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Summexy

Thig study ig primacily a clinical asscssment of a new redicdsotope
of iodine (iodine~125) for the treaiment of thyrotoxicosis. I wap
attracted to this project by my close sssociation with Dr. W.R. Greig
who pioneered this approach.

The thesis consiste of three sections, A, B and C. The fived
Chepter of SBection A is concerned with the currently used treatments
for thyrotoxicosis (Gravés' digeage), speclal atlention being given to
iodine~l3ls Thewe ig no excuse for the proportion of the Chapter
which deals with the poor results, side effects and complications of
the therspien, and sgein prominence is given to lodine~131 in partiocular
the problem of post therapy hypothyroidisme Included in this Chapter
is a personally analysed combined radiotheraspeutic trial using iodine-
131 and carbimazole.

The rationale for the use of iodine-12% ig deteiled in Section A
Chapter TT. The wleh spectrum of low energy short range electrons
emitted from iodine~l125 prefeventielly irradiates the hormone producing
region at the apex of the follicular cells without killing the cells.

It is theoretically possible uwalng iodine-~125 to produce wapid control
of the disesse without caunsing post-treatment hypothyroi&ism. Animal
experiments carried out by other investigators confirming this hypothesis
axe desoribed.

Section B consists of three Chepters which deal with the elinical
trials of iodine-125 in patients. In Chapiter I the excellent results
of large therapy domes Justified this approach and encouraged extension
of the trials using améller but empivical doses. The method of
calculating the rad dose at different levels of the folliculow cell is

desonibed




The main clinical trial, the treatwent of 265 thywrotoxic patienta
with different dose schedules of lodine~125, is detailed in Chapter II.
The oultcome is related to the sex and age of the patients, the total
dose preseribed, the thyroid aize before therapy, the dose of ilodine-
125 preascribed per gram of thyroid and the length of follow up.

Clinical trials of iodine-125 in three centres ave discussed and the
onerall pattern of vesults integrated.

Complications which have arisen after iodine~125 treatment are
ineluded in Chapter III as are prospective investigations into
potential hazards.

Two Chapters in Section C deal with the radiobiologiecal differences
in the thyrotoxic thyreoid after treatment with iodine-12% compared with
iodine~131l.e In the fiwret Chapter, routine radioiodine tests, an
intragvenous pervchlorate discharge test, radicahromatogrgma of serum and
conbined usge of gserum thyroxine, T3 resin and T.8.H. assay are utiliced.
In the second mathematical techniques ave employed.

Preliminary results of cerbain aspects of the therapeutic use of
jodine~125 have been publiched

Tancet (1970) 2: 840

FVew England Joumnal Medicine (1971) 285: 1099

Turther Advances in Thyroid Resesrch (1971)
Hditors K. Fellinger and R. Hofer

Verlag der Wiener Medizinischen Akademie P 619
but the resulte in this thesis update all those in previous communications.
Reference is also made to other srticles involved with (a) the
general treatment of thyrotoxicosis, Scottish Medical Journal (1971)
16: 519, (b) thyroid carcinoma cccurring after iodine-131 treatment,
Journal. Clinical Endoorinology (1971) 33: 287, (o) the combined use
of carbimazole and iodine-131, Scottish Medical Journel (1972) 17: 57

ii




and (d) the intravenous perchlorate discharge test, Journal Clinieal
Endacrinology (1972), 33: 148.
Commmications sbout the therapeutic use of iodine~125 have been

personally presented to the following leared Sooleties:

Scottish Society for Fxperimental Medicine (Aberdeen 1970)
The Thyroid Club (London 1971)
The Fourth Meeting of the Buvopean Thyroid Association

(Bexne 1971) |
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Section A

Tationale for the use of Iodine~125 as an
alternative to the currently wsed itreatuentis,

especially Todine-131l, in thyrotoxicosis.

Chapter I

Review of treatments of Thyroloxicosis.




Introduction

In this _chapte:f: the treatment of an adult patient with the
intriguing clinical problem of Graves' disease is congidered in
detail. Managements of hyperthyroidism due to & non endocrine
tumour mecreting T.S.H. or T.S.H. like material (0dell et al
1963, Odell 1968), factitial thyrotoxicosis (Rose et al 1969),
thyrotoxicosis due to an ovarian tumour secreting thyroxine
(Kempers et al 1970, Hershman and Higging 1971) or a thyrotopin
producing pituitary ohromophobe adenoma (Hamilton et al 1970,
Fditorial 1971) are not included.

