be used (in species with TBG) 

Indirectlyy related to thyroid 
function.. Not to be used. 

Nott to be used 

Nott often the result of thyroid 

O,, consumption 2% Yes If method is stated 

Nrr thrombocytes 2% Yes Yes 

DNAA damage 3% Yes If method is stated 

Bodvv weight 3% Yes If A weight is given 

dysfunction.. To be used 

Indirectt related to metabolism and 
thyroidd function. Not to be used. 

Nott only related to thyroid function. 
Nott to be used 

Too be used 

Indirectt marker of a.o, thyroid 
function.. To be used 

TableTable continued on next page 
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Tablee 3 (continued) 

Outcome e %% of studies Reliable 
usedd * 

Comparable e Advisee for  human practice 

N=49 9 

Uptakee radio-iodide 
inn thvroid 

Radio-iodinee serum 

Radio-iodinee urine 

Radio-iodinee faeces 

% off  ,3 lI in thvroid 
venouss effluent 

86% % 

24% % 

12% % 

2"'n n 

2% % 

Yes s 

Yes s 

Yes s 

Yes s 

Yes s 

Yes s 

Yes s 

Yes s 

Yes s 

Iff  method is stated d 

Too be used 

Too be used 

Too be used 

Too be used 

Difficul tt outcome 

Wholee body uptake 2"\ 

Organicc /non -organic 8"-'i 
iodine e 

Thyroidall  PB1331 

T4
,31T,.Bll M , 3 lI T 

D13,!T T 

Iodinee content 
thvroid d 

2% % 

8% % 

2% % 

Noo Yes Aspecific, not to be used. 

Limitedd Dependent on method Not to be used 

Limitedd limited Not to be used 

11 .imited Dependent on method May be used with valid method 

Limitedd Dependent on method May be used 

aa If applicable- % of studies in which the certain outcome can be used regarding the type of RT used (e.g. uptake 
thyroidd not possible in studies with X-R), Conversion factor 777/5()8 * x/Jg T4 =1.53 * x «L; 

effectt for vitamin E and C, measured as follicular atrophy and hyperplasia. No 

differences,, however, were found in thyroid function between the groups with and 

withoutt vitamin supplementation, 1 day after irradiation with 8.9 Gy ¥>. Follow-up 

timee was, however, very short (one day). 

III .. Outcomes used to measure thyroid radio-protection (all studies, n=61) 

Ass shown in table 3, 33 different outcomes were used to interpret reduction in thvroid 

damagee or thyroid uptake. Of the outcomes that could be used after both treatment 

modalities,, the most frequently used outcome was histology of the thyroid gland (33 %), 

followedd by pituitary histology (13 %), presence of metastases (11 %), and thvroid 

weightt (10 %). Determinants of thyroid function were used in 8 % of studies (TSH, 

T 44 and T^). In studies with radio-iodine, the most frequently used outcome (86 %) was 

uptakee in the thyroid gland (24 hours-uptake, % of injected or reduction in time). 
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Countss or amount of radio-Jodine in plasma, urine or faeces was determined in 24,12 

andd 2 % of the studies respectively. 

Discussion n 
Thee evidence on the effectiveness of preventive strategies that reduce thyroid gland 

damagee during irradiation in animals proved to be limited. This finding can be discussed 

inn terms of evidence volume and quality, both 'methodological' and 'thyroidal'. 

Thee number of studies that has been done with radio-iodide was higher than the 

numberr of studies using X-irradiation as the noxious procedure. This can be explained 

byy the fact that many studies have been performed on iodine metabolism, using radio-

iodine.. The studies that were designed to evaluate iodine metabolism in the thyroid 

glandd but not intended to investigate prevention of thvroid radiation damage, were 

includedd because the reduction in radio-iodine uptake or increase in efflux was assumed 

too be a marker for radiation damage. These studies almost never evaluated the long 

termm effects on thyroid function or thyroid histology. 

AA second methodological issue is the great number of different preventive interventions 

thatt was used. For example, regarding the protection of the thvroid against damage 

fromm XR, 19 different interventions were tested, of which 16 only in a single study, 

makingg it impossible to compare results. The same remark can be made on the different 

outcomess that were used. 

Inn many studies a decreased 24-hour uptake or content of radio-iodine was considered 

too reflect hypothyroidism. However, for the evaluation of hypothyroidism, the plasma 

thyroidd hormone concentrations are more reliable, as thyroid uptake is influenced by 

manyy factors, such as the concentration of circulating iodine. The results of uptake 

must,, therefore, be compared with careful recognition of other environmental factors. 

Variouss different animal species were used. Although the various animals or strains 

mayy react differently to radiation exposure ', we have compared all studies with each 

other.. We did not take into account the type of animal used, except for the size with 

regardd to dose and concentrations. 

Preventionn strategies against damage with radio-iodide and X-radiation (XR), 2 distinct 

treatmentt modalities, arc in manv wavs comparable. For this reason, we will discuss 

thee different interventions according the intervention strategy. 



Loweringg TSH 

Thee administration ot T to lower TSH during exposure to XR was only done in two 

studiess and the administration of DTP in 2 other studies. The results presented in the 2 

studiess with T are contradictive; one demonstrating a protective effect and the other 

demonstratingg no effect. The studies differ in the dose of radiation and in the radiation 

field;field; TBI with 6 Gv versus cervical irradiation with 15 Gv. The studv that demonstrated 

aa protective effect2 , only examined the thyroid glands 'grossly' after 39 days. In the 

otherr studv, where no protective effect was found, the thyroid tissue was evaluated 

'thoroughly'' after 6 weeks and one year2H. However,TSH was not completely suppressed 

inn the latter study, possibly also explaining the difference in results. The administration 

off  DTP also did not prevent the occurrence of thyroid carcinomas (XR, 10 Gy) , 

althoughh it did protect mice against mortality and induced granulopoiesis after TBI'" . 

InIn the study by Koritnik et ah, the suggestion was made that administration of lO/ig 

T4/1000 g body mass twice a day during 15 days prevented against the occurrence of 

thyroidd carcinomas 3 . In the study by van Santen et al., although the follow-up time 

andd used XR dose was different, these results could not be confirmed 2H. 

Forr studies using radio-iodine, it was seen that the administration of thyroid hormones 

didd not prevent the thyroid from radiation-induced thyroid malignancies, but could, 

temporary,, diminish thyroid follicular hyperplasia, nodules and nuclear changes induced 

bvv radiation. 

Hvpophysectomy,, however, really precluded the forming of thyroid carcinomas 16,1 . 

Theree are several differences in hypophvsectomized rats versus T4 or T, treated rats. 

Inn the hitter, circulating plasma TSH will be low or suppressed but will nevertheless 

circulatee in low amounts. Secondly, T,/T.- administered rats are hvpermetabolic while 

hypophvsectomizedd rats are hypometabolic. All cells, including thyroid cells, need T^ 

forr their metabolism and growth. A hvpermetabolic thyroid cell is hyperphagic, and 

willl  possibly take up and bind larger amounts of iodide (higher turn-over). In the 

threee compartment model ot Granner (serum-thyroid cell-follicular lumen), it was 

shownn that T̂  treated rats given TSH had a lower concentration of radio-iodide in the 

thyroidd compared to the serum concentration radio-iodide (lower T/S ratio) than 

hypophvsectomizedd rats given TSH. The dosc-rcsponsc relationship for concentration 
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off  TSH versus T/S ratio was parallel (sigmoid)38. The lower T/S ratio was explained 

byy a higher thyroid efflux of iodide in the T, treated rats (K--B larger), indicating that 

T33 has an additional effect on iodide efflux. It can be concluded that radio-iodine is 

fasterr removed after thyroid hormone supplementation than after hypophysectomy at 

thee same level of TSH stimulation. Thirdly, hypophysectomy results in a deprivation 

off  all pituitary hormones, including growth hormone (GH). The relationship between 

tumorr growth and GH has been made previously in hypophysectomized animals, in 

whichh also less leukemia and carcinogenic tumors have been demonstrated V). The 

exactt role of GH and IGF-1 in this process has not been defined vet. 

Takingg these differences between hypophysectomy and thyroid hormone administration 

intoo account, we concluded that the radio-protective effect of hypophysectomy is due 

too complete lack of TSH in combination with the lack of other pituitary hormones. 

Thee fact that a decrease of uptake of radio-iodide was observed in case of ACTH and 

cortisonee administration treated animals, can be explained by elevated levels of Cortisol, 

knownn to suppress TSH, although in one study decrease in uptake could be explained 

byy a parallel decrease in thyroid mass to body weight 19-2tl. 

Inhibitionn of  131I uptake by NIS 

Thee active transport of iodide into the thyroid by the sodium-iodide symporter (NIS) 

iss decreased in case of a high intra-thyroidal concentration of iodide due to the escape 

mechanismm after the Wolff-Chaikoff effect. It is unclear to what extent the down-

regulationn of NIS by iodide will play a role in radiation prevention 4(1 . In case of 

iodidee excess, euthyroidism is rendered due to the escape mechanism of the Wolff-

Chaikofff  effect (shown by Noteboom et al  13). This indicates that active uptake of 

iodidee in the thyroid is possible. It was demonstrated that when KI was given one 

hourr before exposure, the uptake is minimal  L\ The most important radio-protective 

effectt wilt be the dilution of radio-iodide. In many studies, it was reported, that the 

radio-iodidee uptake is not reduced 100 % by the administration of excess of  12 I l" , ,v 

LI.IH,24.22 ^ ^ j c h c an partJy be explained by the fact that, although NTS activity is reduced, 

somee iodide will be taken up, including radio-iodide. This indicates that other wavs 



thann the administration of excess iodide should be searched for to down regulate or 

blockk iodide uptake bv the thyroid. In the reviewed studies, the administration of a 

CIOO resulted in a greater reduction of thyroid uptake than KI  22-41. The addition of 

perchloratee salts to iodide salts should be considered as a way to improve thyroid 

protectionn in case of circulating radio-iodide. 

Inhibitionn of TPO/THOX, anti-oxidants and free radical scavengers 

Ass was demonstrated, the inhibition of iodide organification accelerates the efflux of 

radio-iodinee from the thyroid, which decreases the exposure time and thus may act 

radio-protective.. However, long term administration of anti-thyroid drugs cause 

hypothyroidismm with a subsequent increase in TSH, resulting in increased radiation-

inducedd thyroid tumors '\ This effect may be counteracted by the simultaneous 

administrationn of thyroid hormone. 

Forr both radio-iodine and X-irradiation, the inhibition of iodide organification by 

reductionn of H. ,0, generation (THOX) and T PO activity may be radio-protective due 

too the reduction of free radical and O, formation. An example of this effect was 

seenn in the study by Greig, who demonstrated a protective effect of MT when given 

244 hours before XR 31. However, because the continuous administration of these 

drugss leads to hypothyroidism, the administration must be short, or thyroid hormone 

supplementationn has to be given simultaneously. 

Thee radio-protective effect of anti-oxidants, such as the vitamins R and C, each given 

inn 400 mg daily, was evaluated in one study 42, in which a decrease in thyroid cellular 

damagee was found, although no differences were found in thyroid function. The follow-

upp time of this study was only one day, indicating the need for further studies with a 

prolongedd follow'-up. Also for selenium salts a protective effect against the development 

off  radiation induced (radio-iodine and X-ray) benign thyroid tumors was demonstrated 

2f',, which might be of importance for human studies. 

Regardingg the administration of (non-thvroidal-specific) radical scavengers or anti-

oxidantss to children with malignancies, special attention must be paid to the fact that 

thesee scavengers are not tissue specific. It must be prevented that the malignancy 

itselff  is not protected against irradiation damage. For the thyroid gland, the fact that 
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organn specific anti-oxidants exist, such as anti-thyroid drugs (inhibitors of TPO), may 

providee radio-protective alternatives. For many synthetic radioprotectors attention 

mustt be paid to the fact that these compounds may have substantial toxicity in humans43. 

Thee efficacv of radical scavengers for thvroid protection should be further investigated 

inn animal studies and, if these results look promising, also in human trials. 

Conclusion n 
Inn conclusion, given the results in the reviewed animal models and because an optimal 

methodd of radiation protection has not been found yet, further research is warranted 

too improve thvroid protection during exposure to radio-iodine and X-radiation. A 

combinationn must be found that is feasible in humans, so without hypophysectomy 

andd with a minimum of side effects. For external radiation, this implies reducing the 

amountt of free radicals, lowering TSH and supplying thyroid hormone to ensure 

euthyroidism.. This could be for example a combination of KI , methimazole, T and 

glucocorticoids.. For radio-iodide associated damage, this also implies the above 

mentionedd protective measures combined with blocking the uptake by NIS. This could 

bee the combination of KI , perchlorate, methimazole, T4 and glucocorticoids. Protection 

off  the thyroid using combinations as suggested above must be evaluated in animal 

modelss and human studies, with clinical relevant, comparable and valid outcomes. 
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C h a p t err 11b A d d e n d umm IV: " ! in Bfiirnais 

Authorr  &  year  of pub. (ref) Study design &  population Dose and type of RT 
Agee or  weight at RT 

Preventionn strategy: 
type,, timin g of strategy ¥ 

Lindsav,, S et al. 1966 Prospectively randomized 0.9 MBq ' ,]I i.p., single-
cohortt  controls malt dose 
I-ong-Evanss rats 
(N=826,, 8 groups) 

Age:: fi weeks 

duringg I year with : 
normall  diet 
normall  + , 1 ,i ~ 
PTU U 

PTL"+,3 ir r 
DTP P 
D T P + n , F F 
P T U & D T P + ' - 'T T 

B /D/A A 

Bair,, Wïetal. 1963 Prospectivelyy randomized 
case-conn trol, rats and dogs 
(malee beagle) 
Age: : 
rats:: 3 mdis 200-25(1 g 
Dogs;; 1 \r old 

1)) ran 0.006 MBq 
andd 0.15 to 0.24 MBq 
" T / l . a i r r 
2)) Dog: "MB q " T 

Iodine-vapor r 
0-5.33 mg/1 air, 
lxx lOOmgKIsc 
Rats:: I group low iodine 
diet t 
Dogs;; 100 jig iodine per day 
B /D /A A 

Grosvenor,, C 1963 4 Prospective cohort, Sprague n l l , 0.07 to 0.4 MBq, 
Dawlevv rats, male and single dose 
female e 
(N=29) ) 
200-2500 g 

PTUU after MM I &T 4 daily, 
s.c..
I/i ww & normal iodine diet 
A A 

Greer,, MA et al. 1969' Prospectivee randomized 
casee control, male Sprague 
Dawleyy rats 
(N=3fi,, 6 for each 
experiment) ) 

250-3500 g 

3.7to5.6MBq131II  8h 
beforee perfusion with 
bovinee TSIÏ 10 ml."/ml 

cio4 4 
Ouabainn (ou) 
MM1 1 
MM11 + CK>~ 
a11in1o\M_ _ 
andd all low I diet (6 days) 

Kapoorr A, 19674"' Prospectivelyy randomized 
casee control, Indian catfish, 
(Heteroo pneustes fossilis 
Bloch)) 15-22 grams 

1]11 , 0.07 MBq, single dose T ( or thiourea 
ART T 
MEG G 
AHTT + MEG + T4 

B,, D, A 

Slingerland,, D 1963 Prospectivee randomized 
cohort,, Sprague Dawley 
rats,, male 
(N=314) ) 
11 50-200 g 

0.077 MBq Ll,I injection alll  diet with PTL' (0.01 "'i>) 
DTP(0.2"4)or r 
Kll  (40 Jig/10 g diet) 
CIO4~(l-K>0mgip) ) 

B/D D 



Revieww of animal s tud ies 

Outcomee (s) used 
Follow-upp time (Fup) 

Results s Conclusionss (of authors) Limitation s (L) and our 
conclusionss (C^) 

Histology y 
thyroid d 

-parenchym m 
-neoplasms s 

cervicall  nodes 
lungs s 
Fup:: 1 year 

Thyroidd parenchym 
^ T + D T P a s c o n t r. . 
' - ' ' I j -PTUU as PTU 
n l ll  + and both:as both 
Thyroidd neoplasms; 
adenomaa : n l l + both > 
bo th>> 1 3 ,r+PTL">PTLT 

>> L i i r + DTP> n T . 
carcinoma:: 10% naturally in 
controls,, 3% pap cas in 
n , r , 1 0 % i nn i r + b o t h, , 
9%% foil, ca's in 1-11I~+ both 

Thyroidd adenoma not 
reducedd by feeding DTC, 
ca'ss no A 

nT~,, PTU and DTC all 
playy a role in neoplasm 
formation.. Effects seem to 
bee additive. 

L: : 
High"'.,, rats died (402), 
mainlyy after PTU (severe 
HT) ) 
noo thyroid function known 
C: : 
V:Y Y 
IR:N N 
Transl:: N 

Iodinee analyses from 
-- thyroid tissue 
-- urine 
-- faeces 
Fup:0,, 20, 26, 40, 65 h after 40 h) 
exposuree with vapor lowest uptake at 

t 2 7I / l : , TT ratio of 5.5 x U? 
nearr toxic levels of 
122 1 vapor necessary 

maxx uptake '-''I after 20h Absorption of  l l l l more L: inaccuracies in dose due 
-greatestt uptake (40%) with than 2 orders of magnitude to difficulties with 
loww iodine diet, lowest decreased with l2'l vapor, collection of samples 
uptakee after KI s.c., (until but with near toxic levels 

-Dailyy neck counts for 5-8 
days s 
-plasmaa cpm 
-PBI I 
Fup:: 8 days 

%% of thyroid effluent as 1 
(inn free 1 , T4 and T.J 
(leftt interior thvroid vein: 
cc h rom a togr aph v) 
Fup:: 10-90 minutes 

PTUU in increasing dose 
acceleratess the release rate 
off  " T i n 15/21 rats 
increasingg dose MM1 no 
acceleratingg effect 
22 rats no response to PTU 

presencee of TSH causes 
progressivee increase in total 
quantityy of secreted radio-
activity y 
O 0 44 :rise in secretion 1-,1I 
fromm 15 to 55% 
Ouu :similar to C104 

PTUU & MM1 smaller 
increasee in I-secretion than 
G O ~ / Ou u 

PTUU accelerates 
releasee rate of radio-iodine 

C:: PTU and MMI inhibit 
organificationn of iodide 
C1044 inhibits iodide pump 
Storedd iodide can be 
prompt]vv discharged bv 
CIO(( if there is a second 
iodidee pool (minor 
proportion) ) 

C:: V:Y (then) 
IR:N N 
Transl:: N (toxicity) 

L:-noo exact data & sign. 
shown n 
V:Y Y 
IR:: limited 
Transl:: N o 

-modell  designed for iodide 
metabolismm , not thvroid R 
protection n 
C:V:Y Y 
1R:Y Y 
Transl:: more animal studies 

-- radio-iodine uptake AET: no difference C: T4 and MEG could bofh 
thyroidd region after sacrifice After T4 & MEG: decreased be radioprotective 
Fup:: 24 h after u]l~ uptake of  r , T 

L:: No thyroid function 
measured d 
C: : 
V:: Y IR: Ijmitcd 
Transl.:: T, 

Radioo compound thyroids 
(sliced,, iced and diahsed for 
11 and 24 h ) 
Fup:15-455 minutes 

G 044 lowered thyroidal 
radioiodidee more than KI 
DTPP diminishes radio-
itt xl id e uptake. 

C:: C104 decreases radio-
iodinee uptake more than KI 

U:-PTU,THH and Kt given 
inn diet, uncertain doses ? 
G: : 
V:Y Y 
IR:Y Y 
Transl:: Y 



ChaDtr-rr 1 1b Addendumm IV: ,;i! l in animals 

Authorr  &  year  of pub. (ref) Study design &  population Dose and type of RT 
Agee or  weight at RT 

Preventionn strategy: 
type,, timin g of strategy ¥ 

Noteboom,, ] et al. 1997 ! l Prospectivee randomized 
case-control,, laboratory 
bomm chimpanzees 
(N=6,, several used more 
thann once at different ages) 
2-988 weeks 

I)) l l l l tracer dose (370 
GBq/mgg iodide) 

Stablee iodide 0.5, l .5 or 5 
mg/kgg for 11 days (1 h 
beforee l2 l l ) or 0.5,1.5,5.0 
&&  10mg/kg20hbefore 
121ii  , once 

B / D / A & B B 

Koteboom,, J et al. 1997 Prospectivee randomized 
case-control,, l.aboratory 
bornn chimpanzees 
(pregnantt females, N=9) 
2"dd trimester fetuses 

12jII  tracer dose (370 GBq/ stable iodide 0.65, 1.95, 6,5 
mgg iodide) mg/kg/day 11 days per os 

-200 h once 0.5,1.5 & 5 mg/ 
kg/bw w 

B/D/A A 

Abdel-Nabi,, Heta l. 19875 Prospectivee randomized 
case-control,, adult male 
Spraguee Dawley rats 
(N=64) ) 

11111 labeled to anti-CHA, L-thyroxine 4 , KI or 
4.811 \IBq placebo 

(22 weeks before l , l l ) 

B // D/A 

Nadlcr,, NJ et al. 19701 Prospectivelyy randomized 
casee control, female albino 
CDFF (inbred) Fischer 
rats,(N=30U) ) 
100 weeks old 

'II  ,0.11MBq hvpophysectomy// sham 
hypophjj  sectnmy/ no 
surgery y 
(alll  low iodine dier) 

B/D/A A 

Kscobarr del Rev, F et al. 
I9605 5 

Prospectivee ca se-con trol, 
giantt Wistar Strain rat, 
votingg adult males 

N=nott given 

0.4to0.55MBq, : , ,I ~ ~ Mediumm low 1 diet 
l ) ]5mgPTU U 
2)) 200 mg KCLQ4 

++ '/:> of group PTl 2 x 10 
mgipp + 
3)) 200 mg KCL04 

+T44 + PIT.' 
AA r o h later) 



Revieww of anima! studies 

Outcome(s)) used 
Follow-upp time {Fup) 

24h-uptakee i ; ï l in thvroid 
II  excretion 
244 h-urine 
11 /creat (1/Cr)-ratio in 
urine, , 

FT,,, T*  TSH,T,,TBG, 
inn plasma (Day -3, 1, 11 
Fup:: 11 days 

24h-uptakee !21I in 
maternall  and fetal thvro 
II  in 24 h-urine 
11 /creat in urine 
FT4,, T4, TSH, T,, TBG, 
inn plasma (Day-2, 1, 11 
Fup:: 2nd trimester and a 
birthh (day 1-wk 16) 

11111 in dissected thyroid; 
DNAA damage 

Tg g 
18) ) 

d d 

TK K 

:ter r 

determinationn bv nucleoid 
sedimentation n 
Fup:: 1,4,7, and 6Ü days 

-numberr of neoplasms 
thvroid,, per group, and 
meann aggregate volume 
neoplasms s 
Fup:: 6 months 

radioactivityy thyroid 
thyroidd histology 
plasmaa TSH activity 
Fup:: 24 h 

aer r 

of f 

Results s 

meann + median 24h-
uptake:: controls: 13% 
0.55 mg: 1.0 (1.0)% 
1.55 mg: 0.6 (0.7) 
5.00 mg: 1.2 (0.45) 
largee variations amount 
excretedd <ingested 
loww correlation bervvecn 
iodidee urine and 1/Cr ratio 
TSHH lowest on day 18 (T,, 
FT4,T, ,TBGnoA) ) 

Reductionn I21l uptake 
maternall  & fetal thyroid on 
dayy 1 and 11, no dose 
relation n 
Meann maternal & fetal 
uptakee effectively inhibited 
afterr 1.5 & 5 mg/kg 
noo effect of stable iodide 
onn thyroid function mother 
andd infant in these amounts 

Afterr KI; less radioactivity 
(p=0.01),, afterT4 also less 
radioactivityy but to a lesser 
extentt (21.4 vs 76.2) 
Migrationn of nucleoids 
control—— x 
placeboo - -1,7 x 
T44 rats — x 
KII  rats= - 1.1 x (day 1), x 
(day>4) ) 

noo tumors a fret 
hypophysectomyy and n , I 
54%% tumors in low iodine 
group p 
96-98%% tumors after m I 
++ intact pituitary 

l)direcdyy after PTL' sharp 
slopee of disappearance in 
curve e 
2)) increase of  B ,I release 
afterr KCL04: 100% 
increasee in secretion rate ot 
labeledd compounds from 
thee gland. Thyroids: 
increasedd activity 
3)) after T4 and K-CL04 no 
effectt of PTL' on release 
curve e 

Conclusionss (of authors) 

Protectivee effect better if 
ingestedd 1 h before 
-- 5 mg/kg advised 
-- Doses of iodide from 0.5-
5.00 mg/kg/day ingested for 
100 davs does not inhibit 
thyroidd function in children 

-- Fetal thyroid can be 
effectivelyy protected by KI 
-- Recommended dose for 
pregnantt women (100 mg) 
iss effective 
-noo effect KI on fetal 
thyroidd function 

C:: T4 and KJ both protect 
againstt R-damage. 