The natural course of unitreated Graves' disecese is described
firat to allow a comparison with the outcome following various
methods of treatment. Radiocamctive lodine~13l therapy constitutes
the major portion of the chapter and this is followed by a short

discussion of other therapeutic approaches.




Notural Coumse OF Untreated Thyrotoxicosis

‘ Beeause of the high morhidity of untreated thyrotoxioowis there
ig very little ﬁpmtowdat@ information about the natural coursve of the
disemse epawrd from one report by Mclarty et sl (1971a) who followed
the fluc“tuat:i.ﬁg elinical progress in five untreated patients with mild
gynptome. Wilson (1967) deduced from survey of the literature that
between 15 and 25 pex cent of gpatién-b;; died as a resnlt o_;E' thelr disease
and altbough these pexrcentages may not be representative fqr the pregent
tine they serve to emphasize that untrested thyrotoricosis is dangerous.
A larger proportion of patients wemained chronicslly uvnwell and in the
remainder spontancous remigsion occurrved and a brnportion of ‘these
euthyroid pabtients eventuslly became hypothyroid (Sattler 1908).

The aim of thevepy is to mestore the patient to normal thyroid
functlion and health as rapidly as possible by the ledst costly method
with the least elde effects (Chapmen 1971a). The logical approach
should permanently wemove the cause of the disease but despite a
greater tmdem'bm;xdiﬁg of the pathogenesis (Kriss et al i%z!., Adams 1965,
Lipman et al 1967, Hetzel 1968, Ochi and De Groot 1968, Kriss 1970,
Munro 1970, Bu:il:g 1971., Munro 1972) this still remains unknown and
treatnment is dirvecled at reducing the level of civeulating thyroid
homones to no:r:mal "since the olinical manifestations are produced by
chronic hyperthyroxinaemia. This can be achieved by pervmenent
destruction of the thyrold by ::adioac'ifive iodine or Ly SUrEelV.
Altematively the enzymes involved :m thyroid hoymone synthesis can be
inhibited by autlthyroid druge which have the mexit of doing no
permanent demage to the glsmc!; The treatment of thyrotoxicosis has
been digcussed in detail by maﬁy investigators (¥renklin 1955, Asper

1960, Chapman 1961, Cassidy 1962, Means et al 1963, Hershman 1966,




1967, Howard 1967, Wilson 1967, Trotter 1967, Ingbar and Woebar 1968,
MeGiry and Greig 1968, Havard 1969, Swerdloff 1970, Wernex 1971,
MoDougall and Greig 1971 and McGirr 1972) and in this review attention
is focussed on the disadvantages, side effects and complications of

the three standard methods,

Radioactive Todine Treatment (Iodine~131)

The thyroid cells do not differentiaste between radiocactive and
natural iodine and therefore a source of radiation can be localised
within the colloid of the gland, and the vadiations emitted destroy
the surrounding hyperfunctioning folliocular cells without causing
irradistion damage to contiguous structures. In January 1941 the
first thyrotoxic patient was treeted with radioactive ilodine (lodine
130 holf life 12.% howrs) and by the following yeav two groups of
investigators reported their preliminery results with this radio-
nuclide (Heritz and Roberts 1942, Hamilton snd Lawrence 1942). Until
thet time gsurgical thyroidectomy had been the only definitive
treatment; the operation wsually being performed on inadequately
controlled patients so it is not difficult to understand why radice
active iodine therapy rapidly gained in favour. The radionuclide
originally used, fodine-130, has a short half l1ife and was superceded
by iodine-131 (half life 8 days) which by 1960 was being used to treat
the majority of thyrotoxic patients.

Adm OFf Radiosctive Iodinewl3) Therapy

The aim of iodine~131 therapy is to obtain o high omre wate ag
quickly as poseible with one therapy dose. 60 per cent of patients
regpond to the first #Qpdnk" {59 per cent De Gowin et al 1959, 59
per cent Sheline and Miller 1959, 595 pex cent Werner et al 1957, 59 pex
centBlonfield et al 1959, 63 per cent Rubenfield et al 1959 and 65




per cent Cassidy and Astwood 1959) and approximetely 2 out of 3
registant patients respond satisfactorily to each subsequent therapy
dose. At lesst 3 months are allowed to elapse between therapy drinke,
but by delaying the prescription for as long as 6 months Chapman (1971a)
has demonstrated that a further 15 per cent of patients become euthyrold
without further rediciodine.

With conventlional doses of lodine~l3l sbout 50 per cent of patients
»emain thyrotoxic for 3 monthsv after therapy and many of them sre not
rendered euthyroid for a considerable time after this. A small group
of patients do not respond even to repeated conventional doseg and may
vequire seversl drinks and eventually massive emounts. Auwbomabic
referral for sui'gery should not be considered since control of the

disease will inevitably cccur with iodine-131 alone (Silver 1968).

Jexly Complications And Bide ILffects Of Todine-131 Therapy

1. Hadiation Thyrolditis:

A few days after 'i;iaerapy slight discomfort may occur over the
thyroid but even mild analgesic trestment ie seldom requirved
(Binhanet al 1967). The disconfort is occasionally referred to
the teeth and gums (Chapman 1971la). The gland may be tender on
palpation and localised swelling ocoux (Volpé et al 1960 and 1961).
A more intenge reamction with severe thyroidal pain and Lever
occaglonally follows the use of cancerocidal doses of iodine-~131
(Hoschl et al 1965) and permanent hypothyroidism is the usual
sequel of wadiation thyrolditis (Schwartz 1970).

2 IDxascerbation of Hyperthywoidism: Thyroid Crigig:

Bxacerbation of thyrotoxicosis is not uncommon but frank
thyroid crisis following iodine-131 has been infrequently
documented (Nelson et al 1952, Lamberg et al 1959, Rubenfield et




gl 1959, NWofal et al 1966, Viherkoski et al 1970, Shafex and Nuttall
1971, Roigen and Becker 1971) and in pome series no cases have been
veported (Cassidy snd Astwood 1959). Patients with cardiac disease
independant of or secondary to thyrotoxicosis are ideally treated
with radioactive iodine but in those high risk patients a slight
worsening of the dipease can precipltate o cardiovascular death
without thyroid crisis and they should be {reated with antithyroid
drugs for a few weeks prior to the radioiodine.

A death oceurring shoritly after a therapeutic dose of wradioiodine
does not necessarily mean thet the radioiodine haw been the cause of
death or that it has been precipitated by thyroid crisis (Sheline end
Millew, 1959, Volpe et al 1961).

3. Rodiation Sialitis:

Therapeutic doses of radioactive iodine empeclally cancer-
ocidal domes can couse swelling and pain in the submexillewy and
parotid glands (Rigler and Scanlon 1955, Goolden et ol 1957,
Chepman 1971a)« The parotid is most frequently affected becavse
of ite high paliva to serunm concentration of iodine (Bustad 1972).
A fall in salivary amylese follows wadiolodine treatment (Schneyer
1953) but like the sialitls it is transient end subsides without

treatment.

Late Complloations And Side DBffects OF “ oI  Themeny

1. Neoplastie Changen.
() Thyroid
All radiation is potentlally carcinogenic.. Epidemiologicel
surveys have shown that externsl radiation to the neck undoubtedly
inereases the ineidence of carcinoma of the thyroid in childven

(Duffy and Mtzgerald 1950, Wilson et al 1958). The series of

6




thyroid cancers in children reported by Winship and Rosvoll (1961)
foreibly bore out this finding. Pincus et al (1967) estimated that
the inecidence of thyroid nodules occurring in children who had been
treated in infancy with x - rayas for thymic enlargement was 30 per
centy the misk of developing a thyroid cancer was Just over one
tenth of this figure. Using data from three cources Hempelmann
(1968) has shown that a linear relationship exists between the
incidence of thyroid nodules and the estimated cumulative radiation
dose to the thyroid. An associstion between external redietion and
thyroid neoplagia has also been shown to exist in adults (Goolden
1958, Willis 1959 and Wilson et al 1970).

Clinical surveillance of the atomic bemb vietims of Hiroshima and
Nagasaki (Hollingeworth et al 1963, Socolow et al 1963) has produced
further epidemiological evidence that radiation to the thyroid is
associated with an increased incidence of thyroid carcinoma. A
gimilar finding is reported by Conard et al (1966, 1970) in the
Marshallese people who were accidently exposed to radiomctive fallout
on the Rongelap Islands. In the 67 islandera involved, 3 cases of
thyroid carcinoma and 16 cases of benign thyroid nodules have become
apparent. These people have been exposed to estimated doses of 160
Rads from several isotopes of iodine (131:[, 1321, 1331 ama 135I) as
well as 175 Rad from gamma radiation. Children with small thyroid
glands may have received up to 1,400 Rads from the radionuclides of
lodine,