TSHH stimulates and is even 
necessaryy for tumor 
formation n 

PTL'' increases die release 
off  radio-labeled 
compoundss + within 24 h 
increasedd TSH activity in 
serum m 

Limitation ss (L) and our 
conclusionss (C£) 

L)) - 6 chimpanzees used 
multipee times 
-- high intake of dietary 
iodinee (d e sin fee tan ts) 
C: : 

V:: Y 
1R:Y Y 
TranshY Y 

L: : 
Nott all infant chimps tested 
C: : 
V:Y Y 
IR:Y Y 
Transs 1.:Y 

L:: uncertain dose T4 and 
KI ,, Thyroid function 
unknown. . 
C:: V: Y 
IR:Y Y 
Transl:: Y + (animal DNA) 

L: --

C; ; 
V:Y Y 
IR:Y Y 
Transl:: N 

L:--
C: : 
V:Y Y 
1R:Y Y 
Transll  :Y, more studies on 
CL04~~ effects 



Chapterr 11b Addendumm IV; ' "I in animals 

Authorr  &  year  of pub, (ref) Study design &  population Dose and type of RT 
Agee or  weight at RT 

Preventionn strategy: 
type,, timin g of strategy ¥ 

GraU,, Het aJ. 1 9 6 3- Proo speed vc case -control , 0.4 MBq1'1! 
malee guinea pigs, 
2:50-3000 g 

K.CLOO , iodine-iodide 
solution,, TSH, Fsidrex3 

N—moree than 250 (1,3,244 and 48 hatter) 

Doniach,, 1,1953" Prospectivee case-control , 
hoodedd Lister rats, male 
andd female. 
N=21<landN=20, , 
-»» \ = 1 00 rats left for 
results s 

0.2,1.11 and lTMBq 

'P P 

4-mcc th vl- 2- thi o u racil 
(MTU)) as saturated solution 
inn tap water, 8 groups: 
-controls s 
-MTUU whole experiment 
-5,, 30 or 100 Jic1-111" 
-5,30,orr 100Hcl : i i r Pl us 
afterr 24 h MTU 
A A 

Doniachh 1,1950' Prospectivee case-control, 
hoodedd iJster rats 
NN = 113,attheend98 

B i II  , 0.59 MBq, ip, twice 
withh interval of 5.5 months 

-controls s 
." II r 
-MTL: : 
-L1ir+MTU U 
-AAI * * 
-AAI'' + r , ,r 
-AA FF + MTU 
-AA FF + MTU + I ; , T 
AA (48 h) 

Maloof,, F a al. 1952" Prospectivee case-control, 
malee Sprague Dawley rats 
N=500 0 
100-1255 g 

i-11]]  , (pan IV of study) 
0.04,, 0.19, 0,"4, 1.85, 3.", -low iodine diet for 5 & 11 
11.11 ip days 

-TSHH 2.5 mg daily for 4 

davs s 
-Thiouracill  0.2 % 1 month 

AA (48 h) 



Revieww of animal studies 

Outcome(s)) used 
FoUow-upp time (Fup) 

L1' ll  concentration in thyroid 
andd abdominal region 
(expressedd as % of amount 
att Ur injection), at 
1,2,4,6,7,12,24,488 h. 

Thyroidd weight 
Thyroidd and pituitary 
sectionss stained by 
haemalum,, cosin and PAS 
Lungs,, adrenals, In sections 
Inn vivo radio-activity 
measurement t 
Fup;; 15 months 

Thyroidd weight 
Histologyy of thyroid , 
pituitary,, lungs & 
macroscopicc ally abnormal 
otgans s 
Inn vivo radio-activity 
(n=15) ) 

Fup:: 15 months 

Afterr intervention strategy: 
1 , 11~,, 0.04 MBq ip +daily 
determinationn of retained 
l ,1ll  in thyroid + some for 
bodyy weight, thyroid 
weight,, uptake l l l l /g 
tissue,tissue, thyroid, pituitary/ 
adrenall  histology 
Fup:: 60 & 90 days 

Results s 

Iodine:: max effect at 2 mg 
KClO4:100 or 40 mg same 
effect,, effect better than I 
TSH:: after 1-3 h increase in 
uptake,, after 24 h: high 
releasee of radio-iodine 
EE sidrex: stimulatory effect 
onn thyroidal uptake 
Mostt effective: KCL04 

+TSH H 

Adenoma's:: MTU alone: 19/ 
20(noca*s),0.2MBq:3/6, , 
1.11 MBq:7/14,3.7MBq:0 
0.22 MBq+MTU: all 
adenomas,, no cas, mixed 
follicles,, not so 
hypertrophiedd as MTU 
alone.. 1.1 MBq+MTU: 
smallerr follicles, same 
adenomass as 1.1 MBq, 5 cas 
3.77 MBq+MTU:4/7 small 
adenoma's,, very small 
follicles,, similar to 3.7 MBq 
alone e 

1,111 :gland V2 size as 
controls,, adenoma's 10/16 
rats s 
n i r + M T L ' :: increase in 
adenomaa compared to 
MTU,, 1 ca 
AAF:: adenoma's in 7/14 
AAF+ 1 ? 1f :: 5/6 rats died 
AAF+MTU+ r" l~ :: large 
adenoma's,, 1 ca 

Increasee in uptake after low 
iodinee diet 5 days, further 
increasee after 11 days, after 
>> 1.1 MBq smaller increase 
Weight:: no effect of TSH, 
onlyy after low-iodine diet. 
Thyroidd enlarged after 
thioutacil,, except after 1.85 
&&  3.7 MBq 

Abnormall  histology (cell 
heightt & variations in 
nuclearr size) especially after 
3.77 MBq 
Noo sign changes pituitary 
weight. . 

Conclusionss (of authors) 

Usee KCI-041 g in man 
and/orr iodide to eliminate 
134~.. KCLO, every 6 h. 
TSHH acutely is contradicted , 
afterr 24 h 500 GPU/day 
Forr thyroid saturation 10 
mgg I once/month 

Radiationn has additional 
carcinogenicc effect on 
MTU U 
Afterr 3.7 MBq diminished 
capacityy to undetgo 
hyperplasia a 

L1,II  increases incidence in 
adenoma'ss indirectly by 
increasingg TSH and directly 
byy acting as carcinogen 

1.11 MBq interferes with the 
responsee to low iodine diet 

Afterr 'M l cellular division 
impairedd > hypertrophy 

Stimulationn by thiouracil 
makess ' ' 'l effects apparent 

Limitation ss (L) and our 
conclusionss (C$) 

L:: no follow-up on thyroid 
damage,, only uptake study 
C: : 
V:Y Y 
]R:Y Y 
Transl:: Y (KCLO) 

I.:: 70 rats died due to 
brokenn heating, 40 duee to 
infection n 
C: : 
V:Y Y 
IR:N N 
Transl:: N (increase of 
tumors) ) 

L: --
C: : 
V:Y Y 
IFLY Y 

Transl:: N (increase of 
tumors) ) 

1.:: no control group with 
thiouracill  only 
C: : 

V:: Y 
IR:Y Y 

Transl:: N 



Chapterr 11b 

Authorr  &  year  of pub. (ref) 

Maloof,, F1955i l > 

Money,, \V et a l l 951 ;" 

Knizhnikov,, VA et al. 
1996-f> > 

Potter,, G et al. 1956 4" 

Studyy design &  population 
Agee or  weight at RT 

Prospectivee case-control, 
malee Sprague Davley rats, 
N=80 0 
1255 +10 g 

Prospectivee case-control , 
malee Sprague Dawlev rats 
250-3(100 g 

Prospectivee case-control, 
mongrell  white female rats 
X=400 0 

Proo spec five case-control , 
longg Kvans rats 
175-2000 g 

N== 132 

Addend d 

Dosee and type af RT 

n i r i . 8 5 M B H i p p 

n T 0 , 0 4 M B q ip p 

dd after 40 days X-
rayy for 1 month 
(0,133 MBc| per capita and 
X-rayy 1,1.25-2 Gy) 

n,r , , 
Oto l l .11 MBq 

ionn IV: M!J in a n i m a ls 

Preventionn strategy: 
type,, timin g of strategy ¥ 

Hypophysectomy y 
T4(15|Ug/100gbody y 
weight)) One group 
cessationn of T4, 2 months 

priorr to sacrifice (N=6) 
Controls. . 
Alll  groups X=12 

AA (28 days) 

Loww iodine diet for 10 days, 
followedd bv different 
injections,, 3 times a day, for 
100 days" 
Highh carbohydrate diet + 
injections s 

Seleniumm in diet: 
10,, 30 and 100 Jig/day 
Diett started 14 days after 
radiationn exposure 
AA (14 days) 

PTUU 0.15 "/„after 14 days 
Or r 
TSHH 5 mg 2 dd for 4 days 
afterr 30 days 
Or r 
IJO\VV environmental 
temperaturee (30 days) 

A A 



Revieww of ammai studies 

Outcomee (s) used 
Follow-upp time (Fup) 

Results s Conclusionss (of authors) Limitation s (L) and our 
conclusionss (Cf) 

7.55 months: 24 & 48 h 131I Hypophyscctomy: no Nuclear changes induced by 
retentionn in thyroid increase in body weight, '31I are reduced by 
88 months: serum PB1, body decreased of 48 h retention, hypophysectomy or 
weight,, thyroid and 
pituitary/sellaa turcica 
histology y 
Fup:: 8 months 

noo increase in cell height or 
nuclearr changes 
T^:: less increase in cell 
heightt + nuclear changes, 
moree than 
hypophysectomy. . 
Afterr stop T,: histological 
abnormalitiess manifest 

revcrsiblyy by T4 

Differencess due to dose T^ 
orr lack of other pituitary 
hormones? ? 

L --

Q Q 
V:Y Y 
IR:Y Y 

Transl:: Hypophys.: N 
TT ,:Y 

Bodyy weight 
Thyroidd weight 
Thyroidd ] ,1I counts, 
expressedd as % of injected 
solution n 
Tup:: 24 hours 

Decreasee in body weight 
afterr ACTI1, cortisone, 
compoundd A, oestriol, 
estradiol,, diethyl stil bes trol. 
Afterr 21 -AP. Increase body 
weight:: pregnenolone and 
desoxycort.. sign, increase in 
bodyy weight. 

Thyroid-bodyy weight ratio 
increasedd after cortisone 
Decreasee of ' 'I uptake: 
compoundd S, ACTH, 
cortisone,, e s trio l, DES, 
estradiol, , 
desoxycorticosterone. . 
Increasee of uptake: 
DihydroE,21-AP, , 
progesterone,, testosterone, 
estrone e 

ACTHH and cortisone 
decreasee the uptake of 
radio-iodinee in the thvroid. 
Testosterone,, estrone, 
progesteronee increase 
uptake e 
Changess in diet may 
influencee uptake of radio-
iodinee in the thyroid 

L:--

C; ; 
V;Y Y 
[R:Y Y 

Transl;; Y 
Cortisoll  to decrease radio 
iodidee uptake ? 

Histologyy of: thyroid 
pituitary,, bone marrow, 
spleen,, lungs etc. 
Fup:: notgiyen 

Uptakee n i l thyroid gland 
inn vivo 
11111 disappearance curves 
Thyroidd weight + histology 
Fup:: 21 days 

Selenium:: normal body 
weightt and longer lite-span. 
Lesss benign thyroid tumors 
afterr selenium diet, not sign, 
forr malignant th\Toid 
tumorss (but 0 vs 5)'' 
II  monger latent period for 
diyroidd tumors after 
selenium m 

PTL'' + R : less increase in 
myroidd weight compared to 
PTL'. . 
Afterr 11.1 MBq still some 
functionall  follicles left. 
Fromm 0.19 MBq: 
impairmentt in ability to 
groww after stimulation by 
TSHH onwards 
Afterr TSH & PTL': many 
pyenoucc and bizarre nuclear 
forms. . 
Loww temp: small 
impairmentt to gn>w, 
histologyy as after TSH 

Seleniumm results in a lower 
incidencee of radiation-
inducedd breast, lung and 

I.:: iodine content in diet not 
given n 

thvroidd tumors , even when 
addedd long after exposure. 

Growthh processes more 
sensitivee to radiation 
comparedd to iodide 
concentratingg ability. 

Radiationn effects 
augmentedd by TSH and 
PTL L 

C: : 
V:Y Y 
IR:Y Y 
Transl:: Yfbut not specific 
forr thyroid) 

L:: short fup 

C C 
V;Y Y 
1R;Y Y 
Transl:: N 



C h a p t err l i b A d d e n d umm !V: ' ' 'f in ^nim.-tïs 

Authorr  &  year  of pub. (ref) Study design &  population Dose and type of RT 
Agee or  weight at RT 

Preventionn strategy: 
type,, timin g of strategy ¥ 

Halmi,, N et al. 1 %3 Prospectivee case-control, n l l , (J.93 MBq/HtO g sc 
Sprakee Dawlay rats . young 
adults s 
130-1600 g 

N^ N^ 

1.. Hypophvs + cortisone 
acetatee sc 1 mg daily for 21 
Javs s 

2.Hypophvscctomvv + TSH 
2000 m l sc on dav 31 
3.. unoperated , cortisone 
acetatee 5 mg/dav for 18 
days s 
4.. hypophysectomy + 1 mg 
cortisonee for 16-17 days 
B B 

Doniach,, 1 1957 Prospectivee case-con trol, 
blackk and white hooded 
II  aster strain rats, male and 
female e 
N=160 0 
Age;; 3 months 

l3,II  ip, 1.11 MBqand 
Gvv X-rav 

4-methyl-2-thiouracill  for 15 
months s 
MTT 1 g per !, ad libidum 

(33 days after n ,I , and 24 h 
afterr X-ra\) 

Rugh,R19534" " Prospectivee case-control, 
Japanesee fire salamander 
(Trituruss pyrrhogaster), 
sexuallyy mature females, at 
leastt 8 g. 
N=48 8 

'II  0.93MBqip Thiouracill  (T)1U mg (1% 
suspensionn in saline) ip on 
dayy 1,4, 6 and 20 

B B 

Miller,, K et al. 1985 

Maruyama,, H and 
Yamamoto,, I 1992 "" 

Prospectivee case-com rol, 
Spraguee Dawley rats 

g g 

N=72 2 

SII  (HPMBqip 11 2% dncture:-pa\v dip, 6.5 
orr 12.8 cm2 

II  10 %: paw dip 
OralKll  1.9 or 
19mg/kg g 
AA (immediately post-
exposure) ) 

Prospectivee case-control, '-''I 18.5 kBq or 185 kBq, Seaweed: kelp 1 or 2 % in 
1CRR mice, male intra-gastnc diet, lavcr 2%, cellulose 1.5 

Agee 5-6 weeks 
nn powdered 

BB {24 to 7 days) 



Revieww of an imal s tud ies 

Outcome(s)) used 
Follow-upp time (Fup) 

Results s Conclusionss (of authors) Limitation s (L) and our 
conclusionss (C$) 

Total '"11 /thyroid 
(>Tganicc '-''l /thyroid 
Inorganicc 131I /thyr. 
n i f // Hi serum 
Fract.. rate of binding of 
thyroidall  [311 /min 
Fup:: 8 and 16 minutes 

Totall  not affected 
Organicc higher after 
cortisone e 
Inorganicc ' , ] 1 lower after 
cordsonee in group 1 and 2, 
nott in 3 & 4. 
TSHH increased total 
andd organic ]1t I , and 
decreasedd inorganic 

Organicc binding in rats 
givenn cortisone is more 
efficient t 

L:: vexv short fup, invalid 
determinationn used 
(organic/inorganicc iodide) 
C: : 

V:N N 
IR:Y Y 

Transl:: Y 
Cortisol l 

Thyroidd weight 
++ histology 

Noo morphological A 
betweenn X-rav and ' ' 'l 
1Ml~:4/222 adenoma's 

X-rayy :4/30 adenoma's 
M T ++ m i ~ 24/25 
adenoma,, 5 cas 
MT++ X-ray: 23/24 
adenoma,, 7 cas 

Effectivee dose from 1 
equall  to X-ray. 
Carcinogenesiss is 
additionallyy stimulated by 
RTT and TSH. 

I.:--

C: : 
V:Y Y 
IR;Y Y 

Transl:: N 

Thyroidd and pituitary 
histology y 
Fup:: 1 week, 1 month, 2 
monthss and 7 months 

T:: transient enlargement of 
thyroid d 
l11ll  : after 1 month signs 
off  destruction, after 7 
monthss small and necrotic 
i.ii ]]  +-p. after one week 
andd one month like 
controls,, after 7 months 
variablee response, but 
protectionn in some (normal 
appearingg colloid) 
Pituitary:: i : , i r + T like 
controls,, '-''I fewerceils 
andd edema after 2 months 

Thiouracill  enlarges the 
thyroidd and makes it 
radioresistant,, by not 
permittingg it to remain long 
enoughh in die gland to 
resultt in RT damage 

L:--

C C 
V:Y Y 
IR:Y Y 

Transl:: Y + short + with 
thyroxine e 

Thyroidd counts (after 
sacrifice)) + mean % 
blockedd uptake calculated 
Fup:: 48 hours 

Controls:: 11 % uptake, 0% Topical application is as L:-
blockk effective as oral K.I in 
Orall  K.1 (19 mg) as effective blocking thyroid uptake of C: 
ass paw dipping or skin radio-iodine V:Y 
paintingg with 2% tincture IR:Y 
(uptakee 0.31-0.84 %, block Transl: Y 
92,4-97.22 %) 

Uptakee of radionuclide in 
thvtoid,, liver, blood and 
urine e 
Fup:: 3 hours 

Signn reduction in uptake in 
thyroidss after 1 and 2 "A, 
ke lp (2%>> 1 %). 
Increasee in uptake in liver, 
bloodd and urine in some 
kelp-fedd mice, not sign. 
Lesss developed silver grains 
inn follicles after kelp diet 

Previouslyy ingested iodine-
richh material such as kelps 
aree effective in prevention 
internall  radiation 

C:V;Y Y 
1R;Y Y 

Transl:: N. 



Chapterr 11b Addendumm IV: '"jJ in animals 

Authorr  &  year  of pub. (ref) Study design &  population Dose and type of RT 
Agee or  weight at RT 

Preventionn strategy: 
type,, timin g of strategy ¥ 

Yamada,TT et ai. 1963 -1 Prospectivee case-control, 
Holzmann and Wistar rats , 
(aboutt 200 g) 

, ;' l ll  074 MBq ip 

inn some 0.19 to 3.7 MBq 

Loww iodine diet 7 days 
beforee L,|I , 1 group for 45 
davs s 
PTi:0.1-30mg24hafter r 
1 , 11" " 
KII  5,50 or 200 (ig ip (once 
orr twice after 5 points had 
beenn made 

Heinrich,, H. & Gabbe.E. 
19655 :4 

Prospectivee case-control 
Spraguee Dawley rats 
Age:: 5 months 
230-2700 g 

s : , irr , 0.02 MBq intragastric i ;~ NO ~, ClJO~, SCN~ 
104~~ IÖ "~, C104~ r 
0.11 mMol 

Moodv,, K. et al. 1988 51 Prospectivee cohort, female 
dogs,, ran dom-bred 
N=10 0 
Weight:: 13.6-18.2 kg 

'11 166 kBq orally 100 % I solution (povidone) 
onn dorsal neck, 6 ml 
Betadincc (60 mg 1), after 14 
dayss and 3 ml Betadine 

133 (2 h) 

Dobvns,, B & Didtschenko 1 RCT, Immature white ' 'I , 
19611 52 Sprague-Davley rats 1: 0 to 3 J MBq 

N=207,, male 2: 0 to 1.5 MBq 

Thioureaa (TU) 0.1 % in 
waterr for 7 or P wks 
1.. I deficiency 19 days, then 
L,l II  , 3 days I deficiency, 
followedd bv normal 1. Then 
TL' ' 
2.2. Idcf. 14 days, then 
n l [[  ,then normal diet, after 
144 davs TV 



Revieww of an imal s tud ies 

Outcome(s)) used 
Follow-upp tim e (Fup) 

Results s Conclusionss (of authors) Limitation s (L) and our 
conclusionss (C£) 

Countss river thyroid region, 
33 to 5 times daily 

Sacrificee and th\Toid counts 
12,, 24, 48, 72 h after Ki 
injections. . 
(aftcrO.19to3.7MBqq at 
timee of K! injection, or 24 
hh before biopsy) 

Wholee body retention and 
excretionn of " ' I 

Noo change in thyroidal Excess iodide inhibits 
radioiodinee release after Kl thyroidal iodine release, 
afterr 30 mg PTU. briefly. This effect differs 
Significantt change in release under various conditions. 
afterr KJ in rats given 5, 1 
andd 0.1 mgPTU. 
5(11 fig KI similar effect as 
2(X)) |Ig, effect lasts more 
thann 40 h 
55 Jig KI no effect 
PTUU 5 mg i]n (taken up) 
60—>>  18 h, no change after 
increasee dose ITU 
KJJ alone: no increase in 
secretionn (except in 3 of 8 
animalss with 5 Hg KI) 
organicc binding inhibited by 
excesss iodine, reversible in 
244 h, but still decreased 
afterr 48 h with 200 Jig Kl . 

II  : 97% reduction (uptake 
&&  concentration) 
CIO,, : 96% reduction 
IOO ~: 92'/» 
104""  91% 
SCN~:: 70% 

122 I most effective 

I.:--

C: : 

V:Y Y 
IR:Y Y 

Trans:: N 

I I 
C C 
V:Y Y 
IR;Y Y 
Transl:: Y 

Baselinee measurements of Sign, elevation serum iodide Topical application of 

T,,, T,, cholesterol 
Serumm iodide (HPLC) 
Thyroidd gland counts, 24, 
488 & 72 h 

afterr 90 min., no A 3 or 6 
ml,, no side effects 

Uptakee thyroid: controls: 
5.3-12.5%% versus 0.71-1.9̂  
afterr iodine treatment 

iodine-solutionn is effective 
againstt uptake radio-iodine 
inn the thyroid 
Largee variability: A in skin, 
hair,, age 

L:--

C: : 
V:Y Y 
IR:Y Y 
Transl:: Y 

Amountt of DNA in 
individuall  nuclei of thyroids 
att 16 and 26 weeks 
Inn vivo measurements of 
uptakee after 48 h & 7 days 
277 & 82 weeks : thyroid and 
pituitaryy histology 

Administrationn of; 
TUU + IMI : larger amount 
off  DNA in nuclei, then 
n,Ialonee (0.4, 1.1,3.7 MBtj: 
extensivee alteration and 
highh mortality), greater 
thyroidd weight (from 0.4 
MBqq onwards) . 
IJOWW iodine diet: lower 
DNAA content, no survival 
822 wks 
Pituitaryy weight increase 
afterr TU 
Increasee in cell height after 
TUU and higher dose ' 1' l 
alone e 

Seeminglyy indifferent doses 
off  radiation produce latent 
changess after stimulation bv 
TU U 

L;; many groups; 3 rats per 
group p 

C: : 

V:YY (method DNA?) 