There has, however, been controversy as to whether {reatment of
hyperthyroidiem with radioiodine causes a similar increase in the
incidence of thyroid carcinoma. Bxperimental work in rats (Goldberg
and Cheikoff 1952, Doniach 1956) has indiocated that lodine~-131 will
produce thyroid tumours in these animals especially in a hyperplastic

gland. In humane to date there are ten documented cases of thyroid
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carcinoma (Table Al) (Kilpatrick et al 1957, Shei’ine et al 1959,
Kexrlan et al 1964, Staffurth 1966, BPurke et al 1967, Baker 1969,
Barnzrd and Parsons 1969, Stamler et al 1970, Lima et al 1970 and
MeDougall et al 1971)s The United States environmental protection
agency have informatbion of 16 cases of thyroid tumours following
iodine~131, this numbsr includes those listed. sbove (Tompkine 1971).
Meny hundreds of thousands of patients have been treated with
radioiodine most commonly iodine«l3l. The low incidence of thyroid
tumours is thus very siriking in view of the reported incidence of
thyroid neoplasia in sturgleally treated thyrotoxic patients which
varies from 0.15 per cent (Sokal 1954) to 2.5 per cent (Olen and
Klinck 1966). It is possible that iodine=131 may offer pariial
protection either by inhibiting the follicular cells from becoming
malignant (Chapmen 1971%) or by destroying latent neoplasms.  Although
most centres in the United States treat all thyrotoxic patients aged
20 or above with redioiodine, in the U.K. it has remained the policy
Yo restrict this form of therapy to patienta aged 40 years ox more
unless there ave exceptional mitigating cimwns-bances.-
(b) Zeukeemia
There iz evidence from seversl sources that yadiation
increages the incidence of lewkaemia. A higher frequency is:
found in the survivors of the atomic holoceusts in Japan (Brill
et al 1962) in patients with ankylosing spondylitis treated by
X irradiation (Court Brown and Doll 1957) and in babies born to
mothers who have had diagnostic radiology dupring their confinew
ment (Stewart 1961). Green et al (1961) heve calculated that
1 mCi of iodine~131l subjects the blood and marrow to 1.7 Rads
and thus the blood forming organs in the “average" thyrotoxic
patient treated with iocdine~131 receives between 10 and 20 Rads.




Becanse of the possibility that jodine-131 might be leukaemogenic
the United States Covperative Therapy Follow-up Study has earefully
investigated this relationship and have recently published their
preliminzry findings (Saenger et al 1968). In this study 18,379
patients treated with radioiodine were reviewed forxr 119,000
patient years. - 17 patients developed leukaemia., 16 in a
surgically treated group of 10,731 patients who were reviewed for
114,000 patient years were also found to have leukaemia. There
was no stetistical difference between the two groups. However,
when corrections were made for sex and age the incidence of
leuksemia in thege patients Izrespective of the mode of treatment
(radiciodine or surgery) was 50 per cent greater than expected in
the general population. Althouglh there has been criticism é}
their conclusions, Saenger et al (1968, 1971) did not attribute
thig difference to the thewapies and they found no evidence to
gupport the contention that iodine~131 induces levkaemis. Their
conclusiong,  thevefore, support earlier studies (Pochin 1960,
Werner et al 1961 and McComnack and Sheline 1963).
(o) Chromosomal Abnormalities

Chromosonal aberrations have been demonstrated in patients
who have received iodine-131 (Boyd et al 1961, Cantolino et al
1966 and Nofal snd Beierweltes 1964). Many of these reports
relote to patients who have received large doses for thyroid
cancer and it is difficult to know the relevance of the
relatively gross abnormalities produced, since they do not appear
t0 be a prodromal phase of leukacmia (Vide infra, Section B
Chapter ITI). Subtle chromosomal alterationo produced by small
doaes of iodine~131 may be more relevant thon the devastating

effects of lavge doses (Macintyre and Dobyns 1962).
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2. Ixtrathyroidel Tissue Damage

3

In humang radiclodine therapy produces no detectable injury
to the recurrent laryngeal nerves, trachea or larynx (Silver 1968)
and tracheal compression has actually been relieved (Blomfield et
al 1959), Neverthelemss, tracheal constriction has been found in
the offspring of ewes fed ilodine~131l; the foetal thyrolds were
probably exposed to more than 30,000 rads and the constriction
may have been due to failure of the cartilage to develop or to
contraction of fibrous tissue in the irradiated gland (Bustad et
al 1957).