IR:Y Y 

Trans:: N 

http://aftcrO.19to3.7MBq


Chapterr 11b Addendumm IV; ;;i'-| in animals 

Authorr  &  year  of pub. (ref) Study design &  population Dose and type of RT 
Agee or  weight at RT 

Preventionn strategy: 
type,, timin g of strategy ¥ 

D'Angelo,, S et al. 1951 (' RCT,, immature female 
guineaa pigs 
250-3000 g 

N=? ? 

lM II  ,ip,0.3MBc| PTL'' (propylthiouracil) 
75-150mgg daily 
tromm 2-16U days, 
55 days before sacrifice 
normall  diet 

B B 

Granner,, D et. al. 1963 Malee albino rats, Holrzman '"1 , ip, 0.74 MBq/ 100 g 
strain,, 12()g 
N=40 0 

-loww iodine diet (< KM.) Jig/ 
kg)) + hvpophyscctumv 21 d 
beforee sacrifice 
-highh iodine diet (Kl , 5 mg 
perr kg) + hypophysectomy 
355 davs before sacrifice 

lngbar,, S 1953 - Albinoo male rats, ail 
hyy pop hy sectom i zed 
Weight:: 80-100 g 
NN = 
1)) 35 
2)64 4 
3)) 80 

'11 , ip,0.07to0.19MBq 1)) all PTi; , l /2 of group 
injectionn with TSH 1 mg 
andd some cortisone 12.5 to 
6.255 mg 
2)noPTU,TSHH i .5mgor 
noo TSH. Cortisone 20 mg 
orr not 
3)alll  PTU, TSHH 1 mg or 
none,, cordsone 25 mg or 
none e 

Monev,, \\ et al. 1950 : Malee rats, Sprague DawJey, 
250-3000 g 

NN = 10 per group 

l ll  , i p 0,04 MBq I J WW iodine diet, after 10 
dayss injections with adrenal 
andd gonadal hormones, 3 
timess a dav for 10 days Ll 

Halmi,, N 1954 T1 Sprague Dawley rats , young ' ,lI-labelJed Nal! - , 20 mg Iodine deficiency (around 
adult,, group V 15 Jig/kg) or normal iodine 

diet(12mg/kg) ) 

Halmi,, N 1954 ^ Spraguee Dawley rats 

20(1-2500 g 
and d 
100-1500 g 

r , i II  1ip,0.()7tol).37MBq PTL'' 0.03% for 20 days or 
hvpoprnn sectomised + TSH 
All :: 6 mg PTL' + some 
KSCN.then:: 1 ml2-10jic 
radio-iodidee with/without 



Revieww of anima) s tud ies 

Outcome(s)) used 
Follow-upp time (Fup) 

Results s Conclusionss (of authors) Limitation s (L) and our 
conclusionss (C£) 

Radioactivityy right thyroid PTU affected thyroid 

lobee after sacrifice 
I>eftt lobe for histologic 
examination n 
Fup:: 24 h 

activityy (2 days) before 
effectt on histology (evident 
afterr 15-18days). 
A f te r2daysPTUless1 3 ,r r 
content,, but increase in 
total1 ,]] 1 activity ( -
thyroidd mass + capture). 
Reboundd phenomenon '" 
presentt dependent on 
durationn of PTU-intake 

Radio-iodinee content 
decreasedd bv goitrogens, 
totall  radio -activity increased 

L:: actual intake PTL' not 
measuredd bm estimated 
C: : 
V:: limited 
IR:N N 
TranskN N 

Serumm and thyroid '3lI Thyroid/serum ratio higher Higher uptake of  ,311 in L:-no thyroid damage 
countss in low iodine diet, with thyroid after low iodine diet measured 
Analysiss by kinetic model '' higher unidirectional and hypophysectomy C:V:Y 
Fup:33 to 40 minutes after thyroidal clearance (C/m) IR:N 

injections s Transl;; N 

Radio-activinrr plasma and 
thyroidd '-

1.. fup 60-90 minutes 
2.2. fup 2 to S hr 
3.. fup 2 to 8 hr 

Noo effect cortisone on 
thyroidd weight 
1)) cortisone did not 
influencee concentration 
ratio o 

2)Cortisonee increased 
disappearencee rate plasma 

II  ,not explained by 
changee in thyroid function 
3)ass found in 2 + significant 
increasee in renal clearance 
afterr cortisone and TSH. 
TSHH increased thyroidal 
clearancee . 

Cortisonee increases renal 
clearancee of  13II 
TSHH increases thyroidal 
clearance e 

L i --

CI: : 

V:Y Y 
IR:Y Y 
Transl;; Y 

Thyroidd weight 
,31II  in the thyroid 
Pituitaryy weight change 
Pituitaryy content of TSH 

Sign,, increase in uptake of Decreased uptake after 
radio-iodidee by testosterone adrenal stimulation due to 
propionate,, progesterone, lower TSH ? 
estmne. . 
Decreasee in uptake by 
ACTHH and cortisone. 

L;; noo thyroid function 
measured d 
C:: V: Y 
IR:Y Y 
Transll  :Y 

Th\Toidd and serum iodine 
concentrations s 

Iodinee deficiency increased 
capacityy of thyroids 
"trapping""  mechanism 

Iodidee concentrating L;-
mcchanismm elevated in low V;Y 
iodinee fed rats IR;Y 

Transl:: Y 

Afterr 1-1.5 hours: 
Thvroid-serumm iodide rati<is 

Scrumm iodide gradient 
necessaryy to eliminate the 
thyroidd (=l)\vere: 
4-55 mg1/'» hypoph. 
35-400 mg1".) normal 
7(1-755 mg%hypo + TSH 
130-1400 mg% PTL* 
K5CN:T/SS 0,66 3 

Statee of thyrotropic L;-
stimularionn determines the 
amountt of iodide that is V;Y 
necessaryy to decrease the IR:I  Jmited 
thyroidtscrumm iodide ratio Transl: N 
t o < l . . 



Chapterr 11b Addendumm IV: 1;ni in animals 

Authorr  &  year  of pub. (ref) Study design &  population Dose and type of RT 
Agee or  weight at RT 

Preventionn strategy: 
type,, timin g of strategy ¥ 

Granner,, K, ct al. 1962 1fi Malee albino Holtzrnan rats, ,:,1I~ 0.19 to0.74 MBq/HX)g Hvpophvsectomized 
Hypophysect.. 100-125 g T, lOug daily sc for 14 davs 
Inn tact rats 200-250 g (in tact rats) before sacrifice 

++ both PTL' 6-20 mg 60-90 
minn before radio-iodide 
TSHH 5-5120 ml ' 24 h 
beforee sacrifice 

Granner,, K et al. 1963 ^ Youngg adult males 
Hnlztnann rats 

n l II  ,0.19to0.37MBq/10g HH ypoph y secto mi z e d 
T,10figg daily sc 
- » T S H 1 6 0 m U 2 4h h 
beforee radio-iode 
I)) After 21 days sacrifice, 
afterr radio-iodide 
II )) T1 for 14 days or 
hvpophvsectomizedd for 56 
davs s 

Gnosh,, BN ct al. 1951 5* Malee Sprague Dawlev rats 

120-2000 g 

'11 ,0.74MBq HH ypophysectomy 
++ different doses of TSH 
(0,11 to 10 mg, 12 h before 
radio-iodide) ) 
++ hog pituitary 

Wollmann,, S and Reed F 
19599 2S 

Malee Ch3 mice, 3-5 months 
old d 
Malee Fischer rats, 8-11 
weekss of age 
55 animals in each group 

,1!II  Low iodine diet or diet with 
Mice:: 0.04 to 0.07 MBq/30 g thiouracil 0.25 % 
Rats:: 0.11 to0.74MBq/150g Hypophysectomy 7 days 

beforee radio-iodine studies 
PTL'' 1 mg /30 g body 

hh t(mice), or 6mg/150g 
(rats) ) 
Scxliumm thiocyanate: 200 Ug/ 
300 g (mice) or 656/150 g 
(rats) ) 

Nagataki,, S et al. 1966 " Male Vwstar rats, ca. KXlg n i l ,0 .74 to 7.4 MBq \JI\V\JI\V iodine diet, 
subsequenthh 5,10, 45,135, 
405,, 1215 &3645pg per 
davv for 10 davs 

file:///ji/v


Revieww of animal studies 

Outcomee (s) used 
Follow-upp time (Fup) 

Results s Conclusionss (of authors) Limitation s (L) and our 

conclusionss (C£) 

Weightt thyroids 
Radioactivityy of thyroid and 
serum m 
Digitall  computer analysis 
forr constants C/M and 
k''  ' 4 

Sigmoidd dose-response 
relationship,, T/S for 
hypophysectomyy higher 
thann T, rats when treated 
withh PTU 
Afterr hypophvsectomv 
higherr C/M and lower K ^ 
(butt results not completely 
juss rifled because C/M 
difficul tt to measure in low 
T/SS in Tj rats), no 
differencee after 
administrationn of TSH 

T\\ reduces T/S more than 
hypophysectomyy due to 
higherr Kj-jj , increased rate 
off  leakage of iodine ? 

T^^ does more than act 
throughh TSH 

L: : 

V:: Y 

IR:Y Y 

Transl:: N 

Weightt of one thyroid lobe 
Radio-activityy of thyroid 
andd serum 

Fup:: 4, 8, 12, 16 minutes 

Hypophysectomy:: rise of 
Kbb after TSH treatment, T, 
risee of Kb after TSH faster 
Initiall  Kb higher in T^ rats. 
%% organic iodide highest in 
ratsT,, + TSH 
l/SS higher in 
hypophysectomizedd animals 

T11 interferes with 
acuu mulation of radio-iodide 
byy enhancing KTB, next to 
itss TSH effect 

L:--
V:Y Y 
IR:Y Y 

Transl:: N 

Totall  plasma n , I 

PBI111 1 

Thyroidd radioactivity 

Radioo iodine in serum and 
thyroids s 
Histologicc sections of 
thyroidd tissue 

Thyroidd uptake after 24 h; 
Normall  rat: 44% trapped 
Hypophysectomy:: 7.9'Mi 
TSHH + hog pituitary (mg): 
0.01:: 16% 
0.10:20.8% % 
1.0:: 53% and 10% 
10:: 51% and 13% 
1000 mg (hog); 49% 
Noo sign in or decrease in 
plasmaa 1-11I or PB'I nt 

Histology:: low iodine no A 
Hypoph.:: flat epithelium 
Thiouracil:: increase in cell 
height t 

Iodidee concentrating 

capacityy is 
TSH H 

Basall  end 

dependentt on 

off  cell appears 
nott to be involved in effect 
off  SCN on thyroid cell 

L;--

V:Y Y 
1R:Y Y 

Transl:: N 

V:Y Y 

1R:Y Y 

Thiocyy anate increased K.r 
leavingg C/M unchanged 

Plasmaa n ' l (after 2 min.) 
Plasmaa PBIM1 

Thyroidall  uptake of radio-
iodinee in homogenate 
Thyroidall  PBI '^ 
(afterr 1 hr) 

'Mii  of thyroidal uptake 
decreasedd with increasing 
dosee of  ,2 I, parallel to 
thosee for % incorporation 
intoo organic compounds: 
inhibitionn of organification. 
Increasee of organic iodide 
untill  405 Jig/20 g, hereafter 
decline.. With larger doses 
off  jodide, pBl decreased 

Organificationn stops at dose 
off  dietary iodide of 405 
fig/200 g tissue. Very high 
dosess : escape overcome by 
diffusionn of iodine. Still 
blockk in organification 

L:: methods of organic 
iodidee unclear 

C: : 
V:Y Y 
IR:limited IR:limited 

Transl:: N 



Chapterr 11b Addendumm IV; ! in art imais 

Authorr  &  year  of pub. (ref) Study design &  population Dose and type of RT 
Agee or  weight at RT 

Preventionn strategy: 
type,, timin g of strategy ¥ 

Shimoda,, S. 1966̂  Male Spraguc Dawley rats l l , I , 1.85 to 7,4 MBq 
120-1500 g 

Differentt experiments: 
1)) intact rats; 3 I.' TSH 
2)) intact rats: 1 L' TSH 
3)) hypophysectomy + 3 I_' 
TSH H 
4)) 0.5 to 5 I ' 

Nagataki,S.. 1964s Malee Spraguc-Dawley rats 
2(K)-25üü g 

lI ,, 1.85 to 11.1 MBq Stablee iodide 
- 00 to 500 Jig 
-- 0 to 250 \lg 

Tup:: 4 hours and 3D 
minutes s 

Sasson,, C1963' Malee Charles River Strain l 1 ,l , 3.7 MBq 
rats s 
75-1000 g 

Afterr 24 h: 
SaiineorPTU(lOmg) ) 
—>>  after 30 min 
hee mi thyroidectomy R 
-»» TSH 3 U lv 
—»» 3 h later 
hemithyroidectomyy L 
Fup:: 24 h 

Fish,, W 1952' Femalee rats of the Sherman ] , , I , 0.19 MBqoraUy 
strain n 
180-2000 g 

ii  jow iodine diet or 
K.I:: 0.2 to 30 ^g daily 
I)) constant iodine level 
II )) changing I levels 

Rosenberg,!!  1952' Rats s 
100-1500 g 

l : , l l,O.22to0.30MBq q II hour before '1 ' I , 
Injectionss with different 
phenylss and amines '" 

Isler,, H I959f> ' C3HH or albino mice, male 
andd female 
N=2 l l l 

'1,0.377 MBq 

Directt after salt 

IJOWW iodine diet for 3 weeks 
+ + 

Differentt salts"' 



Revieww of an ima l s tudtes 

Outcome(s)) used 
Follow-upp time (Fup) 

Results s Conclusionss (of authors) Limitation s (L) and our 
conclusionss (C£) 

Radio-activityy both lobes 
afterr sacrifice 
Proportionss of T4 , T,, 
MI TT & DIT 

Totall  % of' thyroidal uptake 
Inorganicc and organic ' ' 'I 
(eiectrophorese) ) 
% »ff  1J1I 
off  M1T.DIT, T4 ,T, 

1}TSHH at -2 h: decrease in 
uptake e 
>> 4 hour interval is 
necessaryy to increase 
thyroidall  uptake of  n i I 
2)Afterll  u T S H no 
increasedd uptake, but 
increasedd T4 and T 
production n 

3)) similar as 2 + increase of 
MJT T 
4)) 1 h uptake : no A 

Increasee in organification 
untill  dose of 50 |Ig l 2 I , 
thenn organification block. 
Decreasee in T4 & T, from 
11 (KI Jig Increase in MIT / 
DITT from 175 Ug , r I 
Generallyy similar results 
afterr 30 min. or 4 hours. 

TSHH has an earlier effect on 
intraa thyroidal composition 
off  iodothvrosines than on 
uptakee of iodide 
(endocytosis) ) 

Singlee doses of iodide 
whichh acutelv increase total 
organificationn also increase 
svnthesiss of iodothyronines 

L:: thyroid glands from 
severall  pooled animals, very 
highh dose of TSH 
C:: V:Y, IR, Y 
Transl:: N 

L:--

Q Q 
V:Y Y 
IR:Y Y 

Transl:: Y 

Thyroidd weight 
Totall  l , , l per lobe 
1,T4,, MIT, DIT by 
chromarographv v 

TSHH decreased thyroidal TSH has twice the effect of L; method: 
II  content (30"'!) less than 

controls) ) 

PTL'' also decreased 
thyroidall  content but to a 
lesserr extent (2 % less than 
controls) ) 

PTL**  on depletion of 
thyroidall  iodine and 
speedenss the conversion of 
iodothvrosiness to 
iodothyronines s 

hemii  thyroidectomy + hours 
laterr other side, NTI? 
V:Y Y 
CR:N N 

Transl:: N 

Thyroidd counts in vivo Averagee uptake in normal 
steadyy state ( 2 p.g KJ) : 35% 
afterr 28 hours 
11 «w iodine diet: 52% 
uptake e 
20-3(11 Jig KI : 15% uptake 
300 |ig KI : very low uptake 
(11%) ) 

Degreee of uptake is 
inverselyy correlated to the 
amountt of iodine available 
too tli e gland 

V:Y Y 
CR:Y Y 
Transl: : 

Thyroidd uptake (expressed 
ass % of controls) 
Effectt on peroxidase 

m-phenylenediamine,, m-
Amino-phenol,, 4-
arninosalicylicc acid, aniline 
&&  toluine decrease uptake & 
inhibitt enzymatic oxidation 
off  pcroxi-dase,others good 
substratee for TPO 

Anti-thyroidd drugs may be 
competetivee substrates or 
inhibitorss of peroxidase V:Y Y 

1R:Y Y 
Transl:: N 

Countss in thyroid gland and Chloride and sodium 
urinee increase urinary excretion 
Fup:: 2.5 hours of ' , !1. Also rubidium, & all 

halogenides,, iodide most 
potent,, 11,(1, no effect 
Uptakee lower after lithium 
carbonate,, calcium acetate, 
aceticc acid and NaCl, most 
afterr iodide ( l / 79 th). 

lododiuresiss induced by an L: short fup 
increasee in the plasma ionic 
concentrationn . C; 
Lesss thvroid uptake due to V;Y 
decreasee in blood level and 1R:\ 
toxicityy salts Transl: \ 



Chapterr 11b Addendumm IV: " :sl in émmials 

Authorr  &  year  of pub. (ref) Study design &  population Dose and type of RT 
Agee or  weight at RT 

Preventionn strategy: 
type,, timin g of strategy ¥ 

Is le r ,H l959w w Malee and female C.H and ': , ,[ , 0.3" MBq 
albinoo mice 

Somee low iodine diet -*-
-adrenalectomy y 
-adrenalectomyy + cortisone 
acetate e 
-aldosterone e 
-(nor)) adrenaline 
-ascorbicc acid 
-- deoxycorticosterone 
acetate e 
-TSH H 
-ACTH H 

-ADH H 

Halmi.NN 1953',; Malee Sprague Dawlcy rats, 
1000 to 150 g (hypophysex) 
150-3000 g 
(controls) ) 

l l , I ,0.19MBq q II  lypophysectomy 
Hypophvsectomyy and T4 

Normal l 
TSHH (0.5 mg) 
PTUlOmg g 
TSHH + PTU 

(( + all cortisone to protect 
againstt toxicity TJ 

BoisI,, 1958 ^ Malee Albino rats 
270-3000 g 

11,1.855 to 3.7 MBq Basicc iodine diet (BD), (0.1 

Mgl/gfccd) ) 
B D ++ lOHglperday 
BDD + 20 ^g 1 per day 
Forr 6 weeks 

Robinson,, G 1963<r Spraguee Dawlcy rats 
3222 + 3.3 g 

'I ,, 0.07 to 0.30 MBq 400 to 3885 fig 1 per kg diet 

Fup:: up to 240 hours 



Revieww of animal s tudies 

Outcomee (s) used 
Follow-upp rime (Fup) 

Results s Conclusionss (of authors) Limitation s (L) and our 
conclusionss (C$) 

Afterr 2.5 hours: 
Thyroidd and urine ''M 
content t 

Increasedd urinary excretion 
after: : 
Adrenalectomy,, ACTH., 
ADH,, oxytocin 

Decreasedd thyroid uptake 
after: : 
adrenalectomy,, adrenaline 
andd noradrenaline and after 
chronicc ADH 
administration n 

Vasopressinn increases renal 
iodidee clearance 

Adrenalss necessary for renal 
iodidee clearance, but 
cortisonee does not further 
increasee excretion 

C: : 
V:Y Y 
IR:Y Y 
Transl:: adrenal hormones 
too be further studied in 
animall  models 

Thyroidd : serum iodide ratio 
(afterr PTU 5 mg + 45 min 

laterr 1M1) 
Thyroidd weight 
Histologyy thyroid (cell 
height) ) 
Fup:: 1 to 1.5 hours 

T:S-- ratio: 
controls:: 25:1 
HypophyseX:: 6:1 
T4:: 1.6:1 
HypophyseX+T+:: 3.9:1 
TSHH + hypophyseX: 
elevationn T/S after 7 h, 
peak(31.1)after24to48h, , 
subsidedd by 72 h 
PTUU + TSH: 130.7 
PTU:: 11.1 
Noo A in thyroid weight 
Meann cell height higher 
afterr TSH 

TSHH stimulates iodide 
trapping,, prolonged T4 

depressess T/S-rano more 
thann hypophyseX. T4 has 
effectt on thyroid iodide 
directly y 

L:--

V:Y Y 
IR:Y Y 

Transl:: N 

PTUU potentiates trapping 
effectt of TSH 

Totall  1 , !I content thyroid 
glandd (pooled from 2 
animals) ) 
Chromatographyy for 
MIT,D1T,T4,T, , 
Fup:: 30 nun, 3 h, 1, 3 or 7 
days s 

Inn vivo thyroid counts 
PB1 1 
Thyroidd weight 
Iodinee content thyroid 
gland d 

Iodinee poor animals more 
1,111 uptake 
Moree MIT & DIT and 
moree rapid turnover of 
iodotyrosiness in iodine 
poorr animals. 
Moree labelled T, and T4 in 
iodinee poor animals 

Concentrationn of uptake 
H111 in thyroid ("Mi of 
injected)) and Tt .., reduces 
withh increasing amount of 
dietaryy iodine, maxima of 
uptakee earlier with low 
iodinee diet. 
PBII  increased with I 
increasee in diet 
Thyroidall  index relatively 
constant t 

Inn iodine poor animals 
higherr uptake of  l1 l l is 
causedd lower cone of  l : 

inn tra thyroidal 

Th\Toidd can maintain 
normall  rate of iodine 
exchangee by increasing 
production n 

V:: Y 
IR:Y Y 
Transl:: N 

C: : 

V:Y,, IR:Y 
Transl:: N 



Chapterr l i b 

Legendd to Addendum IV 
¥:: timing of strategy: B / D / A - before /dur ing or after RT 

R T:: radiotherapy 

O :: conclusion: (V: Y or N— valid ves or no), (IR:Y or N= important results ves or no} 

Transl:: to be pursued in translational research ves or no 

Y / N : : 

T4:: thyroxine (el troxin) 

Ca'ss : carcinomas 

\ a :: non applicable 

TLDs:: thermoluminiscent dosimeters 

\VCC Wnlff-Chaikoff effect. 

effect: : 

FD:: Film dosimetry 

CD:: Computerized dosimetry 

DTP:: Dcssicatcd thyroid powder 

ip:: intra peritoneallv 

A:: difference 
11 PTC 0.1 % in diet, DTP: 250 mg in diet 
22 PTC : 0.05,0.15,0.1 or 10 mg/day se, MMF10-15 mg sc daily, T4 O .o -0.80 Jig /!(')('! g sc daily 
II AF1T— /ï-aminoethvlisothiouronium, 0,2 ml, 0,5 %, MF(_i= Mercaptocthvlguanidine, 0.2 ml, (1.5 "'n, T 

(injectionss of 0.2 ml 0.3 mg/5 ml water). All injected three times a day, on alternate days. 
44 L-thyroxinc :1.4 mg in drinking water ad libitum, Kl:290 mg in drinking water ad libitum 
hh doses iodine: 0.04, 0.2, 2.0, 4.0 mg; KCLt)_,: 10.0 , 20.0, 40.0 mg; TS11: 3 and 6 Guinea pig units 

(GPL:);Ksidrcx:0.5mg. . 

''' AAF— acetylaminofluorene, 1 m g / 10 ml a (.1.75"/» gum acacia solution in drinking water, 8-12ml/dav 

Studyy consist of 4 parts; 1. after 1 day:: daily determination of retained L,11 in the thyroids, 2 & 3: 

afterr 2 and 48 days: sacrifice for body weight, thyroid weight, uptake n i I /g tissue, thyroid , pituitary/ 

adrenall  histology, general post-mortem examination, 4: after 60 days, as described in the table. Total 

follow-up:: 1.5 years 

**  Compounds used: A4pregnene 17 CX,20p, 21-triol-3-one 20,21-di-actate (Triol) 50 mg, adrenal cortex 

extractt 21 cc, 17 a-hydroxy-1 l-desoxycorticosterone-21-acetate (compound S) 50 mg, ACTH 50 

mg,, cortisone acetate 25, 50 or 100 mg, progesterone 50 mg, testosterone propionate 50 mg, estrone 

5000 Y, al]o-pregnancdiol-3(3 17a one-20 acetate 3 (compound L) 150 or 300 mg, 21-acetoxy-

pregnenolonee (21 AP) 150 and 300 mg, pregnenolone 150 and 300 mg, OC-estradiol benzoate 10 mg 

orr 500 Y, testosterone 50 mg, ocstriol 10 mg, desoxveorticosterone 150 mg, diethylstilbestrol 10 mg, 

3,11 l,2U,triketo, 17 hydroxy 21 acetoxvpregnane (dihvdroe) 300 mg, 1 1-dchvdroconicostcronc acetate 

(compoundd A) 200 mg. 

''' Also lower occurrence of lung cancer, breast cancer and leukemia 
!""  Rebound phenomenon: increase of ' " I uptake to above the normal level 
1'' Kinetic model consisting of 2 compartments; 1) ' ' 'I in thyroidal 1 diffusion space, 2)transported 

thyroidall  11,I , using two constants in this model: the unidirectional clearance of ' ' 'I , and the 

tractionall  rate of release of transported thyroidal  1 , lI 

Fractionatedd by trichloroacetic acid separation into organic and protein bound fractions 
I II Compounds used: A4pregnene 1~ a, 20p, 21-triol-3-onc 20,21-di-actate (triol) 50 mg, adrenal cortex 

extractt 21 cc, 17 a-hydroxy-1 l-dcsoxycorticostcrone-21-acetate (compound S) 50 mg, ACTH 50 

mg,, cortisone acetate 25,or 50 mg, progesterone 50 mg, testosterone propionate 50 mg, estrone 500 

y,, allo-pregnanediol-3p 17a one-20 acetate 3 (compound L) 150 mg, 21-acetoxv-prcgnenolone (21 

AP)) 150 mg, pregnenolone 150 mg, Ot-estradiol henzoatc 10 mg, desoxycorticosterone acetate 10 

mg,, adrenalin chloride 2 cc. 
144 C / M= clearance rate radio-iodide from blood bv thyroid in units ( l l /mg, K_ni is the fraction of 

radio-iodidee from the thyroid into the blood 
11 n Injected substances are: resorcinol, phloroglucinol, pyrogallol, m-phcnylencdiaminc dihydrochloride, 

p-- phenvlenediamine dihvdrochloride, 0- phenvlenediamine dihydrochloride, m-Aminophcnol, p-

Aminophcnol,, 4-aminosalicylic acid, 5- aminosalicylic acid, 1,3,5-triaminobenzenehvdrochloride, 

aniline,, m-toluidine, o-toluidinc, p-toluidine 
,f>> Salts : lithium carbonate, lithium acetate, sodium bicarbonate, disodium phosphate, sodium chloride. 

rubidiumm carbonate, ammonium carbonate, calcium acetate, acetic acid, ( l i thium)floride/bromide/ 

chloride/iodide/chloride e 
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Chapterr 11b Addendumm V: X-radiaticm m animals 

Authorr  &  year  of pub. (ref) Study design &  population Dose and type of RT 
Agee or  weight at RT 

Preventionn strategy: 
type,, timin g of strategy ¥ 

Knritnik,, K 1998 Prospectivee randomized Telecobalt machine 
case-- control, W'istar strain 10 Gv 
rats,, male and female (2 Civ 5x) 
(N=81) ) 

RTT field 5x5 cm 
3-44 weeks old 

T44 0.01 mg/ lOOgbody 
weightt twice a dav for 15 
davs s 

B/D D 

Greig,\X'R1966 6 Prospective,, randomized \ -RT 
case-control,, Hooded Uster 
rats,, male Sham 
N== 240 , 10 in each group 4 Gv 

88 Civ 
Youngg adults 

Methylthiouraci ll  (MTU) 
Aminotriazol ee (AT) 
Sodiumm perchlorate (SP) 
singlee dose, ip1" 
133 (-24 & - 6 hours ) 

Greig,\YR1965M M 

Hasan,, S.S 1983 r-

Prospectivee randomized 
case-control,, rats 
n=100 0 

Agee not given 

Prospectivee randomized 
casee control, albino rats 
n=100 0 

X-RT T 
00 Gv 
22 Gv 
4Gv v 
8Gv v 
166 Gy 

X-RT T 
00 or 
300 Civ 

lOOg g 

500 mgMTU ip 

BB (24 h ) 

S-p f130mg/kg ip p 
orr saline 

300 Gv (two times 15 Gv , at 
tinee week interval) B 

Vittono,, P 1961 Prospectivee randomized X-RT serotonin 
case-control,, male Sprague MEA 
Dawieyy rats Total body 450 rads ME A +AET 3 

N=7500 AET 

Adult t 

150-1755 g 
BB (15 min) 

Nichols,, C; 1965 

Hosek,, B1982 

Prospecdvcc randomized 
case-control,, Long livans 
rats,, female 
N=1191 1 
88 groups 
6-77 wks of age 

Prospectivee randomized 
case-control,, mice, non-
inbredd strain H 
N=20-40/group p 

11-122 weeks 

X-RT,10Gvv single 
11 >>be 
Citherr lobe shielded with 
mmm lead, single dose 

Diet: : 
-- Normal 
-wit hh DTP (250 mg/kg) 

X-RTT acute and prolonged Diet with: 
P,, P, Cys (C&P) 

3"11 or 5'h day of diet Cys 
7.66,8.61,, 9.l>9 gy Cys & M  6 

-1-- dried thyroid gland for 6, 
10&211 davs ; 

B/D/A A 



Revieww of an ima l s tudies 

Outcome(s)) used 
Follow-upp time (Fup) 

Results s Conclusionss (of authors) Limitation s (L) and our 
conclusionss (C£) 

Thyroidd histology 
Presencee of lung & lymph 
metastases s 
Fup:: 2 years 

Responsee to growth 
stimulus s 
Fup:: 47 days and 63 days 
afterr RT 

Goitrogenicc challenge (1 "'i 
MT ll  in drinking water) 
Iodidee trapping (1 ( ic '1 ' ! 
withh scintillation counter 
Fup:: 28 days 
andd 6 weeks 

-Thyroidd histologŷ  
Fup;; 7, 14 and 18 days after 
RT T 

300 M,c l j i I ip, then sacrifice, 
thenn n l I counts in thyroid 
++ serum 
pli l l 
Fup:: 4, 24, 48 h 

-- T4: no carcinomas, 54u > 
normall  thyroid 
-- I I ,O: 33% carcinomas , 
29%% normal thyroids 
-- no data on lungs + nodes 

-- MTU, AT, SP effect on 
growthh independent of XR 
-44 Gy: increase thyroid 
weightt after MTU and AT 
-88 Gy; after MTU, AT and 
SPP (slight), increase in 
weightt (MTU>SP>AT) 

-- controls ; diminished 
goitrogenicc growth after 4 
Gy.. MTL* diminished 
growthh after 8 Gy. 

-- iodide trapping unaffected 
inn both groups 

-- After Spf cuboidal cells 
withh adequate amounts of 
colloid.. Without Spf: 
obliterationn follicular space, 
foldedd epithelium, larger 

+vesicularr nuclei 

Thyroidd uptake: 
-serotonin:: increase of 
uptakee with and without RT 

-- MFA, MEA+ AET, AET; 
44 h and 48 h: decrease of 
uptake, , 
Serum:: 4h: incr with 
serotoninn + AFT, deer, 
withh MEA, MEA & AET 
PBI:: decrease with MEA & 
AET T 

T44 has a protective role in 
post-irradiationn thyroid 
carcinogenesis s 

MTUU and AT offer 
chemoprotectionn (by 
inhibitionn of peroxidase ?) 
SPP offers no thyroid 
prorecdon n 

MTL '' can lower threshold 
forr goitrogenic growth 
reductionn induced bv X-
radiation.. ( Due to 
-sulphurr atoms 
-preventionn of oxidation + 
reductionn of free radicals) 

Treatmentt with S-pf 
preventss radiation induced 
changess in the thyroid 
(alsoo protective for testes, 
DNA,RNAA and protein in 
thee brain) 

Withh MEA & AET lowest 
1,111 uptake + decreased pBl 
—»» possibly radio-protective 
(lowerr basal metabolic rate) 

L:233 animals lost to fup, no 
dataa on 9 T4 animals, no 
functionn analysis 
C:: V:N, IR: Y 
Transl:: N, repeat in animals 
first first 

L:: -no clear statistics given, 
-goitrogenicc effect, no 
functionn or histology, no T 
VtVt given fot MTUAT.SP 
C:: V:N 
1R:N N 
Transl:: N 

L:--
C: : 
V:: Y 
IR:Y Y 
Transl:: Y ( shortly in 
combinationn with TJ 

L: --
C: : 
V:Y Y 
IR:Y Y 
Transl:: N. More animal 
studies s 

-noo thyroid faction analysis 
-toxicityy ? (more diarrhea 
afterr X-RT & MEA) 

C:V:Y Y 
IR:NN (induction of HT) 
Transl:: N 

Thyroidd histology 
Histologyy cervical Ivmph 
nodes s 

Histologyy lungs 
Fup:: 2 years (n—327) 

Thyr.parenchym:: No A 
Thh y r. neopl as m s: 
-DTP::  no benign adenomas 

vs.. i n l 5 o f controls. 

-33 pap ca's , 2 after DTP, 1 
inn shielded lobe 

Survivall  of mice DTP is protective in all 
Oxygenn consumption doses. 
Nrr of thrombocytes Of others: C & P most 
Fup:: survival observed until effective 
300 days post-XRT Oxygen: C & P decrease in 

(( ), con sumption 
DTPP induces tromboevte 
increase e 

Adenomass result from an 
elevatedd TSH 
X-RTT (scatter) in 
combinationn with TSH 
resultt in carcinoma's 

DTCC favorable effect on 
resistancee to prolonged XR 
inn terms of survival 
P&&  C protective against 
prolongedd XRT 
Thyroidd hormones shift 
granulopoiesiss and possibly 
megakaryocytes s 

L:: High # of drop-outs 
(864) ) 
C:: T4 does not prevent 
againstt thyroid carcinoma's 
V:Y,, IR:Y 
Transl:: N , no DTP 

L:: thyroid glands not 
evaluated d 
C: : 
V:Y Y 
IR:: N (survival, no thyroid) 
Transl:: N (toxicity 

cystaminee + DTP 
outdated) ) 
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Authorr  &  year  of pub. (ref) Study design &  population Dose and type of RT 
Agee or  weight at RT 

Sarkar,F19^8w w 

Preventionn strategy: 
type,, timin g of strategy ¥ 

Albinoo rats, male 
100-1100 g 
N=6H H 

""Co,, 6 Civ, sinqle dose 11 -Liccrvl-3-
phh c n vl a m idi nethioc arb ami de 
hydrochloridee (APTH) , 
3mg/100g g 
salinee + RT 
noo RT + saline 
BB (30 mirO 

Bause,, R 1983-13 Prospectivee cast control, 
Wistarr rats, female 
Age;; 7 months (180-200 g) 
—>> tumor immune 
pr<< iphvlaxis 

66 Civ, TBI Immunizatio nn with 
lyophilizedd xenogenic 
fctilll  cells (connective tissue 
and/orr bone marrow) 
-- 8 days 
-- 8 days & * 4 days 
-s-44 and +l(K)davs 

Halev,TT V)'D\ Prospectivee case-control, 
malee CFW rats 
14U-n9tr r 

66 (iv.THI TU,, T,, or both " 

B B 

Sen,, C 2000 Prospectivee case control, 
Wistarr rats, sex not given 
8-100 weeks old (200 g) ) 
N=50 0 

X-R R 
8.99 C,\ 

Vitami nn E, 400 mg 
Vitami nn C, 400 mg 
Vitami nn E 400 mg +
Glutathion ee (GSH) 1000 
mg.. Dailv for 1 month (?Vit 
F.+GSH) ) 
B B 

Vann Santen, H 2004 2K Prospectivee randomized 
cohortt - controls 
Wistarr rats, male 
55 weeks old 
N=8d d 

X-R R 
155 Civ single dose 

T 4 2 0 n g// 100 g, from-

\vk k 
127II  10 mg, trom day -1 
T ;; - ; 2~f 
Dailvv for three weeks 
BB - D + A 

Legendd to Addendum V 
OO Conclusion: (V: Y or X = valid yes or no), (IR: Y or N = important results yes or no) 

Too be pursued in translational research yes or no Transl l 

Y / N N 

TBI : : 

Gv v 

Totall  body Irradiation 

Grav v 
differencee (s) 
Spf== S-phenethvl formamidinn-4 (N-ethyl isothioamide) morphol ine dihydrochloride, a sulfur 

containingg compound, increases synthesis of DNA 
Also,, testes, brain ( protein, D N A , RNAj and urine (5-hydroxy indol acetic acid and .Vmethoxy. 4-

hydroxvv mandelic acid) tested. 
MHAA =2-mercaptof thv lamine, A E T - 2-aminoethvÜsothiouronium, (all equimular amounts, 

equivalentt to 200 mg of AHT), pB l= protein bound iodine 

M T ll  =4-methvl-2-thiouracil 0.1 "-. solution in drinking water ad libitum 
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Outcome(s)) used 
Follow-upp time (Fup) 

PBI I 
Thyroidd histology 
(++ testes and pituitary 
histology') ) 

Fup:: 15 and 30 davs 

Tumorr incidence, 
macroscopicc palpable after 
3.5,, 4.5 and 6 months. 
Histologyy after 6 months 

Mortality y 

Thyroidd glands (gross 
examination) ) 
Tup:: 39 days 

TSH.T^.T, , 

Histologyy of thvroid 

(andd small intestine) 
Fup:: 1 day 

TSH,T4.T, , 

Histologyy of thyroid, 
pituitary// hypothalamus. 

suspectt lymph nodes 
Fup:: 6 wks &. 1 vr 

Results s 

Noo APTH: 60 . died, 
follicless +colloid reduced 
++ APTH : 0 % died, large 
follicles,, no necrosis l l 

decreasedd PBI 

Reductionn of thyroid 
adenocarcinoma:: 55% —> 
100 to 15% (3.5 months) 
andd 15-25 % (6 mnths) after 
88 days before and 4 days 
afterr RT 

Noo A in mortality; except an 
increase-ratee in mortality in 
afterr both 
Thyroids:: T4: normal 
thyroids,, TV: effects of 
anti-thyroidd medication 

NoAinT+ ,T } ,TSH. . 

Lesss follicular atrophy and 
hyperplasiaa after Vit . C and 
E. . 

Noo A in thyroid function 

33 ca's after each 
intervention. . 
Moree adenoma's after i : I , 

33 Thyreuidin Spot a 0.6 g /100g Larsen diet 

Conclusionss (of authors) 

APTHH is chemical 
radioprotector,, hut has 
(reversible)) inhibitory action 
onn thyroid 

Immunostimularionn can be 
clinicallyy important for 
radio-oncologyy to prevent 
latee effects 

Hypothyroidismm does not 
pr<< >tect against RT induced 
mortality,, no conclusion on 
thyroidd gland 

Somee protective effect on 
thyroidd histology, of Vit . F 
andd C, none of Vit F. and 
GSH.. Xo effect on thyroid 
function. . 

T 4 ,, l : i " 

orr the combination do not 
protectt the thyroid gland 
fromm XR damage 

Limitationss (L) and our 
conclusionss (C£) 

L:: toxicity of APTHr-
C: : 
V:: Y 
IR:Y Y 
Transl.. N 
(repeatt experiment with 
longerr fup). 

L L 
C: C: 

V;Y Y 
IR:Y Y 
Trans!:: N 
(repeatt in animals) 

L:: very gross evaluation of 
thyroid d 
C: : 
T44 protects thyroid against 
XR? XR? 

V;Y,, IR:Y 
Transl:: N 
(repeatt in animal studies) 

L:: very short fup. not 
specificc protection for 
thyroid. . 
C:V:Y,1R:Y Y 
Transl:: N. 
(repeatt in animals with 
longerr fup) 

11 /pituitary glands long term 
nott examined 
C: : 
V:Y Y 
[R:Y Y 
Transl:: Nl 

('' p, p, cys + cys orcys & M=propanolul, phenobarbital, after 60 min cvstamine (180 mg/kg)+cvtamine 
(200mg/kg)orr + 

100 min :XR 

Alsoo spleen exami 

andd increase of 1\ 

cvstaminee and 5-methoxytryptamine 90 mg/kg + 15 mg/kg), subsequently after 

nated:: strong regeneration of the immune system with increased number of follicles 
mphoevtess in red pulp 

Thiourea:: 0.1 % in drinking water (average 19 
forr 5 davs before RT T 

mg/day),, 37 days before XR, thyroxine 0.1 mg /dav ip 

Thyroxinee : 20 Jig/100 g/day for 21 days, starting 7 days before RT, I~:10 mg I r I " /day, for 7 days, 
startingg the day before RT 

'""  Dose MTU: group A: MT 50 mg, AT 75 mg, 
2000 mg. 

1'' Testes and pituitary after APTH like controls 

SPP lOOmg. Group B: MTL 

withoutt XR 

':: 100 mg, AT: 150 mg, SP 
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I .. Endocrine care for the child with cancer 
Improvedd treatment protocols and knowledge on behavior of pediatric malignancies 

havee resulted in a survival of around 70 % of children diagnosed with a malignant 

disease.. However, due to the malignant disease or its treatment, acute and late side 

effectss may occur, which often include the endocrine system. Next to disturbances in 

thee thyroid state, also the state of the other endocrine glands regulated by the 

hypothalamuss and pituitary gland may be distorted, especially the somatotrope and 

gonadotropee state. 

Thee primary aim of maintaining the endocrine integrity of a child with cancer is to 

guaranteee the most optimal development of a child into adolescence, despite the illness 

orr necessary toxic treatments. Secondly, the aim may be to prevent the development of 

treatment-inducedd endocrine malignancies. The preventive strategy will depend on the 

individuall  situation, e.g. the tumor type, the treatment modalities used and the age of the 

patient.. The severity of the expected side effect should be balanced against the toxicity 

orr the preventive intervention. This makes preventive strategies for children different 

fromm those for adults. An example is the protection of the thyroid against radio-iodide 

withh KI in a young child versus an 80-year old person; for the child the primary aim is 

thee prevention of thyroid cancer, in the 80-year old person, considering the latency time 

off  thyroid cancer, the exposure to radio-iodine perhaps does not require prevention, 

andd the administration of KI may even induce hyperthyroidism as adverse effect. 

Iff  prevention of endocrine (e.g. thyroid) damage is not possible in the child or has 

failed,, prevention of further damage (e.g. the development of a benign nodule into a 

carcinoma)) or consequences of this damage (e.g. growth or mental retardation due to 

hypothyroidism)) is indicated. This stresses the need for close follow-up, to detect endocrine 

disturbancess in an early phase aiming to maintain an optimal development into adulthood. 

Thee best endocrine advice on when, what and how7 often to screen the endocrine 

functionss or glands is different for each child. This, because it depends on the cytotoxic 

drugss that are administered, the radiation treatment, the tumor-type and the age of 

thee patient. For this reason, for each oncological treatment scheme a specific endocrine 

protocoll  should be developed, including evaluation of the thyroid, the gonadotrope 

andd the somatotrope axes, based on experiences and evidence gathered from literature. 
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Alsoo of every child that is or has been treated for a malignant disease, the growth 

chartt should be used, including parental heights, as this will help to detect disturbances 

off  the endocrine system. This endocrine protocol should be included as standard 

partt of the diagnostics and treatment scheme for every child, before, during and after 

treatmentt of the malignant disease. 

Inn this general discussion, the ways to prevent thyroid damage, considering the results 

off  the previous chapters, will be discussed, firstly during exposure to radiation and 

subsequentiyy after exposure to radiation. Also, regarding the effects of chemotherapy 

thee discussion will firstly be about the prevention and implications of negative effects 

onn the thyroid state during treatment and subsequently after treatment with 

chemotherapy.. Considering the impact and frequency of gonadal damage, the ways 

off  prevention and early detection of gonadal damage are also discussed. And lastly, 

thee ways to prevent damage that may occur when a child is confronted with a thyroid 

malignancyy are considered. 

II .. Prevention of thyroid damage due to irradiation 
Thee aim of protecting the thyroid gland against radiation exposure in children is to 

minimizee the development of hypothyroidism, thyroid nodules and thyroid malignancies. 

Thee most optimal way of radiation prevention is eliminating the radiadon exposure. 

Ass described in the introduction and in chapter 11, this has already been done bv 

replacementt of radiotherapy by chemotherapy or by hvperfractionation of the dose. 

Off  course the condition must be made that the change in oncologic treatment is just 

ass effective and it must be evaluated whether the alternative treatment modality does 

nott have other (more) serious adverse effects, such as infertility. 

Despitee the reduction in use, radiation treatment will remain necessary for several 

childhoodd malignancies, and for those cases preventive strategies are needed. The 

mainn aspects regarding protection against radiation induced thyroid damage have already 

beenn discussed in several previous chapters (2, 3, 4, 6, and 11). Some additional items 

aree discussed in this section. 
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II.1.. Protection of the thyroid durin g exposure to radio-iodine 
(e.g.. coupled to MIBG) 

Preventionn of uptake of radio-iodide by the thyroid gland is an important subject, 

becausee targeted radiotherapy with '31I coupled to different compounds is a promising 

treatmentt modality, as it gives, in comparison to external irradiation, minimal irradiation 

damagee to surrounding tissues. In children, it is mainly used coupled to MIBG, but in 

thee future it may also be used coupled to other compounds, such as anti-CD20 

antibodiess to combat lymphoma (currently only used in adults) 1. Also, in the future, 

transfectionn of the gene coding for the sodium iodide symporter (NIS), which is 

responsiblee for active iodide uptake in the thyroid gland, may be possible in other 

malignantt tissues. After transfection of NIS, 131 I will also be actively taken up by 

thesee tissues, so that L,! I -treatment may be an option if this is also subsequently 

boundd to proteins. This is under investigation for future treatment of melanoma, 

ovarian,, liver, colon or prostate cancer 2. Of course, in this case, when t31I is used in 

NIS-expressingg tumors, thyroid protection can not be done by the administration of 

compoundss that inhibit NIS, as it will also interfere with the therapy. In these situations, 

thyroidd protection will have to be done by inhibition of the thyroid-specific iodide 

organificationn or diminishing the concentration of TSH by the administration of 

thyroidd hormone. Alternatively, in this situation, one could outweigh ablation of thyroid 

tissuetissue with subsequent thyroid hormone substitution therapy to absolutely minimize 

thee chance to develop thyroid tumors. 

Thee protection against radio-iodide during 13II-MIB G treatment in children with NB 

iss insufficient with KI only, resulting in hypothyroidism (56%) and thyroid nodules 

(299 %) (chapters 2 and 3). As demonstrated in the review, the reduction in uptake of 

radio-iodidee into the thyroid may be up to 97 % if KI is administered one hour in 

advancee (chapter 11). If this optimal timing wrould be feasible in clinical practice, a 

reductionn in uptake of 97% for children must still be considered as a failing thyroid 

protection,, because of the fact that the risk for thyroid carcinoma is high especially in 

thee low to moderate irradiation doses. The newly developed protection with KI , 

methimazolee and T4 (DBR) has improved the thyroid protection in children with NB. 

However,, the protection again failed in 14 % of the children, who developed an 

elevationn of TSH, and in 5 % of scintigraphic images (13 of 247, chapter 4) in which 



uptakee on the scintigram was seen (although in the subsequent cohort in addendum 3, 

thee number of scintigraphic images on which the thyroid was visualized was even less). 

Forr this patient-group, the prevention of hypothyroidism due to radio-MIBG is 

importantt because of their young age, in which an adequate thyroid function is required 

forr a normal development and growth. Protection against radiation exposure of the 

thyroidd gland is even of special importance in children with NB because of the possible 

increasedd susceptibility to develop radiation-induced thyroid malignancies. This implies 

thatt the prevention of uptake needs further improvement. 

AA further reduction of thyroid radio-iodide uptake during l l l I-MIB G may be done by-

addingg perchlorate (Cl() ), which blocks N IS. As we know from diagnostics in children 

withh a total iodide organification defect, the administration of NaCK)4 intravenously 

resultss in a 100 % inhibition of the NIS \ The administration of KC1()4 orally was 

toleratedd well (chapter 11 A). We should consider the addition of KC104, orally, for 14 

days,, to the DBR-protection, to children with NB during exposure to l31I-MIBG,wit h 

carefull  monitoring of, especially hematological, side effects, 

Ann entirely different way of thyroid protection, would be to replace the radio-iodide 

inn MIBG by other, non-thyroidal specific, radio-nuclides (comparable to the possibility, 

forr the treatment for Hodgkin's disease, to replace t3,I-tositumomab by w Y-

ibritumomabb tiuxetan) 4. For MIBG, an alternative radioconjugate has been searched 

withh the alpha-emitter 21 ] At (forming meta-astatobcnzylguanidine,21' At-MABG), which 

wass in vitro shown to be very potent and potentially suited for the treatment for 

micro-mctastasess due to its short range "'. However, the short physical half-life (t = 

7.22 h) and logistic problems are limitations for use of  21'At-MAB G for radio-nuclide 

therapyy 6. Other radio-nuclides might be looked for in the future. Obviously, uptake in 

NBB cells must be warranted and this should first be evaluated in animal models. 

AA possible cause for a failing thyroid protection in children with NB treated with 

radio-MIBGG that must be considered is the possibility of MIBG entering the C-cells 

off  the thyroid, resulting in radiation damage to the surrounding follicles. Arguments 

inn favor of this hypothesis are that the C-cells have the same origin as the NB cells 

(neurall  crest) and that some medullary thyroid carcinoma (MTC) can take up MIBG. 

Iff  this is the case, prevention of uptake will not be possible with DBR or by blocking 



NIS,, and early detection ot thvroid damage will have to prevent further consequences. 

Nextt to radiation damage from LMI-MIBG, the possible damage from diagnostic 12lI -

MIB GG must be discussed. Currently, thyroid protection is administered for 3 days 

duringg diagnostic 111]-MIBG. Due to the short t ; (8 hours) of  ,23I and the relative low 

dosee that is given (l 10-160 MBq, with 2 to 3 % free 123I ), the chance to develop 

thyroidall  radiation damage will be very low. In comparison, children who are suspected 

off  congenital hypothyroidism (CH) receive ,23I in the diagnostic work-up, with an 

averagee dose of 1 MBq. This implies that the children with NB are exposed to 

approximatelyy a 3-fold dose of the considered safe dose given to children with CH. In 

childrenn with CH, thyroid damage has never been reported (but it can be commented 

thatt it is perhaps not observed because they receive T4 substitution for thyroid 

dysfunction).. In our prospective cohort of children with NB, one child developed 

thyroidd dysfunction after a single dose of  12T-MIBG during admission on the ICU 

(withh KI , methimazole and T4 for thyroid protection), which appeared to be transient 

whenn it was evaluated two years later. Whether this period of thyroid dysfunction can 

bee attributed to the 123I-MIB G administration, to the administration of KI (failing 

escapee mechanism) or that it was mere coincidence is unclear. To answer the question 

aboutt the possible damaging effect of  L23I-MIBG, the thyroid function of all children 

thatt have received only diagnostic MIBG should be evaluated. 