The maximum range of B rays emitted by lodine~131 is 2000
microng in tisseues aﬁd it is unlikely that parathyroid damage
results except when all the parathyroids are intrathyroidal.

No cames of hypoparathyroidism have been noted after large doses
of iodine-~131 for thyroid carcinoma but surprisingly there are
reports of hypoparathyroidism in thyrotoxie patients who have
received radioicdine therapy, Table A2 (Tighe 1952, Boulet et al
1952, Klotz et al 1953, Langerhorn and Vincent 1957, Gilberts
Dreyfus et al 1958, Townsend 1961, Bipe et al 1968 and Froeman et
al 1969)s The doses of radiolodine adminigtered to each of these
patients were not excessive and none was hypothyroid at the time
they became hypocalcaemic. When stressed with E.D.T.A. (Better
et al 1969) a proportion of patients fail to maintein serun caleium
in the normal range. Parathyroid function in iodine~125 treated
patients is discussed below (Section B Chapter III),

Hypocalcaemia, thyroiditis and thyroid crisis have ocecurred
similtanecusly in one patient (Freeman et al 1969).

Tertility
Tibido and fertility are decreased in active thyrotoxicosis

10
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and treshnent of the disease in females is often followed by
unexpected pregnancies. Todine-131 does not differ in this
respect from surgery or entithyroid dmugs (Volpé et al 1961).
Menstiual disturbances have not been caused by the doses of
radioiodine used to tweat thyrotoxicosis, but very larvge doses
used in the treatment of metastatic follicular carcinoms has
produced emenorvhoeas ivvafiation from neighbouwing functional
medastoses probably was the cause. 563 nli of iodine~13l has
produced no: tepticular atrophy (Kemmer and Goodman 1969).

Effect oo Infants Bown to Patients Treated with Jedine-131

(a) Thyxmoid
The foetal thyroid retains and concentrates ilodide after the

firat teimester (Chapmen et al 1948) and pregnancy is considered
by all thevepists to be an absolute contrawindication to radiow
iodine therapy. Unwittingly iodine-l31 hag been adminlstered to
pregnant patients but vauvally no untoward effects have been found
in the babies (Volpé et al 1961, McGinr et al 1964 and Silver
1968) probebly because the matemal thyroid by its avidity fox
iodine protects the infant. /Faetal hypothyroidism has been found
on six occasions, Table 43 (Huseell et al 1957, Ray et al 1959,
Hemill et al 1961, Fisher et sl 1963 snd Pfannenstell ot al 1965).
(v) Genetie

If after a'drink" no female patlent becomes pregnont and no
mele patient fathers a child there will be no increase in irradiation
induced mtations. With the tendency to tresat younger patients an
incressing mumber of them do have children. To assess the genetic
affects of iwradiation the concept of the Doubling Dose is used.
The Doubling Doge is the RAD dose which eventually causes a complete

doubling of gene mutationss it hos been estimated to lle between
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TABLE

Congenital Malfomuations Following Todine-131
Therapy in Patients from B.M. Chapmen (1971a)

Mother Given  Father Given

Todine=131 Todine-131
Normal 189 18
Congenital Heaxrt Disease 2 1
Mongoloid {mother had mumps in

firat tremestor) 1

¢lub Foot 1
Deafl 1l
Bilateral Hernia 1
Mentally Retarded 3

(A11 in one

family)

XYY Karyotype 1
Ureteral Stricture 1

TOTAL 199 20
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15 and 30 Rads (Tooney 1969). This concept is useful when
congidering populations but does not help in advising individual
patients. There are also difficulties in making valid comparisons
in the number of malformations found in children born to parents
not treated with radioiodine since it may be impessible to exclude
other stimulil which could be ineriminated in producing mutations.
The congenital abnormalities in infants of one group of iodine-131
treated patients are tabulated (Table A4). The number or type of
abnomality does not differ from the general population in whom 4
to0 5 per cent of all live births have congenital malformations
(Chapman 1971a).

Hypothyroidien Following “*I Therepy

(a) The Problem Revisited

Radloactive lodine destroys thyroid follicular cells and from
its inception therapists expected and soon confiymed that some
patients become hypothyroid because of excessive follicular cell
destrction. In early reports the modal incidence of this
iatrogenic complication was about 10 per cent (Soley et al 1949,
Wayne et al 1952, Clarke and Rule 1959, Chapman and Maloof 1955,
Beierwaltes and Johnson 19%6, Werner et al 1957, Rubenfield et al
1959 and Sheline and Miller 1959), Some patients, having been
unequivocally euthyroid for many years, subsequently became
hypothyroid (Chapman and Maloof 1955).