Ass parents are actively involved in the care-taking of the child during 131I-MIB G 

treatment,, also the thyroid protection of the parents must be discussed. For radiation 

protection,, special precautions are taken, such as disposable gloves, gowns and shoes, 

instructionss to restrict time of exposure, and continuous measurements of radiation 

dosee by pocket dosemeter''. For prevention of thyroid uptake of radio-iodide, parents 

andd all other care-takers such as grand-parents are given 200 mg KI for 4 days. It is 

veryy unlikely that parents will ingest any radio-iodide, however. Thev are probably 

moree exposed to the y-radiation emitted by I31I taken up bv the child, than to internal 

radiation.. In an evaluation of radiation safety- for parents, radiation doses in 13 children 

andd their parents during 34 therapeutic doses of  131I-MIB G were measured. From 

thiss evaluation, it was concluded that the participation of parents in patient care during 
,31I-MIB GG treatment is safe . In our cohort, one mother has developed hypothyroidism 



inn the years following ' -'I-MIBG treatment of her child, daring which, as she has 

stated,, ate the same popsicle as her child. The cause for this hypothyroidism has not 

heenn defined, but the chance that her thyroid dysfunction was caused by irradiation or 

contaminationn is not likely. Next to the low chance for radiation damage, also the 

possiblee side-effects of KI must be considered, especially for the grand-parents who 

aree at increased risk to develop hypo - or hyperthyroidism due to excess iodine (as 

discussedd in the introduction, section 1.1.c)H. 

II.2.. Protection of the thyroid during X-radiation 

Loweringg but not suppressing plasma TSH, does not result into less thyroid damage 

inn rats (chapter 6). A limitation of our rat model may be the radiation dose, i.e. that the 

occurrencee of thyroid tumors in the non-protected irradiated group would have been 

higherr after irradiation with lower doses and the possibility for prevention would have 

beenn better when lower irradiation doses were given. In the treatment for childhood 

cancer,, minimal doses of 18-25 to 40 Gy (in case of a brain tumor) are necessary to 

eradicatee the tumor cells, and reduction of total dose will not always be possible, 

althoughh damage to surrounding tissues can be limited by fractionation of the dose 9. 

Ourr model was appropriate for studies of hypothyroidism, which is also a frequent 

observedd late effect, and the occurrence of hypothyroidism could also not be reduced 

byy endocrine interventions. 

Thesee results, combined with the results of the literature review for human and animal 

studiess (chapters 11A and B), leads us to conclude that there is not enough evidence 

too support the hypothesis that suppression of TSH during exposure to radiation, 

exceptt by hypophvscctomy, leads to less thyroid damage. Recently, however, an abstract 

wass presented in which TSH suppression during cranio-spinal radiation for 

medulloblastomaa and PNET diminished the occurrence of hypothyroidism'". These 

resultss have to be awaited. An important aspect in lowering the TSH level for radiation 

protection,, is that bv lowering the threshold for radiation, the occurrence ot thyroid 

malignanciess in the long run might increase, in spite of the fact that hypothyroidism 

hass diminished (chapter 6). This must be evaluated. An alternative for the lack of 

TSHH after hvpophvsectomv could be the administration of TSH antagonists, which 
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havee been produced mainly for the treatment of TSH producing adenomas. This 

shouldd be investigated in animals before applying it in humans. 

Furtherr research should not only be aimed at suppressing TSH during exposure to 

radiation,, but also other methods should be considered, such as the use of free radical 

scavengerss or anti-oxidants. For future research on this subject, however, it is important 

too be aware that the prevention must be specific for the thyroid gland, so that the 

tumorr does not benefit from this protection. 

II.3.. Prevention of thyroid nodules and cancer after  exposure to 
irradiation n 

Ann increased TSH after exposure to radiation stimulates the development of thyroid 

noduless and malignancies. In chapter 11, it was shown that the administration of T4 

(loweringg TSH) decreases the development and number of benign thyroid nodules 

afterr exposure to irradiation. This has also been demonstrated for non-irradiated 

individualss 1 M \ For patients (adults and children) with a history of differentiated thyroid 

carcinomaa (DTC) T4 suppression therapy reduces the risk for recurrent disease lA'l(\ 

althoughh it is still controversial to what extent, how long and for w?hich tumors (lowT or 

highh risk, papillary versus follicular) this therapy is indicated 1'"~1. 

Wee did not find any evidence, however, that the administration of T and subsequent 

loweringg of TSH after irradiation prevents the development oi thyroid malignancies 

(chapterr 11 A). These results indicate that in a child that has been irradiated (with 

radio-iodinee or X-radiation to the head-neck region) it is important to monitor TSH 

too be sure it is not elevated, but there is no evidence that it should be suppressed. 

Thee fact that suppression of TSH, in contrast to hypophysectomy, does not prevent 

thee development of thyroid malignancies after exposure to irradiation may be explained 

bvv the fact that thyroid oncogenesis is only partly under influence of TSH and that 

alsoo other growth factors such as IGF-1 play a role in this process 22. 

Inn our rat study, w7e did not include a group with T4 administration for lif e to prevent 

thee deve lopment of thyroid malignancies because, in our opin ion, life-long 

administrationn of T4 to children in order to prevent thyroid malignancies has man}' 

disadvantagess (chapter 6). It implies daily medication, regular checks of thyroid function, 

venaa punctures and thyroid ultrasounds, with always the possibility and uncertainty to 



developp a thyroid tumor plus the chance to develop side effects due to chronic TSH 

suppressionn (such as bone lossl l ) . If radiation makes the thyroid a potentially malignant 

organn (substantiated with incidence studies) which causes frequent worries and is a 

burdenn to the patient, we believe it may be better to remove all thyroid tissue 

prophylactically.. Of course, this would also imply daily medication with regular checks, 

butt it reduces the risk tor a thvroid malignancy to zero. T^ supplementation to athyroid 

childrenn can be done very well as there is much experience in children with congenital 

hypothyroidism.. Removal of the thyroid can be done by surgery or by ablation with 

radio-iodine.. Considering the many frequent adverse events of thyroid surgery described 

inn chapter 1, our first choice would be thyroid ablation. An elevated TSH, which is 

necessaryy for thyroid ablation can be realized with the administration of recombinant 

hTSHH ~J . Or course, this strategy would have to be performed in a well-designed 

prospectivee trial. 

Forr children with NB, the risk to develop a thyroid malignancy after 1MI-MIB G 

treatmentt has to be evaluated in the course of time, especially considering their possible 

increasedd susceptibility for radiation. This implies that all children who have been 

treatedd with M1BG must be followed in time for longer periods. 

III .. Prevention and detection of thyroid dysfunction due 
too chemotherapy 
III.l .. During treatment 

Inn the introduction and in chapter 9, the many possible effects of (cytotoxic) drugs on 

thee thyroid state have been described. In our cohort, the mean concentrations of 

TSH,, T., Tg and Cortisol decreased to 53, 67, 69 and 15 % of the baseline value 

respectiyeh;; with an increase in the mean plasma rT, to 217 % of baseline. In contrast 

too what we expected, these alterations in the thvroid state could not be correlated to 

thee physical well-being as scored by a daily questionnaire. This may have several reasons. 

Perhapss the biochemical changes that we measured did indeed not reflect the actual 

physicall  well-being and can all be explained by the cftccts of glucocorticoids. Another 

reason,, however, could be that the questionnaire is not the appropriate way to evaluate 

physicall  well-being, because the children are used to feeling this wav and score well, 
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whilee in fact their physical well-being is much worse than is reflected in the questionnaire. 

Iff  this is the case, a more objective way could be to measure 1GF-1. The 1GF-1 level 

wass low in 53 % of patients, which may support the hypothesis that these children 

weree in a worse metabolic state than told by the questionnaire. However, it must be 

realizedd that the concentration of IGF-1 is influenced by man)- factors (e.g. medication) 

andd is therefore also not a very reliable factor. 

Thee impact of finding these alteradons in thyroidal state during chemotherapy is 

unclear,, partly due to the many limitations of this study. Firstly, the studied group is 

veryy heterogeneous with many different treatment protocols, chemotherapy and tumor 

typess which may all have its own impact on the thyroid state determinants. Furthermore, 

inn 85 % of all courses, dexamcthasone was administered, interfering with the thyroid 

statee determinants. Lastly, sampling was not done on a regular time interval, making it 

difficul tt to determine the period of time and severity of the changes. In spite of these 

limitations,, it is clear that the thyroid hormone state is altered strongly in these children. 

Itt can be hypothesized that having frequent episodes of an altered thyroid state in 

combinationn with low IGF-1 levels is unfavorable for a growing and developing child 

whoo is receiving cancer treatment during several years, in disregard of the cause 

(iatrogenicc or bad metabolic state). It might, consequently, be beneficial to administer 

thyroidd hormone and/or growth hormone to these patients. 

InIn severe illness, it has been demonstrated that changes in endocrine determinants are 

partlyy explained by the hypothalamic releasing factors 25. This implies that, in order to 

restoree thyroid function, treatment should be done with the administration of TRH. 

Inn adults, treatment with TRH alone or in combination with other releasing factors is 

currentlyy being studied ~\ Also peripheral conversion of T4 to T3 is decreased, implying 

thatt replacement of thyroid hormone must be done with the administration of T, and 

nott T4. The administration of T, to children with chemotherapy should be investigated 

inn a well designed prospective randomized trial, with adequate monitoring of beneficial 

andd adverse effects (physical condition, height, hair loss, rumor growth and response to 

oncologicc treatment). The finding that thyroid hormone transporters may also be affected 

duringg NTI, however, resulting in a decreased transport of thyroid hormone into the 

cell,, would imply that restoring the plasma level of T4 or T will be inadequate 26 . 



Regardingg the low levels of IGF-1, treatment with GH might be beneficial. However, 

off  course firstly the levels of IGF-1 in regard to the malignant disease must be 

outweighed.. At the moment, there is no reason to believe that GH treatment in children 

afterafter treatment for a primary diagnosis of cancer increases the risk for developing a 

recurrencee of their disease 2 . In a retrospective follow-up study, however, an increase 

off  second neoplasms in oncology patients was found (RR 3.21). It has been commented, 

thatt the results of this study must be carefully interpreted, as the Confidence Interval's 

aree wide and unrecognized biases may have been present 2 ,2K. Flven so, these results 

indicatee that the role of GH in these patients has still not completely been determined 

andd that there is need for continued surveillance. 

GHH supplementation during cancer treatment is a completely different matter. It has 

beenn reported that cancer cachexia may be associated with GH resistance, which has 

inititatedd the consideration of GH or IGF-1 to be a therapeutic agent in (adult) cancer 

patientss with cachexia 29. In mice, stimulation of the GH-IGF-1 axis did not promote 

tumorr growth and was suggested to be a viable treatment for cancer cachexia '™. 

Whetherr GH-trcatmcnt is indicated in children during cancer treatment has never 

beenn studied and this should thoroughly be evaluated. Firstly, it must be determined 

howw low IGF-1 levels are and secondly, whether low levels of IGF-1 during cancer 

treatmentt are unbeneficial. Dependent on the results, GH supplementation in cancer 

patientss should first be studied in more detail in animal models and adults before 

childrenn ma;7 be treated. 

III.2 .. Prevention and detection of thyroid dysfunction due to 
chemotherapyy after  treatment 

Inn contrast to our study (chapter 10), several studies have described an increased risk 

too develop hypothyroidism after treatment with chemotherapy, with or without 

irradiation,, in childhood cancer survivors (sec also introduction, section 1.3.b). Also 

hypothalamicc dysfunction has been described to occur after treatment with 

chemotherapyy M. 

Inn some of the studies that reported on hypothyroidism, a high % of thyroid 

abnormalitiess could be attributed to the syndrome of non-thvroida! illness (NTI) and 

weree reversible or were considered to be minor abnormalities 32,11. In our study, only 



aa one time measurement of TSH and T, was used, so we cannot exclude transient or 

subtlee thyroid abnormalities. However, wc feel that normal thyroid function 

determinantss with a lack of clinical svmptoms indicate that, for the patient at least, 

theree is no thyroid disease. It must be considered that the radiation exposure overruled 

alll  damaging effects of chemotherapy on thyroid function. For this reason, we may 

nott completely exclude the possible negative effects of chemotherapy on the thyroid 

glandd and this should be prospectively evaluated in survivors of childhood cancer, 

whoo did not receive any irradiation to the head-neck region. 

IV.. Prevention of gonadal dysfunction after treatment 
forr childhood cancer 
Gonadall  damage may develop in girls and boys after treatment with cytotoxic drugs 

and/orr radiation treatment, resulting in hypergonadotropic hypogonadism (gonadal 

hormonee insufficiencies; estrogen or testosterone) and infertility (see introduction, 

sectionn 1.3.c and 1.4.g)34. Also hypogonadotropic hypogonadism may be present after 

treatmentt for craniopharyngioma, other brain tumors near to the hypothalamic-pituitary 

regionn or following cranial irradiation. 

Inn the cohort that we evaluated after multi-modality treatment for NB (chapter 3), two 

boyss were diagnosed with hypergonadotropic hypogonadism. Although Levdig cell 

functionn loss has been reported to be often mild (consisting of a raised LH level with 

aa low? to normal testosterone level)14, it must be a point of attention in all children 

givenn cytotoxic agents, especially alkylating agents, because testosterone substitution 

treatmentt is relatively simple and can give much quality of life to the patient (all the 

advantagess of prevention of delayed puberty). 

Forr prevention of gonadal damage no established method has been reported vet, 

althoughh progress has been made at scientific level. Protection of the gonads has 

beenn attempted by suppression of the pituitary-gonadal axis bv the administration of 

GnRHH analogues both during radiation and during the administration of cytotoxic 

agents.. Studies in animals demonstrated promising results r--"-:,f'. Most studies in humans 

weree disappointing, although several positive results in humans have also been obtained 
vo('.. An example of a positive result is the study performed by Blumcnfeld and 



colleaguess 3 , who demonstrated a protective effect of GnRH-analogue for premature 

ovariann failure (6 % vs. 56 %) in women treated with chemotherapy for lymphoma, 

leukemiaa or non-malignant diseases. Pregnancy rates were, however, almost identically 

loww for GnRH-treated and non-treated women. Because controversy on the subject still 

exists,, a large prospective study is needed to substantiate the role of GnRH analoga 3f\ 

Itt has been suggested, for males, that prevention of fertility relies on the survival of 

stemm cells during the gonadotoxic insult and the subsequent recovery of spermatogenesis, 

insteadd of protecting them for cytotoxic damage. This ma}' indicate that the suppression 

off  gonadal funcdon needs to be given for a longer time to provide a sufficient recovery 

timee for the stem cells and that hormonal manipulation will be most beneficial in those 

patientss with the less severe testicular insult (with preservation of stem cells) l4. 

Physicall  prevention of ovarian damage against radiation may be achieved by moving 

thee ovaries from the radiation field, laparoscopicallv :,<\ However, fertility may still be 

compromisedd if the uterus has been in the radiation field. 

Thee results on storage and re-implantation of (pre- or post pubertal) ovarian and 

prepubertall  testicular tissue look very promising but must still be considered 

experimental.. The tissue can be removed, frozen and stored, then the cytotoxic or 

radiationn treatment can be given and later in life the gonadal tissue can be re-implanted. 

Forr results on ovarian tissue it is even more advantageous to be young; the younger 

thee patient, the more follicles are present. 

Ovariann function and a first four-cell embryo after ICSI was reported in a 36 year-old 

womann after reimplantation of cortical pieces of her ovary, 6 years after 

crvopreservationn 411. In a 32-vear old woman with Hodgkin's disease, re-implantation 

off  ovarian tissue restored ovarian function with estrogen production 4'. Very recently, 

aa pregnancy was reported in a woman with Hodgkin's disease after re-implantation of 

ovariann tissue which restored normal ovarian function with estrogen production and 

fertilityy 4:. It was commented, however, that conception in this woman might also 

havee been the result of one of her ovaries that had remained in vivo, which survived 

thee chemotherapy and produced eggs on its own 4\ Furthermore, regarding this 

techniquee there are still several important safety concerns. The possibility that malignant 

cellss (especially hematological) are transferred and the possible risks for neonatal deaths 



cannott bc excluded. However, these very promising results warrant further studies to 

createe options tor fertility in those patients who require gonadotoxic drugs or radiation. 

Anotherr different option to achieve pregnancy when ovarian failure has occurred is 

ovumm donation. 

Forr girls that are post pubertal the only real established method to ensure offspring is 

embryoo cryopreservation -'''. This will , however, not often be realistic for the pediatric 

fieldfield (if oncology as many girls wil l not have a committing relationship at time of 

diseasee or wil l not be able to make such decisions in such short (and emotional) time. 

Ann alternative for post-pubertal girls is the option for superovulation and mature 

oocytee collection. However, littl e oocytes survive the freeze and thaw process and live 

birthh rate is below one in evcrv 100 ooevtes harvested V). 

Forr post-pubertal boys, sperm banking remains the only proven efficient prevention 

strategyy for fertility v\ and should be offered to all post-pubertal boys. This may be a 

problemm though, as malignant disease is often accompanied by poor sperm qualitv. 

Spermm testicular extraction techniques have also been developed, which may allow 

recoveryy of spermatogenic cells and can subsequently be used with intracvtoplasmatic 

spermm injection (ICSI)44, 

Regardingg the hormonal deficiencies after chemo- or radiotherapy, for both girls and 

boys,, detection can be done by measuring plasma LH and FSH concentrations and 

monitoringg puberty. Hormone supplementation is very well possible with estrogens 

andd progesterone for girls and testosterone in boys. Harlv recognition and treatment 

off  hypogonadism may prevent delayed puberty and improve pubertal development 

andd growth into adolescence. For this reason, hypogonadism should be checked in all 

girlss and boys after cancer treatment. 

V.. Prevention of adverse events in the treatment of 
thyroidd carcinoma during childhood 
V.ll  Differentiated thyroid carcinoma (DTC) 

Forr children with differentiated thyroid carcinoma (DTC), although their prognosis is 

veryy good (no mortality in our treated cohort), the frequencv of adverse events that 

wee found was much larger than was expected (84 %). The most often occurring late 



effectss were hypoparathyroidism (32 %) and recurrent nerve injury (24 %) (chapter 7). 

Thee low incidence of thyroid carcinomas results in a low number of thyroidectomies 

aa year per surgeon. The surgeon's expertise is one of the main risk factors to develop 

hypoparathyroidismm or recurrent nerve injury after thyroidectomy ' . This may be 

overcomee by operating all children by one team in Holland or even abroad or including 

ann adult endocrine surgeon to the operating team to share expertise of the thyroidal 

operationn field (which is currendy done in Emma Children's Hospital, AMC). 

Anotherr way of prevention of these adverse events can be by surgically removing the 

bulkk of the tumor but leaving a small remnant behind, reducing the extent of the 

surgicall  intervention. The remnants can be ablated with radio-iodine "*. 

Radio-iodinee ablation is routinely done in all children to destroy any occult metastases 

andd any residual thvroid tissue, after which monitoring of recurrent thyroid tumor 

withh plasma Tg is possible. In a recent performed systematic review on the effectiveness 

off  radio-iodide remnant ablation on decrease of thyroid-cancer related death or 

recurrencee of disease, a suggestive significant decrease of recurrences and distant 

metastasess were found. However, many confounding factors and inconsistent results 

weree mentioned, so the real benefit from radio-iodide remnant ablation is still to be 

determinedd in a prospective randomized trial  4:>. 

AA hypothetical way to completely prevent damage due to the surgical intervention is 

too treat DTC with radio-iodine ablation only ("upfront ablation"). This has never 

beenn done in humans and should firstly be evaluated in an animal model. With ablation 

therapy,, no surgical complications are to be expected. It must be evaluated whether 

thee number of  U11 treatments remain the same, because if the number of  131I treatments 

wouldd increase, it might be an argument against "upfront ablation" due to the 

phenomenonn of stunning. 

Thee phenomenon of stunning was first reported in 1951, and described the fact that 

thee administration of a diagnostic dose of  n i I (75-400 MBq) reduces the efficacy of 

thee subsequent 1M1 therapy (1.1-11 GBq) 46. It is still controversial whether this 

phenomenonn actually has any effect on therapeutic efficacy 4 . The fact that stunning 

doess not occur after diagnostics with ]2H~ (740 MBq) 4S, however, implies that if 

stunningg occurs, it must be caused by radiation damage resulting in a decrease in 



numberr of cells or in the ability of the cells to accumulate radio-iodine 4Cl. This also 

impliess that to prevent stunning, diagnostics should be done with ,2T or that, following 

thyroidectomy,, ablation should be done immediately without previous diagnostics 

accompaniedd bv scintigraphic images during therapy. 

Nextt to stunning after diagnostics, evidence has also been provided that repeated 
L11II  -treatments arc, in time, less effective (' the first strike has the highest therapeutic 

benefit')) 49. This may partly be caused by oncobiologic changes. Part of the tumor 

transformingg into undifferentiated carcinoma will result in diminished '31I uptake or 

organificationn 22>49-",u. In contrast with these reports, several studies have reported that 

stunningg has no impact on therapeutic outcome '"' . 

Forr the discussion about the possibility7 of upfront 131I ablation, it is important to 

evaluatee the number ol  Lll I -treatments needed to ablate the thyroid gland with DTC 

completelyy and whether the effect of stunning is a real contra argument and how far 

thiss effect has implications on therapeutic efficacy. 

Thee second aspect, next to therapeutic efficacy is the safety aspect of treatment with 
131II  . Adverse events such as leukemia have been discussed in chapter 7. Long term 

follow-upp will have to determine the significance for an increased risk of leukemia. 

Consideringg the fact that the dose of radiation will not be different if it is given 

upfront,, the safety aspect does not seem to be an argument against upfront ablation. 

Inn conclusion, treatment for DTC must be done as radical and as safe as possible. 

Preventionn of adverse events might be the upfront treatment with radio-iodide ablation. 

Thiss must be evaluated in an animal model. 

V.2.. Medullary thyroid carcinoma (MTC) 

Ass explained in the introduction and in chapter 8, prevention of MTC in MEN-2A 

patientss is based on genetic screening. For carriers of this mutation, it is currently 

advisedd to perform thyroidectomy before the age of 5 years. However, since also 

MTCC in younger patients (age 1, age 2.8 and 3.7 years) have been reported M and , as 

wee have demonstrated, many problems can occur when prophylaxis is performed too 

late,, we feel that it should be considered to perform thyroidectomy as soon as possible 

afterr diagnosis of MEN-2A. There are several arguments in favor of performing 



prophylacticc thyroid surgery alrcadv at the age of one or two vcars. The first is the 

abovee mentioned case ot early MTC. The second is the emotional aspect for the child 

forr whom surgery at very voung age is easier than at age 4 or 5 vcars. Also, T4 

supplementationn therapy from young age (even from birth) is very well feasible. An 

argumentt against surgery at these young ages is that the operation field is, of course, 

smaller,, which might increase the risk for hypoparathyroidism and recurrent nerve 

injuryy and this should be carefully outweighed. "Prophylactic" upfront ablation for 

thesee patients does not seem appropriate, as the C-cells do not take up 131I and there 

mightt be a chance that not all C-cells will be destroyed. 

Regardingg the fact that the histological evaluation can be extremely difficult, as illustrated 

inn chapter 8, it may be wise to always perform central lymph node dissection at time 

ott prophylactic surgery. Although metastases have been reported to be very rare at 

thesee young ages, the benefit of being really prophylactic is so much greater than 

havingg to perform additional operations afterwards. Of course the balance between 

thee risk for metastases against the risk of complications due to lymph node dissection 

mustt be carefully outweighed. 

Itt is not wise to wait for calcitonin (CT) levels to rise, as an increased CT production 

iss already a sign of C-ccll hyperplasia and possible MTC. In case of post-operative 

levelss of elevated CT, a total cervical and central lymph node dissection should be 

performedd as soon as possible, as this may still be curative. If, after total lvmph node 

resectionn CT is still elevated, it must be considered on time to withdraw from all 

furtherr additional investigations and await clinical signs, with of course, a maximum 

off  supportive care. This may be considered "secondary" prevention of further damage. 

Forr the treatment of MTC, further therapies must be developed, such as gene therapy 

(NIS,, p53, RET-mutants and others) ~2. 

VI .. Suggestions for further research 
InIn the different chapters of this thesis, the frequency and prevention of (especially) 

thyroidd problems, during or after treatment for childhood malignancies were evaluated. 

Somee answers to questions were found, but also many questions remain unanswered. 

Also,, during this research new questions evolved. For future research, the following 

suggestionss may be useful. 
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ResearchResearch on the consequences and prevention of damage due to radio-MIBC 

Althoughh the prevention of thyroid damage was improved by the introduction of 

DBR,, the addition of (Na or K)-C10 orally, for 14 days, to the DBR-protection, to 

childrenn with NB during exposure to 131I-MIBG, with careful monitoring of, especially 

hematological,, side effects must be evaluated. Regarding the development of thyroid 

nodules,, there seems to be an increased frequency of thyroid nodules after treatment 

withh ,31I-MIBG, however, it is unsure how this will develop in the long run and if 

theree is an increased risk to develop thyroid malignancies. For this, all children treated 

withh ml -MIB G must be followed for a longer period in prospective clinical trials, 

withh ultrasound imaging of the thyroid gland, and, in case of suspect nodules, with 

FNN AC. An important limitation, which we encountered, however is that the frequency 

off  thyroid nodules in healthy children anno 2004 is not known. This should be 

evaluated,, Furthermore, to answer the question about the possible damaging effect of 

diagnosticc 12T-MIBG, the thyroid function of all children that have received only 

diagnosticc MIBG should be evaluated. 

ResearchResearch on the prevention of thyroid damage due to X-radiation 

Althoughh the reduction or even elimination of radiotherapy is, for the thyroid gland, 

thee best possible way to prevent radiation damage, the effect of elimination of 

radiotherapyy versus the increase in administration of chemotherapy (type of drugs 

andd increasing dose) must be thoroughly evaluated in a prospective trial with regards 

too survival and occurrence of (other) late effects, such as gonadal damage. 

Forr protection of the thyroid during and after radiation therapy, although we have 

argumentedd that it is in our opinion not feasible to treat a child with suppressive doses 

off  T4 for life without the 100 % security of prevention of thyroid malignancies, it may 

bee scientifically relevant to investigate in a prospective well designed study in animals 

whetherr continuous treatment with T can prevent the occurrence of thyroid 

malignanciess after radiation exposure. Also, the role of TSH antagonists for the 

preventionn of radiation induced thyroid carcinoma as alternative for hvpophvsectomy 

shouldd be investigated in an animal model. Other ways to protect the thyroid may be 

thee administration of free radical scavengers or anti-oxidants, such as amifostine and 

selenium-salts.. This should be evaluated in an animal model. 



Forr early detection of patients who are at increased genedc risk to develop thyroid 

malignanciess after radJadon exposure, screening techniques such as the COMET assay 

shouldd be further developed. In this way, patients with an increased risk may be offered 

prophylacticc thyroidectomy or thyroid abladon. 

Somethingg completely different was the observation that the hair loss of animals 

givenn T4 during and two weeks after irradiation seemed less severe than of the rats 

whoo did not receive T (non published data). As alopecia is a distorting side effect of 

chemo-- and radiotherapy, this should be evaluated in a prospective study in animals, 

andd subsequently, if this is confirmed, a trial should be done on the administration of 

thyroidd hormones during radiation and chemotherapy to prevent hair loss. 

ResearchResearch on the effects of chemotherapy on the thyroid gland 

Too obtain more insight in the disturbances of the endocrine system during treatment 

withh chemotherapy, a prospective study on the frequency and severity of endocrine 

disturbancess in children during chemotherapy must be done, which relates these 

disturbancess to development into adulthood. Within this evaluation, a special evaluation 

off  low IGF-1 concentrations in children should be done, which relates these 

concentrationss to growth, weight, clinical well-being and tumor progression. If this 

researchh has demonstrated that the endocrine determinants are severely disturbed, a 

prospectivee randomized study should be considered which compares T4 or T 

supplementationn to no supplementation of thyroid hormone in children during 

treatmentt for cancer on long term outcome, well being and growth. Also, in animals 

thee supplementation of GH during cancer treatment must be further evaluated. 

Too evaluate the possible negative late effects of chemotherapy, in patients who have 

nott been irradiated, a cross-sectional analysis should be done on all childhood survivors 

whoo have received chemotherapy but no irradiation to the head-neck region. 

ResearchResearch on differentiated thyroid carcinoma 

Too prevent side effects of surgical intervention in differendated thyroid carcinoma, an 

animall  model should be made for differentiated thyroid carcinoma in which the upfront 

treatmentt with ablation instead of surgical removal is evaluated. 
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VII .. Recommendations for clinical practice based on 
thee current available evidence 
Forr all children with malignant diseases 

1.. For each oncological treatment protocol, a corresponding endocrine protocol 

shouldd be developed for early detection of endocrine damage, 

2.. Of every child treated for malignant disease, a growth chart (with knowledge of 

parentall  height) should be used in the follow-up for early detection of endocrine 

disturbances. . 

3.. Thvroid function should not be screened during treatment with dexamethasone 

ass this will interfere with the thyroid state and interpretation of the results. 

Forr children with neuroblastoma 

4.. Before the first n ,I-MIB G treatment, the thyroid function should be determined 

too know the thyroid plasma determinants for the individual patient (the patients' 

ownn setpoint). 

5.. During diagnostics and treatment with 123/131I-MIB G the thyroid should be 

protectedd with KI (3 dd 30 mg KI) , methimazole (2 dd 0.5 mg/kg) and thyroxine 

(1255 |4.g/ m2 per day) (see addendum 2). 

6.. After !31I-MIB G treatment the thyroid function should be checked every three 

monthss in the first two years after stopping therapy, then every 6 months, including 

plasmaa TSH and FT . An ultrasound of the thyroid gland for the detection of 

noduless and monitoring of their behavior should be performed at diagnosis and 

att one year intervals. 

7.. Follow-up of thyroid function should not be done during diagnostic procedures 

withh 123I-MIBG. 

Forr children who are treated with X-radiation to the head-neck region 

8.. /Ml children that have been irradiated m the head-neck region should be screened 

forr thyroid function (FT4, TSH and Tg) at least every 6 months for the first 5 

yearss and annually thereafter. Considering the latency time of thyroid malignancies, 

screeningg for thvroid carcinoma should be done by routine ultrasonography of 

thee thyroid gland, annually, life-long. 
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Forr children with thyroid carcinoma 

9.. Because the remnants of thyroid tissue after thyroidectomy for differentiated 

thyroidd carcinoma (DTC) can be ablated with radio-iodide, only the large bulk of 

tumorr should be remoyed. This may reduce the occurrence of hypoparathyroidism 

andd recurrent nerve lesions. Also transplantation of the parathyroid glands should 

bee considered. 

10.. Because medullary thyroid carcinoma (MTC) in MEN-2A patients has been 

describedd in a patient of age 1 and the consequences of disseminated MTC are 

seyere,, prophylactic thyroid surgery for patients with MEN-2A should be done 

ass soon as possible in life (preferably between age 1 and 4). 
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Thyroidd problems in pediatr ic oncology 
damage,, prevention and consequences 

Thee thyroid gland is an endocrine organ, which lies ventrally in the neck and is 

responsiblee for the production of thyroid hormone. For children, an adequate amount 

off  thyroid hormone is essential for (mental) development and growth into adulthood. 

Thee thyroid gland requires iodine for the production of thyroid hormone. The 

productionn of thyroid hormone is regulated by the hypothalamus-pituitary-thyroid-

axiss in which the hypothalamus produces thyrotropin releasing hormone (TRH), wrhich 

stimulatess the pituitary gland to produce thyroid stimulating hormone (TSH) which, 

inn turn, stimulates the thyroid gland for production of" thyroxine (T ) and tri-

iodothyroninee (T^. Next to TSH, thee thyroid is regulated by the amount of circulating 

iodine.. To maintain a normal hormonal balance in case of fluctuating iodine 

concentrationss (iodine excess or iodine deficiency), the thyroid has an auto-regulatory 

systemsystem which responds to the intra-thyroidal concentration of iodine. This mechanism 

iss often referred to as the Wolff-Chaikoff effect and its escape-mechanism. 

Inn the treatment for childhood cancer, the thyroid gland or its regulation can be distorted 

duee to different reasons. In chapter  1 an overview is given on the thyroid gland, on 

thee most important pediatric malignancies that are involved in this thesis (neuroblastoma 

(NB)) and thyroid carcinoma) and on possible factors which may be of influence on 

thee thyroid gland or its function during or after treatment for childhood cancer. The 

bestt well knowTn and studied cause of damage to the thyroid gland is radiation-exposure. 

Radiationn can be given as external beam (XR) or as ,31I . Radiation damage may result 

inn thyroid dysfunction or in thyroid cancer. Hypothyroidism can occur after radiation 

dosess of 27 Gy, but also after lower irradiation doses hypothyroidism has been 

described.. An eight-fold risk for hyperthyroidism exists after radiation. Thyroid cancer 

cann be induced already from exposure after 0.1-2 Gv, w îth a latency time up to 40 

years.. Next to radiotherapy, also chemotherapy can influence thyroid hormone 

determinantss during treatment and there are some reports about effects of 

chemotherapyy on the thyroid function after treatment. During treatment, the thyroid 

functionn may also be altered due to the phenomenon of non-thyroidal illness. 
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Inn Part 1, thyroid damage in children with NB who are treated with L,lI-Meta-

iodobcnzylguanidincc (MIBG) is evaluated. MIBG is a compound that is selectively 

takenn up by tumor celts of NB. By coupling this compound to 12lI (y-irradiation) it 

cann be used for diagnostics, to localize NB. By coupling M1BG to Lll I (y & p-

irradiation),, it is a very elegant way of targeted radiotherapy. Because every gift iM I -

MIB GG contains some free 131I~ (2 to 5%), the thyroid gland must be protected against 

uptakee and radiation damage by radio-iodide. In chapter  2, all children that were 

treatedd in the period 1989 to 1999 in Emma Children's Hospital according the MIBG-

de-Novoo protocol were evaluated, retrospectively. To protect the thyroid from radiation, 

patientss had received 100 mg KJ for 3 days during use of (diagnostic) l 2i-MIB G and 

forr 14 days during treatment with (therapeutic) ' MI-MIBG. Of 73 children, data was 

availablee of 42 children. Mean follow-up was 2.3 yrs (range 0.1 -8.5). Of 428 scintigrams, 

uptakee of  1HI~- in the thyroid was visible in 92 (21.5 %). Twenty-two patients (52.4 

%)) presented with an elevated TSH (> 4.5 mU/L) after a mean period of 1.4 years 

(rangee 0.1-5.8 vrs). Clinical signs of hypothyroidism were not observed. Bight patients 

receivedd supplementation therapy with T4. TE was transient in 4. Of 25 survivors, 

withh a mean follow-up of 3.5 yrs, 16 (64 %) developed TE, of which in 14 (56 %) it 

wass permanent. From these results, it was concluded that the occurrence of thyroid 

dysfunctionn after treatment with 13,I-MIB G for NB is high, in spite of KI prophylaxis. 

Afterr this first retrospective evaluation, some questions remained. Was this thyroid 

dysfunctionn transient or permanent, did the thyroid function affect growth or have 

otherr consequences? Did the radiation damage also result in structural abnormalities 

off  the thyroid gland? Since these children are given multi-modality treatment, how are 

theirr other endocrine functions? To answer these questions, a cross-sectional evaluation 

off  a cohort of NB survivors was performed which is described in chapter  3. Twenty-

fivee NB survivors, with a mean age of 8.5 years, off therapy for a mean period of 6.2 

yearss (range 1.3-11.1), were evaluated. Medical history, physical examination, fasting 

cholesteroll  profile and determinants of the thyrotropic-, corticotropic-, gonadotropic-

,, lactotropic- and somatotropic function were obtained. Seven survivors who used T4 

weree withdrawn of medication for three months, after which a second evaluation was 

performed.. Of the 25 patients, 14 (56 %) had permanent TE and 9 received T4 
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supplementation.. Two patients had a small thyroid volume, and in 6 patients thyroid 

noduless or cysts were found. Two boys showed hypergonadotropic hypogonadism, 

afterr treatment with alkylating agents. IGF-1 levels were all within the normal range, 

howeverr growth was affected in 39 % of children. Mean Target Height Standard 

Deviationn Score of patients with thyrotropin elevation was lower than those without 

(p-0.019).. These results demonstrate that children treated for NB with 13,I-MIB G 

(andd given Kl for thyroid protection), chemotherapy and surgery are at risk for 

developingg irreversible thyroid function loss, thyroid nodules, hypergonadotropic 

hypogonadism,, and growth rctardadon. 

Too improve the thyroid protection during BII-MIBG , in chapter  4 a prospective cohort 

(344 children with NB receiving MIBG) is described in which thyroid protection was 

donee by the administration of T̂  (100 Jlg/m2), methimazole (0.5 mg/kg per day) and 

KII  (3 times a day 0.3 cc 10°/) solution). Protection started one day before the diagnostic 
123I-MIBG,, until four weeks after the last therapeutic 131I-MIB G dose. The results 

weree compared to the group of children presented in chapter 2. After a mean follow-

upp of 19 months, 23 patients could be evaluated. Fourteen % of survivors had TE 

comparedd to 56 % of the historic controls (p=0.011). Scintigraphic visualization of 

thee thyroid diminished substantially after the new protection: 21.5% versus 5.3% 

respectivelyy (p<0.000). From these results, it was concluded that T4, methimazole and 

Kll  protect the thyroid more effectively against radiation damage from 123/!3,I during 

MIBGG administration in children with NB than KI alone. 

Forr the survivors of this new protection, it was advised to check thyroid function 

everyy three months the first two years after the last 131I-MIB G administration, and 

hereafterr every 6 months. Because thyroid dysfunction after treatment with MIBG 

wass shown to increase in time (chapter 2), an update was performed in July 2004 of 

thee 23 included children, which again showed significant reduction in thyroid 

dysfunctionn compared to the results of chapter 2 (addendum 1). Because of the 

frequentt elevated TSH concentrations during DBR, it was advised to increase the 

dosee of T4 to 125 |0.g/m2. In addendum 2 the clinical protocol for the new thyroid 

protectionn is given. To evaluate the implementation of this new protocol and evaluate 

thee possibility that the positive results were influenced bv the presence of a researchers-



bias,, in addendum 3, an evaluation was performed of all children (n=31) that were 

givenn DBR, with increased dose of T4, after closure of the study. Of 160 M1BG-

images,, in 3 (1.9 %) uptake in the thyroid gland was seen. Three children had elevated 

TSHH values during thvroid protection, with a maximum value of 16.8 mU/L. Of 9 

childrenn whose thyroid function was followed in time, one child developed TE. From 

thesee updates, it mav be concluded that T4, methimazole and KI protect the thyroid 

moree effectively against radiation damage from 123/L11I during MIBG administration 

inn children with NB than KI alone. 

Inn Part 2, ways to prevent thvroid damage due to external radiation is evaluated in rats. 

Forr prevention of thyroidal radiation damage, it has often been suggested that lowering 

thee stimulation of the gland, bv lowering the concentration of plasma TSH may be 

beneficial.. To study ways of prevention, //; vivo, firstly an animal model had to be 

developed,, which is described in chapter  5. Because the concentration of TSH is 

necessaryy to interpret thyroid histology, a model was developed in which radiation-

inducedd effects were quantified, using thyroid morphology and plasma TSH, Thirty-

fivee Wis tar rats, 5 weeks old, were X-irradiated on the ventral side of the cervical 

region,, with a single dose varying from 0 to 20 Gy. After 6 weeks TSH, T4 and T3 

valuess were determined and thvroid glands were processed for histological examination. 

AA histological classification scale was developed, using follicular size, colloid density 

andd cell height of thyrocytes to measure hyperplasia and hypertrophy. By the sum of 

thesee scores a cell-activitv index was calculated, which was related to plasma TSH. 

Alsoo numbers of PAS-positive droplets and epithelial desquamation were counted. 

Intraclasss Correlation Coefficients (ICC) were calculated to assess interobscrver 

reliability.. Good to very good reliability was found for scores of follicular size, colloid 

densityy and cell height. Significant increase of cell-activity index was found after 10, 

155 and 20 Gv. The concentration of plasma TSH was positively correlated to the cell-

activityy index increasing with radiation-doses up to 15 Gy. The number of desquamated 

cellss was significantly increased after radiation doses > 10 Gy, with moderate reliability. 

Thiss model was subsequently used for pre-clinical studies of prevention of radiation-

inducedd thvroid damage (chapter  6). Of 80, 5-week old Wistar rats, 64 received 15 Gy 
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X-radiationn (XR) (single dose). During XR, endocrine intervention was given to protect 

thee thyroid gland from radiation damage using T4 (20 (4.g/100 g), T4 & Nal (10 mg 

'""  I ) or Nal alone, compared to placebo. T4 was administered from one wyeek before 

XR,, until two weeks after. Nal was administered from 1 dav before XR until 6 days 

after.. Histological evaluation of thyroids, pituitary glands or the hypothalamus and 

anyy suspect lymph nodes, lungs and liver was performed after 6 and 54 weeks. No 

significantt reduction in hypothyroidism or thyroid carcinoma was found between the 

differentt groups of rats given any endocrine intervention or no intervention. A significant 

higherr number of adenoma was found in rats given Nal during XR after 54 weeks. 

Fromm these results it was concluded that the administration of T\, Nal or the combination 

duringg X-irradiation does not prevent against radiation-induced thyroid damage. 

Inn Part 3, the adverse events for children with thyroid carcinoma are described. In 

chapterr  7, it was shown that, although the prognosis for children with differentiated 

thyroidd carcinoma (DTC) is very good (no mortality in our treated cohort), frequent 

adversee events are seen. Twenty-five of 26 children treated between 1962 and 2002 

weree evaluated. Mortality was 0. Seven developed recurrent disease, 2 developed a 3rd 

recurrence.. Twenty-one (84%) had >_ 1 adverse event. Eight had permanent 

hypoparathyroidismm (PH), 6 permanent recurrent nerve paralysis (PRNP) and 2 

Horner'ss syndrome. Risk factors for PH and PRNP were total thyroidectomy with 

lymphh node dissection (RR: 6.45, p=0.015) and recurrent nerve tumor encasement 

(RR:: 8.00 p=0.001), respectively. Other adverse events were fatigue (n=5), scar problems 

(n—4)) and chronic myeloid leukemia (n=l). Itw^as concluded that the treatment strategies 

needd to be improved. In chapter  8, a case report of a boy, with the diagnosis Multiple 

Endocrinee Neoplasia (MKN)-2A syndrome and disseminated medullary thyroid 

carcinomaa (MTC), is reported which demonstrates that in some situations, when 

prophylaxiss of MTC has failed, it may be necessary to withdraw from further invasive 

medicall  treatments to prevent iatrogenic damage to the patient ("secondary prevention"). 

Becausee it can be expected that children with cancer who are in a bad clinical condition 

andd receive treatment with many cytotoxic drugs develop the syndrome of non-thvroidal 



illness,, the thyroid function was evaluated in all children admitted to the pediatric 

oncologyy ward for chemotherapy in a three-month period (part 4, chapter  9). During 

466 courses of chemotherapy, mean concentrations of TSH, T v Tg and Cortisol 

decreasedd to 53, 67, 69 and 15 % of the baseline value respectively. Mean plasma rT3 

increasedd to 217 % of baseline. In 87 % of all courses, > 1 thyroid parameter(s) was 

aberrant.. Small changes were seen in scores for clinical condition and none were 

relatedd to a change in thyroid function determinant. Most changes in thyroid hormones 

couldd be attributed to the use of dcxamethasone. 

Althoughh the long term negative effects of radiation treatment on the thyroid gland 

havee been described extensively, it was still unclear whether chemotherapy has an 

additionall  detrimental effect on the thyroid gland. For this reason, in chapter  10, the 

thyroidd axis was evaluated in 205 childhood cancer survivors of a broad spectrum of 

childhoodd cancers in relation to former use of chemotherapy and radiotherapy (cranial, 

cranio-spinal,, cervical, mediastinal or thoracic). After a mean follow-up time of 17.5 

years,, damage to the thyroid axis was found in 55 patients (26.8 %), of which 37 (18 

%)) had thyroidal disease. Diagnoses varied from TSH elevation to papillary carcinoma. 

Afterr multivariate analysis, high risk radiation field, irradiation dose and the diagnosis 

non-Hodgkin'ss Iymphoma/Hodgkin's disease were found to be significant risk factors 

forr developing thyroid disease. Treatment with chemotherapy did not have an additional 

negativee effect on the thyroid axis. It can be concluded that chemotherapy for childhood 

cancer,, does not contribute to the damage on the thyroid axis inflicted by radiotherapy 

duringg young adulthood. 

Inn part 5, all possible preventive actions for the thyroid gland are summarized and 

discussed.. In chapters 11a and l ib , systematic searches are presented for studies that 

havee been performed on prevention of the thyroid gland against radiation damage in 

humanss (1 la) and animals (1 lb). 

Literaturee searches were performed using PubMed, Embase, OLD MEDLINE, and 

thee Cochrane Central Register of Controlled Trials as primary source. Only empirical 

studiess were included. Contents and limitations of all studies were appraised and 

discussedd by two reviewers and consensus was reached on scientific validity, relevance 

andd implications for research and practice. 



Engl ishh summary 

Regardingg the evidence of effective strategies in humans, 66 studies were reviewed. 

Moree than 30 different outcomes were used to evaluate thyroid radiation damage or 

uptakee of radio-iodide. In 17% of studies the outcome measurements were either 

unclearr or not valid, e.g no reference value given or palpation of the thyroid or an 

outdatedd outcome used. The most frequendy used protective intervention was the 

administrationn of excess cold iodide. In 80% of studies, patients developed 

hypothyroidismm despite this prophylaxis. Only in one study, a 100% reduction of 

radio-iodinee uptake was demonstrated after KI administration. The addition of T4 

andd methimazole improved thyroid function in children after ,31I-M1BG treatment. 

Also,, the combination of perchlorate and KI reduced thyroid uptake. Only one study 

wass found that evaluated the effects of pharmacological intervention during X-

irradiation:: in all other studies interventions were started after radiation-exposure. No 

benefitt from T administration during X-irradiation was found. T4 administration 

afterr X-irradiation resulted in a reduction of benign thyroid nodules. No evidence was 

foundd for a preventive effect of X-induced thyroid malignancies by the administration 

off  T4. Effective physical intervention strategies for X-induced thyroid damage were 

thee elimination of X-irradiation by replacement with chemotherapy, reduction of 

radiationn dose and hyperfractionation. 

Forr studies on thyroid radiation protection in animals, 61 studies were detected by the 

search.. Thirty-three different thyroid outcomes were used to interpret radiation damage. 

Follow-upp time of most studies was insufficiently short. The administration of T4 

decreasedd the number of thyroid adenomas but did not prevent the occurrence of 

subsequentt carcinomas. The administration of methylthiouracil (MT) briefly before 

radiationn exposure resulted in less thyroid damage. The administration of free radical 

scavengerss demonstrated a protective effect for the thyroid, however this was evaluated 

afterr a very short follow-up time. More than 45 different interventions were studied 

forr the exposure of the thyroid to radio-iodine. The administration of propylthiouracil 

(PTU)) or MT increased the number of thyroid adenomas and carcinomas. 

Hypophysectomyy prevented the development of thyroid tumors. The administration 

off  thyroid hormone reduced the occurrence of histological abnormalities reversibly, 

butt did not prevent against the development of thyroid carcinoma. Rats given a low 



iodinee diet showed an increased uptake of radio-iodine. The administration of KI , 

brieflyy before radio-iodine exposure reduced thyroid uptake with 97 %. Perchlorate 

(CIO(CIO ) had a stronger effect on reduction of uptake than KI . The administration of 

seleniumm protected against the development of thyroid adenomas in one study 

Itt was concluded that for humans, KI alone is insufficient for thyroid protection 

againstt radio-iodide and T4 administration during or after X-irradiation cannot prevent 

thee occurrence of hypothyroidism or thyroid malignancies. For animals, 

hypophyscctomyy is the only proven strategy to protect against the occurrence of thyroid 

malignancies,, yet very hard to implement in clinical practice. For both searches, it was 

concludedd that, given the current uncertainty regarding the effectiveness of preventive 

measuress in this field, there is a need for well designed randomized controlled trials 

withh well-defined, clinical relevant outcomes. 

Inn chapter  12, the results generated in this thesis are discussed. Ways to improve the 

endocrinee care for the child with cancer are discussed, with special attention for the 

preventivee actions against the development and/or consequences of changes in thyroid 

functionn parameters caused by radiation or chemotherapy and thyroid carcinoma, 

resultingg in implications for clinical practice and suggestions for further research, 

basedd on the results and questions that evolved during the different studies bundled in 

thiss thesis. 
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Schildklierproblemenn in de kinderoncologie 
schade,, preventie en de gevolgen 

Dee schildklier is een endocrien orgaan, dat wil zeggen dat het hormonen maakt. Het 

ligtt midden in de hals en is verantwoordelijk voor het maken van schildklierhormoon. 

Voorr kinderen is schildklierhormoon noodzakelijk voor een normale groei en 

ontwikkelingg tot de volwassen leeftijd. 

Voorr het maken van schildklierhormoon heeft de schildklier jodium nodig, wat 

normaliterr in voedsel zit (om jodium tekort te voorkomen is het in Nederland 

toegevoegdd aan het zout: Jozo-zout). Naast jodium, wordt de productie van 

schildklierhormoonn geregeld door twee andere endocriene organen: de hypofyse en 

dee hypothalamus. Deze twee organen liggen in de hersenen en maken ook allebei 

hormonen,, namelijk TRH (thyrotropin releasing hormone) en TSH (thyroid stimulating 

hormone).. TRH stimuleert TSH en TSH stimuleert de schildklier tot het maken van 

schildklierhormoon.. Als er te weinig schildklierhormoon is, bijvoorbeeld als de 

schildklierr beschadigd is, zal de hypofyse meer TSH maken om de schildklier te 

stimulerenn om nog meer hormoon te maken. Zo kan je het TSH meten en gebruiken 

alss maat voor de schildklieractiviteit (een te hoog TSH betekent een onvoldoende 

werkingg van de schildklier). 

Tijdenss de behandeling van kinderkankcr kan de schildklier zelf of de regulatie van de 

schildklierr door de hypofyse of de hypothalamus beschadigd worden. Dit kan 

veroorzaaktt worden door de kanker zelf of door behandeling met medicijnen 

(chemotherapie)) of door bestraling (radiotherapie). 

Dee best beschreven en meest bekende oorzaak van schildklierschade na de behandeling 

voorr kinderkanker is uitwendige bestraling op de hals. Dit wordt bijvoorbeeld gegeven 

aann kinderen met lymfeklierkanker (de ziekte van Hodgkin). Stralingschade in de 

schildklierr kan zich uiten als een slecht w7erkende schildklier (te wTeinig 

schildklierhormoonn productie), maar er kan ook schildklierkanker ontstaan door de 

straling.. Schildklierkanker kan al veroorzaakt worden door blootstelling aan een hele 

lagee stralingsdosis en het kan jaren duren voordat de kanker zichtbaar wordt. 

Naastt uitwendige bestraling, wordt soms voor de behandeling van kinderkanker ook 

radio-actieff  jodium gebruikt. Omdat de schildklier jodium op neemt om daar 



schildklierhormoonn van te maken, zal het radioactief jodium ook gewoon opnemen. 

Alss radio-actief jodium in de schildkliercellen opgenomen is, kan het, net als uitwendige 

bestraling,, ook stralingsschade veroorzaken en leiden tot ofwel een verminderde werking 

vann de schildklier of tot schildkiïerkanker. 

Niett alleen de schildklier, maar ook andere hormoon producerende organen, zoals de 

geslachtsorganenn (de eierstokken en de testikels), de bijnier en de groeihormoon 

producerendee organen kunnen beschadigd worden tijdens de behandeling van 

kinderkanker.. Kinderen kunnen dan bijvoorbeeld door de behandeling te klein blijven, 

tee vroeg of te laat in de puberteit komen, te weinig stresshormoon maken en kunnen 

ookk onvruchtbaar worden. 

Terr introductie wordt in hoofdstuk 1 een overzicht gegeven van de hormonale 

stoornissenn die kunnen optreden tijdens of na de behandeling van kinderkanker, vooral 

inn de schildklier. 

Inn deel 1 van dit proefschrift worden de hormonale bijwerkingen beschreven in kinderen 

diee behandeld zijn voor een kwaadaardige tumor (een neuroblastoom). Deze kinderen 

wordenn behandeld met een stof (MIBG) welke radioactief jodium bevat en hebben 

daaromm kans op schildklierschade. 

InIn hoofdstuk 2 wordt een groep kinderen beschreven waarvan we de schild klier functie 

naa behandeling met MIBG hebben geëvalueerd. Het blijkt dat 64% van de overlevende 

kinderenn schildklierschade ontwikkelde (gemeten als een te hoogTSH). In 56% was 

dee schade blijvend. Dit was een onverwacht hoog percentage, omdat deze kinderen 

tijdenss de behandeling met het radioactieve jodium (radio-MIBG) bescherming kregen 

toegediendd voor de schildklier. Deze bescherming bestond uit het geven van een grote 

hoeveelheidd niet-radioacticf jodium. De gedachte hierachter is dat de schildklier 

verzadigdd wordt met jodium, waardoor er geen radioactief jodium meer zal worden 

opgenomen.. Tijdens de radioactieve behandeling werden er ook afbeeldingen van het 

kindd gemaakt (zoals figuur 1 in hoofdstuk 2) en we zagen dat in 21,5 % van alle 

afbeeldingenn toch opname van radioactief jodium in de schildklier zichtbaar was, 

ondankss deze bescherming. Deze bleek dus niet goed genoeg te zijn. 

Dee gegevens van de kinderen in hoofdstuk 2 waren verzameld met behulp van gegevens 
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uitt de medische status. We hebben vervolgens alle kinderen die in het verleden waren 

behandeldd voor een neuroblastoom op de polikliniek gezien. Omdat deze kinderen 

naastt het radioactieve jodium (radio-MIBG) ook behandeling krijgen met chemotherapie 

hebbenn we op de polikliniek niet alleen gekeken naar de schildklierfunctie, maar ook 

naarr de pubertcits-ontwikkeling, lengtegroei en andere hormonale afwijkingen. Omdat 

stralingg op de schildklier kan leiden tot het ontstaan van goedaardige en kwaadaardige 

schildklierknobbelss hebben wye ook een echografie van de schildklier gemaakt. Deze 

groepp kinderen wordt beschreven in hoofdstuk 3. Na cen gemiddelde tijd van 6,2 jaar 

naa de laatste behandeling, vonden wij bij 80 % van de kinderen hormonale schade. Bij 

56%% was er sprake van een te traag werkende schildklier, bij 29 % werden er 

schildklierknobbelss gevonden (geen kwaadaardige cellen), 2 kinderen hadden schade 

aann de geslachtsorganen en 39% van de kinderen had een groeivertraging. Omdat het 

neuroblastoomm een zeer agressieve tumor kan zijn is deze behandeling met 

chemotherapiee en bestraling nodig om de kans op overleving zo groot mogelijk te 

maken.. Dit betekent dat de behandeling niet veranderd of verminderd kan worden en 

datt wij dus moeten kijken hoe we toch de schade van de behandeling zo beperkt 

mogelijkk kunnen houden. 

InIn hoofdstuk 4 beschrijven we hoe we de bescherming van de schildklier hebben 

verbeterd.. Omdat het geven van een hoge dosering niet-radioacticf jodium ter 

beschermingg van de schildklier onvoldoende werkt, hebben wc gedurende een periode 

vann 2 jaar aan alle kinderen die behandeld werden met dat radioactieve MIBG twee 

middelenn toegevoegd: een schildklierremmer en schildklicrhormoon. Die combinatie 

werktt als volgt: door de hoge dosering niet radio-actief jodium wordt allereerst de 

concentratiee van w7el radio-actief jodium verdund in het bloed, waardoor er relatief 

minderr radio-actief jodium is en de schildklier aan minder radio-activiteit zal worden 

blootgesteld.. Als er dan toch radio-actief jodium in de schildklier wordt opgenomen 

zall  de schildklierremmer voorkomen dat het vervolgens lang wordt vastgehouden in 

dee schildklier. Als het jodium niet wordt vastgehouden loopt het er vanzelf weer uit en 

iss de tijd waarin de schildklier wordt blootgesteld aan straling korter. Als de blootstelling 

aann radio-actief jodium korter duurt, zal ook de stralingsschade minder groot zijn. 

Omdatt de schildklierremmer als bijwerking heeft dat er geen schüdklierhormoon meer 
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gemaaktt wordt, geven we er s child klierh or moon bij omdat kinderen dat nodig hebben. 

Hett blijkt dat deze combinatie van drie medicijnen inderdaad een betere bescherming 

geeft.. We vonden een duidelijke afname van het aanta! beschadigde schildklicrcn (14%), 

enn ook veel minder vaak opname van radioactief jodium in de schildklier (5%). 

Natuurlijkk is de follow-up tijd van deze groep kinderen een stuk korter, en zullen we 

dezee groep kinderen nog wel blijven vervolgen. 

Inn addendum 1, hebben we de laatste gegevens van de groep kinderen uit hoofdstuk 

44 op een rij gezet (zomer 2004) en het blijkt dat hun schildklierfunctie nog steeds beter 

iss dan de groep uit hoofdstuk 2. In addendum 2 staat het klinische protocol van 

hoofdstukk 4. Ook hebben we gekeken of het feit dat er een onderzoek werd gedaan 

misschienn de verbetering zelf al tot stand heeft gebracht (dit heet een onderzoekers-

bias,, dat wil zeggen dat niet de behandeling maar de aandacht voor de behandeling het 

effectt teweeg brengt), maar dat blijkt niet zo te zijn. Ook zonder bemoeienis van de 

onderzoekerr is de schildklierbescherming veel beter dan alleen met hoge dosering 

niet-radioactiee f jodium (addendum 3). 

Inn deel 2, beschrijven we het onderzoek wat we hebben gedaan met proefdieren naar 

dee mogelijkheid van het beschermen van de schildklier tegen uitwendige halsbestraling. 

Inn hoofdstuk 5 beschrijven we een ratten-model waarin we dit goed kunnen bestuderen. 

Wee vonden dat met oplopende bestralingsdosis ook de uiterlijke kenmerken van 

schildkliercellcnn door een microscoop veranderden en ook de concentratie van het 

TSHH in het bloed steeg. 

Inn hoofdstuk 6 hebben we dit model vervolgens gebruikt om te bestuderen hoe we 

dee schildklier kunnen beschermen. In de medische vakliteratuur wordt vaak gezegd 

datt het verlagen van het TSH de schildklier beschermt tegen het ontwikkelen van 

stralingsschade.. De gedachte is dat als je de stimulatie van de schildklier weg haalt dat 

dezee dan minder gevoelig is voor bestraling (afname van de doorbloeding van de 

schildklierr en de delingssnelheid van de schildkliercellcn). Je kunt het TSH verlagen 

doorr schildklierhormoon te geven. /Vis de hypofyse merkt dat er veel schildklicrhormoon 

is,, zal hij de hoeveelheid TSH verlagen en wordt de schildklier dus minder gestimuleerd. 

Eenn andere gedachte is dat het geven van een hele hoge dosis jodium beschermend 
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kann werken omdat een hele hoge dosis jodium in het acute moment de doorbloeding 

vann de schildklicr en de werking van de schildklier plat legt. Een minder doorbloed en 

minderr actief orgaan is over het algemeen minder gevoelig voor bestraling. Een nadeel 

hiervann is dat de productie van schildklierhormoon ook minder wordt en, als gevolg, 

hett TSH vanuit de hypofyse stijgt. Dit is een nadeel omdat het TSH de schildklier weer 

zall  stimuleren om meer schildklierhormoon te maken en een hoog TSH tijdens 

bestralingg de kans op stralingsschade weer vergroot. We willen dus juist geen hoog 

TSHH tijdens bestraling. Om deze reden geven we weer schildklierhormoon erbij om 

hett TSH te verlagen. 

Wee hebben 5 groepen ratten bestudeerd: 1 zonder bestraling (de gezonde controles), 

11 met bestraling maar geen schildküerbescherming (de bestraalde controles), 1 groep 

mett bestraling en schildklierhormoon, '1 groep met bestraling en een hoge dosering 

jodiumm en 1 groep met bestraling en hoge dosering jodium en schildklierhormoon. 

Dee helft van deze groepen werd 6 weken na bestraling geëvalueerd en de andere helft 

naa 1 jaar. Helaas vonden wij geen beschermend effect van jodium of van 

schildklierhormoonn of van de combinatie. De groep met alleen jodium had inderdaad 

eenn hoger TSH tijdens bestraling en wij zagen dat zij meer (goedaardige) knobbeltjes 

inn de schildklier hadden ontwikkeld. 

Inn deel 3 van dit proefschrift beschrijven we de lange termijn gevolgen van het hebben 

vann kanker in de schildklier op de kinderleeftijd. Kanker in de schildklier kan veroorzaakt 

zijnn door bestraling, maar kan ook spontaan voorkomen of erfelijk zijn. Er zijn 

verschillendee soorten schildklierkanker. Het belangrijkste verschil is dat de ene soort 

voortkomtt uit follikelcellen van de schildklier (dit zijn de cellen die schildklierhormoon 

maken)) en de ander vanuit de C-cellen van de schildklier (dit zijn andere cellen in de 

schildklierr die het stofje calcitorüne maken). De eerste vorm heeft over het algemeen 

eenn hele goed prognose. De lange termijn gevolgen van deze vorm van schildklierkanker 

wordenn beschreven in hoofdstuk 7. Schildklierkanker van de follikelcellen bij kinderen 

iss heel zeldzaam en in 40 jaar tijd (1960-2000) werden er in het Emma Kinderziekenhuis 

maarr 26 kinderen behandeld. Wij konden 25 patiënten evalueren. Deze 25 zijn nog 

allemaall  in leven. Wij vonden echter wel in een groot aantal van de patiënten een laat 
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etfectt van de behandeling. De behandeling bestaat uit een operatie waarin de schildklier 

wegg wordt gehaald, waarna radioactief jodium gegeven werd om alle kleine cellen die 

err nog zijn kapot te stralen. Omdat de zenuw die je nodig hebt om je stembanden 

goedd te laten werken (nervus recurrens) heel dichtbij de schildklier loopt is er een kans 

datt deze kapot gaat door de tumor of door de operatic. Als deze kapot is, krijg je een 

hesee stem. Ook de bijschildkliercn kunnen kapot gaan. Bijschildklierhormoon 

(parathormoon)) is nodig voor de kalkstofwisseling. Bij een acuut te laag kalk gehalte 

kunnenn spierspasmes ontstaan. Wij vonden dat 84 % van de patiënten een laat effect 

hadd van de behandeling. Dit was voornamelijk schade aan de bijschildkliercn (32 %) 

enn heesheid (24 %). Naar aanleidingvan deze resultaten adviseren wij om bij operaties 

vann de schildklier niet tot het uiterste te gaan, maar om in de toekomst alleen de bulk 

vann de tumor te verwijderen en de resten met radioactief jodium te verwijderen om zo 

tee proberen om de zenuwen te sparen. Voor het voorkomen van verlies van 

bijschildklierweefsell  kan bijschildklierweefsel-transplantatie een mogelijkheid zijn. 

Inn hoofdstuk 8 beschrijven we een patiënt, om te illustreren hoe moeilijk het soms 

kann zijn om goed te handelen en te adviseren in het geval van familiaire schildklierkanker 

vann de C-cellen. Dit is een ander type kanker dan beschreven in hoofdstuk 7 en is veel 

agressiever.. Omdat de C-cellen van de schildklier geen jodium opnemen kan deze 

vormm van schildklierkanker ook niet met radioactief jodium worden behandeld. Ook 

iss dit type kanker niet gevoelig voor chemotherapie en bijna niet gevoelig voor 

uitwendigee bestraling. Dit betekent dat de enige manier om deze kanker te behandelen 

volledigee operatieve verwijdering van de tumor is. Omdat dit alleen maar lukt als de 

tumorr nog niet uitgezaaid is en we nooit precies weten wanneer hij uit zal zaaien, 

wyordtt aanbevolen om bij mensen met een bepaalde genetische mutatie die voorspelt 

datt er een zeer hoge kans is op het krijgen van deze vorm van kanker de schildklier al 

voordatt er kanker is ontstaan, profylactisch, te verwijderen, lien genetische mutatie 

betekentt dat er door een fout in het DNA in de cel er een bepaalde kans is op het 

krijgenn van deze vorm van kanker. Dit komt onder andere voor bij svndroom MEN-

2A.. Bij dit syndroom zijn vaak heel veel familieleden aangedaan en deze mensen hebben 

eenn 100 % kans op het ontwikkelen van C-cel schildklierkanker. Bij kinderen met 

MEN2AA wordt op dit moment aanbevolen om voor het 5C' levensjaar de schildklier 
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(preventief)) te verwijderen. Deze kinderen krijgen vervolgens levenslang kunstmatig 

schildklierhormoonn toegediend (dit is gemakkelijk te doen, zo krijgen bijvoorbeeld 

ookk kinderen die geboren worden zonder schildklier dit hormoon). In de jongen die 

wijj  in hoofdstuk 8 met MEN2A beschrijven werd de schildklier verwijderd op de 

leeftijdd van 7 jaar, omdat destijds, in 1993, toen pas de mutatie bekend was bij deze 

jongen.. Na de schildklieroperatie bleken helaas de stoffen die je kunt meten in het 

bloedd als teken van de aanwezigheid van schildklier kanker (tumormarkers) verhoogd 

tee zijn. Ondanks herhaalde operaties en heel veel aanvullend onderzoek is het niet 

geluktt om alle tumorcellen te verwijderen en het bleek uitgezaaid te zijn. Dit betekent 

datt we deze jongen niet kunnen genezen. Omdat we steeds op zoek waren naar de 

tumorr heeft hij zeer veel medisch onderzoek en behandelingen ondergaan. Ondanks 

hett feit dat bij nooit klachten gehad van zijn ziekte, is hij vaak opgenomen geweest in 

hett ziekenhuis, heeft hij veel littekens en ook nog een emotioneel lastige periode 

doorgemaakt.. Omdat we hem niet meer kunnen genezen hebben we in overleg met de 

jongenn en zijn ouders besloten dat we niet verder gaan zoeken naar de uitzaaiingen en 

datt we pas weer wat doen op het moment dat hij klachten krijgt. Wij hebben hiervan 

geleerdd dat het heel belangrijk is om alle nodige medische onderzoek en ingrepen te 

doen,, maar dat je ook op het juiste moment moet stoppen met aanvullend onderzoek. 

Verderr leert het ons dat je deze profylactische operaties bij kinderen met MEN 2A zo 

vroegg mogelijk moet doen om uitzaaiingen te voorkomen. Omdat er in de literatuur 

eenn kind beschreven is dat al op de leeftijd van 1 jaar een dergelijke tumor had 

ontwikkeld,, adviseren wij om deze operatie in het V of 2L' levensjaar te doen. 

Deell  4 van dit proefschrift gaat over de effecten van chemotherapie (medicijnen) op 

dee schildklier. De schild klier functie kan tijdelijk worden verstoord door het geven van 

medicijnen,, maar het is ook beschreven dat bepaalde medicijnen blijvende schade aan 

dee schildklier geven. In hoofdstuk 9, beschrijven we een evaluatie van een periode 

vann 3 maanden van de schildklierfunctie in kinderen die waren opgenomen op de 

afdelingg kindcroncologie tijdens behandeling met chemotherapie. Omdat we weten 

datt het ziek-zijn zelf ook al van invloed kan zijn op de schildklierfunctie, hebben we 

naastt de bloedafnames, ook dagelijks een vragenlijst afgenomen bij de patiënten en 



hunn ouders over de mate van je-ziek-voelen. Wij dachten dat wc een duidelijke relatie 

zoudenn vinden tussen het ziek zijn en een verandering in schildklierhormoon waardes 

enn dat het ziek zijn veroorzaakt zou worden door de giftige chemotherapie. Dit bleek 

echterr niet zo te zijn. Uit de vragenlijsten bleek dat de kinderen zich eigenlijk best 

redelijkk goed voelden tijdens chemotherapie en dat de veranderingen voor en na 

chemotherapiee niet zo groot waren als wij hadden verwacht. We vonden wel grote 

schommelingenn in de schildklierhormoon huishouding, maar dit bleek veroorzaakt te 

wordenn door het middel dexamethason. Dit wordt gegeven om misselijkheid en spugen 

tee voorkomen en soms ook voor de behandeling van bloedkanker. Het feit dat 

dexamethasonn deze invloed heeft op de schildklierfunctie is al wel eerder beschreven 

inn de literatuur, maar dat het in deze mate zou zijn was voor ons een eve-opener. Naast 

dexamethasonn vonden we nog van een aantal andere middelen effect op de 

schildklierfunctie.. Wat hier de gevolgen van zijn is nog onduidelijk. Wc kunnen 

hypothetiserenn dat het hebben van grote schommelingen in je schildklierhormoon-

concentratiess voor een langere periode (deze kinderen worden vaak voor een periode 

vann 2 jaar behandeld) niet goed is voor je groei en ontwikkeling, maar dit weten we 

niett zeker. Dit zal verder onderzocht moeten worden. 

Omdatt het nog onduidelijk was wyat de lange termijn effecten van chemotherapie op 

dee schildklierfunctie zijn, hebben wij op de "Polikliniek Late Effecten Kindertumoren" 

(PLEK-poli)) gekeken naar de schildklierfunctie van 205 jonge volwassenen, die waren 

behandeldd voor kinderkanker in het verleden met bestraling en chemotherapie 

(hoofdstukk 10). Kort samengevat vonden wij geen schadelijk effect van chemotherapie 

opp de schildklierfunctie bij deze groep patiënten. Een beperking van deze studie was 

datt alle patiënten ook waren bestraald in het verleden. Het zou zo kunnen zijn dat de 

bestralingg de schüdklier zo kapot maakt, dat een klein effect van chemotherapie daardoor 

niett meer zichtbaar is. Om deze reden adviseren wij om in de toekomst nog eens een 

grotee groep overlevenden van kinderkanker te evalueren, die niet zijn bestraald. 

Inn het laatste deel, deel 5, van dit proefschritt, bediscussiëren wij de resultaten van het 

proefschrift,, gerelateerd aan wat er bekend is in de vak-literatuur. 

Inn de hoofdstukken 11a en 11b, worden zogenoemde 'systematische searches' 

gepresenteerd.. Met behulp van bepaalde zoekstrategieën in medische databases 
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(PubMed,, Embase OLD Medline, Central) werd al het empirische bewijs gezocht van 

preventievee maatregelen voor stralingsschade aan de schildklier (ten gevolge van 

uitwendigee bestraling of bestraling met radioactief jodium). In hoofdstuk 11a worden 

dee studies die zijn gedaan in mensen beschreven. In deze studies werd met meer dan 

300 verschillende maten gemeten en de uitkomstmaat werd vaak niet goed gedefinieerd. 

Hierdoorr is het moeilijk om uitkomsten met elkaar te vergelijken. Het meest gebruikte 

middell  ter bescherming van de schildklier in geval van blootstelling aan radioactief 

jodiumm is het geven van grote hoeveelheden niet radioactief jodium (zoals ook in 

onzee patiënten in hoofdstuk 2 werd gedaan). In 80 % van de studies waarin dit werd 

gedaann bleek het niet voldoende bescherming te geven. Het toevoegen van 

schildklierhormoonn en een schildklierremmer verbeterde deze bescherming, zo ook 

hett toevoegen van een ander stofje, perchloraat, wat de opname van jodium in de 

schildklierr blokkeert. Met betrekking tot de bescherming van de schildklier tijdens 

blootstellingg aan uitwendige bestraling was er maar 1 studie die het effect van het 

verlagenn van TSH had bestudeerd (door het geven van schildklierhormoon). Deze 

studiee het zien dat het geven van schildklierhormoon geen beschermend effect had. 

Hett geven van schildklierhormoon in de periode na blootstelling aan bestraling verlaagde 

well  de kans op goedaardige schildkliertumoren, maar er werd geen bewijs gevonden 

datt het ook schildklicrkanker kan voorkomen. Andere manieren van bescherming van 

dee schildklier waren het verlagen van de dosis van de bestraling, het vervangen van de 

bestralingg door chemotherapie en het geven van de bestraling in meerdere kleinere 

doseringenn (hvperfractioneren). 

Inn hoofdstuk 11b wordt de systematische zoektocht naar bewijs voor schildküer-

beschermingg tegen bestraling in dieren beschreven. Hier werd ook gevonden dat het 

gevenn van schildklierhormoon het aantal goedaardige knobbeltjes verlaagt, maar 

schildklicrkankerr niet voorkomt. Het weghalen van de hypofyse was de enige echt 

effectievee interventie tegen het ontwikkelen van schildklicrkanker. 

Eenn andere aspecifieke manier om de schildklier tegen stralingsschade te beschermen 

iss het wegvangen van vrije radicalen. Dit werd gedaan en toonde een beschermend 

effect,, De follow-up tijd van deze studies was echter erg kort en of dit ook lange 

termijnn effecten kan voorkomen moet nog worden onderzocht. Voor de bescherming 
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tegenn radioactief jodium werd gezien dat het geven van heel hoge doseringen nict-

radioo actief jodium de opname van radioactief jodium in de schildküer kon verlagen 

mett 97 % maar niet 100 %. 

I nn hoofdstuk 12 worden de resultaten van dit proefschrift verder besproken. In dit 

hoofdstukk worden eerst mogelijkheden tot het verbeteren van de hormonale zorg 

voorr het kind met kanker besproken, zoals het monitoren van de groei in een groeicurve, 

vann de puberteitsontwikkeling en van de schildklierfunctie. Door deze functies te 

monitorenn en zo vroeg mogelijk op te sporen kan namelijk hormoon vervangende 

behandelingg worden gegeven en zo kunnen nadelige gevolgen van een hormoontekort 

voorkomenn worden. Daarnaast worden de vragen en hypotheses die voortvloeien uit 

ditt proefschrift besproken die leiden tot suggesties voor verder onderzoek en implicaties 

voorr de kliniek. 



-L/ankwoord d 

^Axknowledgments s 





Qankk w o o r d 

Dankwoord d 
Promoverenn kun je niet alleen. Ik ben dan ook iedereen die mij in de afgelopen jaren 

heeftt geholpen of heeft gesteund zeer dankbaar. Tot een aantal mensen wil ik een 

speciaall  woord richten. 

Allereerstt wil ik mijn dankwoord richten tot alle patiënten en hun ouders die hebben 

meegewerktt aan dit onderzoek en wiens medische gegevens ik mocht gebruiken. Dank 

julli ee wel, zonder patiënten is klinisch onderzoek niet mogelijk. 

Dr.. Tom Vulsma, beste Tom, natuurlijk begin ik dan bij jou, want jij was (bent) mijn 

begeleider,, co-promotor van dit onderzoek, en mijn mentor. Tom, hoe kan ik je 

voldoendee bedanken voor alles wat jij mij in de afgelopen jaren hebt gegeven? Ik weet 

nogg goed dat je zei dat je iemand zocht voor kinder-endocrinologisch onderzoek bij 

kinderenn op de oncologie. Je begaf je 'op glad ijs' zoals je zelf zei, omdat er nog geen 

echtt project was. Dankzij jouw enorme creatieve geest hebben wij samen de protocollen 

bedacht,, sparrend over onderzoek en de problemen die jij als endocrinoloog voorbij 

hadd zien komen. Jij verlangt dat mensen zich volledig geven voor hun werk, en dat doe 

jijj  dan ook zelf als geen ander. Ik denk dat ik je nog het beste kan bedanken door de 

komendee jaren mijn best te doen om alles wat ik van je heb geleerd om te zetten in 

onderzoekk en in patiëntenzorg. Want als er iets is wat ik van je heb geleerd dan is het 

well  dat de patiënt voor gaat, no matter what, 24 uur per dag. Ik bewonder jouw 

gedrevenheid,, die je hebt voor de patiënten en voor de wetenschap. Voor al jouw 

plannenn zou er 72 uur in een dag moeten zitten, dan nog zou jij tijd te kort hebben. 

Daarnaastt sta jij voor je personeel, voor jouw team, jij gaat voor ons door het vuur. Je 

scheptt vrijheid en vertrouwen op de werkvloer, met nauwkeurige terugkoppeling; dit 

iss een werksfeer waarin ik mij zeer prettig voel. Ik zal ook nooit vergeten hoeveel 

vrijheidd je me gaf toen mijn moeder ziek was en jk daar tijd voor nodig had. Onze 

enigee strijd is ons verschil in efficiëntie, als voorbeeld hiervan is jouw stelling " Er is 

levenn na de deadline", iets wat ik mij soms niet kan voorstellen. 

Jouww doel: mij een nog beter kinderartsendocrinoloog en wetenschapper maken dan 

jijj  zelf bent. Ik heb dus nog een lange weg te gaan ! Ik hoop dan ook na de promotie 



nogg een hoop te leren van je. Je bent warm, zorgzaam, een keiharde werker, eerlijk en 

oprecht,, (ij bent de grondlegger van dit proefschrift en de basis van ons team, dank je 

well  voor alles, ik hoop dat we nog veel werk samen kunnen doen in de toekomst. 

Natuurlijkk wil ik ook Elisabeth Vulsma van harte bedanken voor alle ondersteuning 

diee zij heeft geboden en voor het beschikbaar stellen van Tom's vrije tijd die in mijn 

werkk werd gestoken. Zonder begrip en ondersteuning thuis is dat niet mogelijk! 

Dr.. Jan de Kraker , beste Jan, dag 1 op de afdeling kindcroncologie als co-assistent zei 

jijj  tegen me: " Aha, als jij je gaat bezig houden met endocrinologie, dan weet ik nog 

weii  wat " E,nzozijn we nu drie artikelen verder over de bescherming van de schildklier 

tijdenss MIBG. Jij bent een echte clinicus, en ik heb ontzettend veel van je geleerd, 

waaronderr (net als zeer veel assistenten voor en na mij) probleem georiënteerd denken: 

ikk schrijf mijn statussen en dicteer mijn brieven nu ook zo. Dit is niet alleen zeer 

handigg in de kliniek, ook voor een onderzoeker zijn jouw statussen heerlijk om gegevens 

uitt te mogen halen want het is allemaal zeer nauwkeurig en overzichtelijk 

gedocumenteerd.. Voor jou geldt dat onderzoek het meest waardevol is als het klinisch 

gerichtt is, want het gaat je uiteindelijk om de patiënt. Ik denk dat we met onze nieuwe 

schildklierprofylaxee daar goed aan hebben voldaan. Jij was altijd makkelijk benaderbaar 

enn reageerde heerlijk vlot op al mijn leeswerk. Hiernaast ben je een zeer oprechte man 

mett een zeer groot hart voor al je patientjes. Ik heb van je geleerd hoe om te gaan met 

hett verliezen van een patiënt en hoe om te gaan met ouders, wat niet altijd even 

makkelijkk is. Dank je wel voor al je hulp en ondersteuning de afgelopen jaren, ik vind 

hett heel fijn om met je samen te werken. 

Professorr  dr  Jan de Vijlder , beste Jan, mijn promotor, van onze samenwerking in de 

afgelopenn 5 jaar zal ik vooral terugdenken aan alle vrijdagochtend besprekingen op 

H2,, en, na jouw emeritaat, het afgelopen jaar afwisselend in de CMB en bij jou thuis, 

ji jj  bent een inspirerende, zeer slimme man, met een enorme schat aan kennis over de 

schildklier.. Ik heb enorm veel van je geleerd, vooral het laatste jaar tijdens het samen 

reviewenn van alle dierenstudies; over jodiummctabolisme en de (bio)-chemische details 

vann het schüdkliermctabolisme (ik zal het begrip colloid in schildkliervcrband niet 

meerr noemen!) Daarbij ben jij een vrolijke, breed geïnteresseerde man, met veel oog 

voorr detail en woordgrapjes. Vaak begon een researchbespreking over de schildklier 



Dankwooïd d 

maarr had jij binnen 5 minuten een mooie associatie met een gedicht, de Vlaamse 

cultuur,, of een andere mooie anekdote. Dank je wel voor jouw zeer waardevolle 

begeleidingg van mijn promotie. Ik wens je met Corri e een heel fijn emeritaat toe, met 

misschienn iets rustigere tijden in het vooruitzicht dan het afgelopen half jaar ! 

Professorr  dr  HSA Heymans, beste Hugo, ook jou ben ik zeer veel dank verschuldigd 

voorr al jouw steun de afgelopen jaren. Onze eerste kennismaking was in 1996, alweer 

88 jaar geleden, toen ik een onderzoeksproject zocht voor mijn wetenschappelijke stage. 

Ikk wilde graag kinderarts worden, dus hoopte ik iets met kinderen te doen, maar 

belanddee tot mijn stomme verbazing in Pieterburen op de zeehondencrèche, waar wij 

opp zoek gingen naar het verschil tussen moedermelk van de zeehond en moedermelk 

vann de mens. Dit vonden we in het vet percentage en de beestjes kregen visolie met 

fortifier.. Jij wist dat Paul van Trotsenburg ook nog iemand zocht voor zijn onderzoek 

en,, na deze eerste stage, kon ik tijdens mijn co-schappen bij hem aan de slag. Inmiddels 

benn jij mijn opleider in de kindergeneeskunde. Ik waardeer je enthousiasme, jouw 

specialee oog voor de sociale leefomstandigheden van het (chronisch) zieke kind, je 

bredee kennis van de pediatrie, je immer aanwezige steun en jouw motiverende instelling. 

All ee plannen die verzonnen worden en enigszins onderbouwd kunnen worden 

(bijvoorbeeldd de Young Einsteins, het wetenschapssymposium of paarden bij het EKZ), 

wordenn altijd enthousiast ontvangen en daadwerkelijk ondersteund, waardoor projecten 

ookk echt van de grond komen. Ook in de voortgangsgesprekken over mijn onderzoek, 

wistt jij altijd zeer waardevolle kritiek te geven. Hartelijk dank voor al je input en 

begeleidingg van mijn promotie en ik ga met enthousiasme de verdere opleiding tegemoet 

tott kinderarts onder jouw supervisie. 

Professorr  dr  H N Caron, bestee Huib, dank je wel voor jouw steun en kritische blik op 

mijnn werk. Jij benteen zeer gedreven man en daarnaast een zeer fijne collega en warm 

mens.. Ik bewonder jouw snelheid en zeer scherpe analytische vermogen. Ik zie uit 

naarr de verdere samenwerking waarin ik hoop dat we nog meer endocriene zaken op 

julli ee afdeling kunnen onderzoeken en verbeteren. Ook hoop ik dat we onze 

gezamenlijkee voorliefde voor het paard over kunnen brengen naar ons werk en de 

chronischh zieke kinderen hiervan kunnen laten profiteren. 



Professorr  dr  BLF van Eek, beste Berthe, samen hebben we meer dan 500 MIBG 

plaatjess gescoord om te zien of er een schildklicr in beeld kwam. Dank je wel voor de 

zeerr prettige samenwerking en alle tijd die je in ons onderzoek hebt gestopt. 

Professorr  dr  MO Offringa , beste Martin, dank je voor dee structuur en het beoordelen 

vann bet manuscript. Hoofdstuk 11 is voor een groot deel aan jou te danken, we zijn er 

nogg niet klaar mee, maar het is nu al een grote aanvulling op mijn werk; het zet het in 

eenn breder perspectief. Ook bedankt voor de samenwerking van de KEK met de 

Youngg Einsteins; ik denk dat een vroegtijdige kennismaking van jonge onderzoekers 

mett de KEK zeer waardevol is. 

Professorr  dr  WM Wiersinga, dank u wel voor het beoordelen van het manuscript en 

uww zeer kritische feedback tijdens de besprekingen op F5. Ik was altijd net iets 

zenuwachtigerr om mijn verhaal te houden als u in de zaal zat en vaak bleek dat terecht 

opp het moment dat u een vraag stelde. Ik heb ontzettend veel van u geleerd en ik denk 

datt een goede samenwerking tussen de volwassen endocrinologie en de 

kinderendocrinologiee essentieel is voor onze patiënten. Ik hoop dan ook in de toekomst 

nogg veel met u samen te mogen werken en van uw kennis te mogen profiteren! 

Professorr  SM Shalet, dear professor Shalet, I am very honoured and grateful that you 

havee been willing to judge my thesis and 1 am very thankful that you will be present at 

mvv dissertation. I have the deepest respect for you and all the work that you have done 

inn the field of the endocrine late effects in paediatric cancer survivors. I am also very 

thankfull  for the three davs that 1 could spend with you in Manchester. 1 think that my 

researchh protocol was largely formed and especially narrowed down in Manchester ! 

"Stickk to the thyroid", you said, well, 1 did, with a small exception in chapter 3.1 hope to 

broadenn mv research in the future, though, beyond the thyroid gland. I hope that I may 

contactt vou in the future again to learn from your expertise in, for example, growth 

hormonee and gonadal protection in these children. Thank you so much for everything. 

Medewerkerss afdeling kinderendocrinologie: 

Paull  van Trotsenburg, beste Paul, dank je voor de samenwerking en jouw begeleiding 

inn de afgelopen jaren, vanaf het hielprik (Down) onderzoek tot het afgelopen jaar met 

namee op de polikliniek. Ik heb erg veel van je geleerd en hoop in de toekomst nog veel 



meerr van je te mogen leren. Succes met de laatste loodjes van jouw proefschrift. Marlie s 

Kempers,, jij was mijn mede-endo-onderzoeker-genootje, dat was vaak erg fijn, omdat 

wee toch veel dezelfde aspecten van het onderzoeker-zijn met elkaar konden delen. 

Ookk jouw promotie komt in zicht, en daarna wellicht verder in de klinische genetica. 

Heell  veel succes ! Brenda, dank je voor de vele gezellige momenten, Lyda, Pien, 

dankk voor julli e hulp bij de echo's, Suus en Jeanette, bedankt voor de gezellige lunches 

enn kletspraatjes tussendoor, Yvonne bedankt voor jouw goede zorgen op de polikliniek. 

Hett lab kinderendocrinologie: Carri e Ris-Stalpers, dank voor je begeleiding bij de FRTI -

55 cellen (!) en de vele andere momenten tijdens werkbesprekingen of even tussendoor, 

Truus ,, Janine, José, Remco, en alle studenten, dank voor de gezelligheid en voor de 

hulpp voor mijn sporadische momenten op het lab (feepje ?!, flow-through ?!). 

Hett laboratoriu m endocrinologie, met name Eri k Endert en Marjo , hartelijk 

bedanktt voor de goede samenwerking en , met name Alarjo, bedankt voor het bepalen 

vann alle ratten-monsters. 

Collega'ss van de afdeling volwassen endocrinologie: Eri k Fliers, Mar c Prummel, 

Onnoo Bakker  , Anit a Boelen, Joan en overige medewerkers, het was altijd zeer 

leerzaamm om mijn resultaten met julli e te bespreken. 

Veell  dank ben ik verschuldigd aan de k inderonco logen van het E K Z / A M C ; 

professorr  Voute, dank u voor uw steun met name aan het begin van het project, Cor 

vann den Bos, voor jou een speciaal woord van dank voor al het werk wat ik op de 

PLEKK mocht doen en al je enthousiasme en de begeleiding die je me hebt gegeven bij 

hett schrijven van de artikelen, Mariann e van de Wetering, dank voor je immer 

liefdevollee en warme steun en interesse, Jozsef Zsiros, Henk van den Berg, Arnaul d 

Verschuur,, dank julli e wel voor de zeer goede en leuke samenwerking. 

Ookk de kinderoncologen van het Sophia Kinderziekenhuis, tnn Max van Noese l, 

will  ik van harte bedanken voor de goede samenwerking. Ook dr  Oei, nucleair 

geneeskundigee uit Rotterdam, en dr  Cees Hoefnagel, nucleair geneeskundige van 

hett AvL , hartelijk bedankt voor het scoren van de MIB G scans. 



All ee medewerkers van F8-Noord, F5 en alle dames van de dagbehandel ing, 

heell  erg bedankt voor al julli e hulp als ik weer eens langskwam om in statussen te 

neuzen,, echo's aan te vragen, pillen te controleren, patiënten te zien of TRH-testcn 

kwamm doen en de behandelkamer bezette! 

Richardd Heinen, Mathild e Ubbink , Maud Geenen en overige PLEK  medewerkers, 

inclusieff  de mensen van de fup op het entresol, hartelijk bedankt voor al julli e 

ondersteuningg bij de studies met de gegevens van de PLKK-poli . 

D ee afdeling radiobiologie en radiotherapie, met name Jaap Haveman en Hans 

Rodermond,, dank julüe wel voor al julli e hulp en inspanningen met de ratjes. Foppe 

Oldenburger,, dank je voor je hulpzame opmerkingen. Lucas Stalpers, dank je wel 

voorr het indelen van de stralingsvelden voor hootdstuk 10. 

Professorr Jaap van Dijk , u heeft een hele klus gehad aan de histologische beoordeling 

vann mijn ratjes : hartelijk bedankt voor al uw hulp! 

Dee afdeling radiologie, Anne Smets, Rick van Rijn , Mari o Maas, en N i co Smits, 

bedanktt voor julli e hulp met het maken van de echo's van de schildklier. 

Eenn dankwoord is ook zeker op zijn plaats aan de studenten die mij hebben geholpen 

inn de afgelopen jaren: N ienke Thönïssen, Regje Blümer en Fleur  Vansenne, 

hartelijkk bedankt voor al julli e werk! 

Mij nn kamergenootjes in de AIO-kamer  op G2, er zijn er al veel weg: 

Erwin ,, dank je voor je nuchtere blik en gezelligheid, jouw vertrek naar London is een 

gemis!,, Jose, Beyrouz, Leon, julli e promoties zijn alweer een tijdje terug, Iris , ook jij 

bentt bijna klaar, knap gedaan van je: kindje, opleiding en promotie!, Daphne, jij werkt 

alweerr als post-doc, het was altijd gezellig met jou op de kamer, de aio kamer was leeg 

zonderr je ! Nu zijn er Ivo, je hebt altijd interessante gedachten en theorieën, het is 

knapp hoe snel je je weg hebt gevonden in Nederland, Bas, dank je voor de vele gezellige 

momenten,, de muziek en de feedback over de kaft. Ik wens julli e heel veel geluk met 

(esse,, Henr ike , dank je voor de gezelligheid en kopjes thee, voor jou een spannend 



jaarr voor de boeg: trouwen!, en Moniek, net begonnen, veel succes met de PGS 

studie!!  Ook Sjoerd, bedankt voor je stimulerende woorden, ik hoop dat we elkaar nog 

vakerr zien in de toekomst met betrekking tot de gonadale as ! 

Mij nn c o l l e g a - as si s t en t en ( sommigen inmidde ls al k inderar ts) van de 

kindergeneeskunde:: Saskia, Rutger, Merit , Karolien , Frea, Valerie, Lieve, Lissy, 

Aline ,, Natasha, Jet, Petra-Marije , Daniel, Thal ia , Kim , Yvette, Bart , Manken, 

Olga,, He leen, Jan en alle anderen, dank julli e voor de leuke samenwerking en 

gezelligee onderwijsmomenten- en weekenden. 

Saskia,, dank je wel dat jij mij wil t bijstaan op deze bijzondere dag, jij snapt als geen 

anderr hoe het is om te promoveren en ik vind het super dat wij nu weer samen de 

opleidingg verder gaan doen, met o.a. alle onderwijswcckcndcn. Jij was erbij vanaf het 

beginn en we hebben heel wat (leuke en moeilijke) onderzoekers- en assistenten-

momentenn met elkaar kunnen delen. 

Onder2oekerss van de kindergeneeskunde; vanaf het begin veel samen gedaan met 

Eri cc Maarsingh, en het laatste jaar vooral met Xandra, dank je wel voor alle gezellige 

lunchess en kopjes koffie!, He leen, Josanne en de overige Young Einsteins. Allen 

bedanktt voor alle gezellige onderzoekers-bijeenkomsten en moral support, heel veel 

success met julli e promoties! 

Stafledenn kindergeneeskunde, dank julli e wel voor julli e interesse in mijn onderzoek 

enn begeleiding in mijn opleiding kindergeneeskunde. Met name Harrie t Heyboer, 

dankk je voor jouw zeer goede begeleiding in mijn eerste half jaar als AGNK ) op de 

grotee kinderen, alle kinderoncologen, julli e hebben een zeer goed gestructureerde 

afdelingg en een fijn team op F8-Noord, wat voor een assistent een zeer leerzame en 

aangenamee periode is, Bert Bos, Hennie Knoester  en alle andere kinder-intensivisten, 

heell  erg bedankt voor een zeer leuke en leerzame stage op de IC ! 

Dee afdeling kinderchirurgie , met name Daniel Aronson, bedankt voor een leerzame 

stage.. Daniel, dank je wel voor al je hulp met het schrijven van de artikelen. Het is heel 

goedd en leerzaam geweest om vanuit verschillende specialismen naar een zelfde 

ziektebeeldd te kijken. 



11 Jeve vrienden: Lies, San, Klaas, Mir , Ro, Nat, Nat, Erwin , El ine, Dieuw, Ma, Jar, 

Daaf,, Car, Men, Bas, Men &  Lin , Paul &  Astrid , Ernst &  Astrid , Tom &  Marin a 

enn alle anderen die ik hier niet allemaal kan opnoemen dank julli e wel voor julli e 

vriendschapp en alle lieve steun in de afgelopen jaren. De spreuk staat er natuurlijk voor 

jullie,, Asklepïos is niet meer maar zonder vrienden is het leven niet compleet! Br zijn 

velee momenten geweest waarop ik op julli e heb kunnen terugvallen, dank julli e wel 

hiervoor.. Ik hoop dat we veel nieuwe momenten met elkaar zullen beleven in de toekomst. 

Mir ,, een speciaal woordje voor jou, dank je voor het (kritisch!) lezen van de Nederlandse 

samenvattingg en al jouw steun en zeer goede vriendschap de afgelopen (13!) jaren. Ik 

vindd het heel fijn om jou naast me te hebben op deze voor mij zo bijzondere dag. 

Lievee familie; 

Familee van Santen, ooms, tantes, neven en nichten, famili e Schroten en famili e Merks, 

dankk julli e voor de lieve steun en aandacht van de afgelopen jaren, 

l ievee Mies en Hannie, ik bof met zulke lieve schoonouders. Ik hoop dat we nog lang 

bijj  elkaar mogen blijven. Lieve Jo, Ro, Hannah en Goof wat zijn julli e een heerlijk 

gezelligg en oprecht gezin, het is altijd fijn om elkaar te zien. 

Lievee opa en oma, julli e hebben een bijzondere plek in mijn leven, wat heerlijk dat julli e 

err bij kunnen zijn. Dank julli e wel voor alle liefde tijdens mijn jeugd en in het heden. 

Lievee papa, jij bent voor mij het voorbeeld van wetenschappelijk inspiratie en 

creativiteit.. Jouw opvoeding speelt een hele grote rol in mijn wetenschappelijk 

enthousiasme.. Naast jouw wetenschappelijke carrière, bewonder ik ook jouw brede 

kennis,, interesse en nieuwsgierigheid in de wereld. Ondanks jouw drukke leven was je 

err altijd voor me en heb je me met veel liefde en warmte groot gebracht. Dank je wel 

voorr alles wat je me hebt gegeven. Moe oneerlijk het leven kan zijn hebben we helaas 

ookk moeten ervaren, ik heb bewondering voor je hoe je mam hebt begeleid in haar 

laatstee jaar; ik realiseer me heel goed hoe zwaar dat voor je geweest is. Ik hoop op vele 

lichtpuntenn in de toekomst, dat verdien je. 

Lievee Mariek , ook al zien veel mensen vaak meteen dat wij zusjes zijn, toch zijn wij 

heell  verschillend. Ik heb vaak naar je opgekeken en van je afgekeken (ja jij liep altijd 

22 jaar voor!) en ik ben erg trots op je, als persoon, en ook op jouw carrière in de 



televisiee wereld en de journalistiek, wat voor mij een grote onbekende wereld is. We 

hebbenn al veel mee moeten maken, en ik ben blij dat we dat samen hebben kunnen 

doen.. Onze band heeft nog nooit 20 goed gevoeld, dank voor je altijd aanwezige 

liefdee en steun in mijn leven als mijn grote zus! 

Lievee mama, jouw stelling klopt, maar ik mis je verschrikkelijk, elke dag. 

Dee mooiste persoonlijke ontdekking tijdens mijn carrière als onderzoekster op de 

afdelingg kinderoncologie vond ik op de eerste dag in de assistenten kamer van F8-

Noord.. Daar stond jij , Hans, mijn grote liefde, alsof het voorbestemd was! Het voelt 

zoo logisch en zo goed samen; de perfecte balans tussen rust en ondernemen. In de 

afgelopenn jaren ben jij mijn maatje, mijn allerbeste vriendje, mijn inspiratie en mijn 

steunn geweest tijdens heel veel momenten, en zeker ook bij de totstandkoming van dit 

proefschrift,, terwijl je het ook zo druk had met jouw eigen boek. Dank je wel voor 

alless wat je me geeft, lief. Bij jou ben ik thuis en ik ga nooit meer verhuizen. 19 

februarii  1999, 24 april '99, 10 oktober '02 en 07 juni '03 waren de mooiste dagen uit 

mijnn leven. Wat mij betrett komen er nog veel meer data bij ! Ik hou zielsveel van je. 
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(UvA,, Amsterdam). During the study period, she did 2 pediatric scholarships, one in 

Darr es Salaam, Tanzania and one in Belo Hori2ontc, Brasil. As research project during 
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Inn may 1999 she obtained her medical degree and on June 1st she started as PhD 
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withh her Icelandic mare Fluga. During medical school, Hanneke was Pracscs of the 

student'ss association Asklepios, member of the Lustrum committee and co-founder 
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