Beling end Einhorm (1961) reported a progressive rise in the
percentage of hypothyrold patients with the passapge of time after
i0dine=131 therapy, Thelr finding was partially due to the
methodology of expressing results., If the proportion of hypo-
thyroid patients is oanloulated as a percentage of the total
treatment group en srtifically low result is obtained. A greater

12



but truer result iz obtained if the percentage of patients who
become subthyroid are calculated year by year. There is now
universal confirmation of the cumulative incidence of poste
treatment hypothyroidism (McGixrr et al 1964, Green and Wilson
1964, Dum and Chapman 1964, Bditorial 1965, Greig et al 1966,
Greig 1966, Nofal et al 1966, Bditorial 1967, Smith and Wilson
1967b, Bditorial 19682, 1968b, Hagen 1968, Broneky et al 1969,
Tubiena 1971).

The main problem of hypothyroidism is diagnosis (Becker and
Hurley 1971). P:covic‘aed the patient at risk can be kept under
medical supervision, however, the condition is seldom missed;
reviews ave best arranged with the aid of a computerised recall
system (Philp et al 1968). Treatment with thyroxine is simple,
cheap and efficient if regularly ingested. In many patients
the thyrold failure is of insidious onset (Kaipainen et al 1970)
and they are singularly complacent and uncomplalning about their
healthe One oxgan ox system way be disproportionately involved
by the subthyroidism resulting in referral of the patient to a
cardiologlist, neurologist or rheumstologist (Bland and Frymoyer
1970) who does not suspect the diagnosis (Editorial 1970b, 1970c).
A dlagnostic delasy is serious since severe thyroid fallure can
cauge ventriculsr fibrillation (Macsuley and Shepherd 1971),
coma (Royce 1971) and death (Plemted and Pollock 1967e, 1967b).

A 70 per cent incidence of hypothyroidism may be encountered
10 years after iodine=-131 therapy (Nofal et al 1966, Blahd and
Hays 1972) end even then there is no evidence that the ennual
aceruael rate is levelling off. There is no simple method of
predicting which patient will be affected at any specific time
and therefore all iodine~l131 treated patients must be kept under
periodic medical review either for life or until they hawve been
stabilised on thyroxine replacement therapy. Routine life-long

13



pregceription of thyroxine for all radiciodine treated patients has
been advocated by Selby (1965) end Esselstyn and Cwile (1971). If
this policy is adopted "guaranteed" control with large therapy doses
is justifizble (Hamburger snd Panl 1968) though certainly not ideal
(Baitorial 1968b).

(v) he Cemse of Hypothyzoidism

Untreated thyrotoxicosis may pass through the euthyroid state
into hypothyroidism but thip does not sccount for the alarming
frequency of post ledine-131 hypothyroidism, Animel experiments
have heen carried out to obiain inesight ebout the aetiological
factors. The cell nucleus has heen shown to be exquisitely radio-
pensitive and lodine-131 radiation of a thywrold follicular cell
pevere enough to reduce hormone production inevitably intenferes
with the cell's divisional integrity (Greig 196%, Philp 1966,

Dobyns and Didtschenko 1961 and Dobyns et al 1967). The retum
of normal thyroid function following lodine~l3l therapy points to
subthyroidism at some time in the future since as each follioular
cell dies, either naturally or as a wesult of radlolodine thevapy
it fails to dlvide and is not replaced. Thin topic is discussed
in more detail in Section A, Chapter 1I.

There are other factors which have been ineriminated in causing
post thergpy hypothyroidism. Fivstly irvradiation damsge to the
thyroid vasculature (Curran et al 1958, Stanbury and De Groot 1964),
but this is usually not severe enough to reduce the blood supply o
guch a degree that the cells die prematurely. Secondly ivwvadiation
induced sutoimmune thyroiditis (Blagz 1960, Einhorm et al 1965,
1970) is an attractive theory but although there is a transient
rise in thyroid antibodies in the serum of some patients treated

with iodine~131, the eventual outcome cannot be closely correlaoted
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with the antibody titres (Buzke end Silverstein 1969). It is
now thought that this bypothesis is also incorrvect.
(¢) Reduction of Frequency of Hypothyroidiem

IFf hypothyroldism results from the irradiastion damage of the
follicular cell nuelei one obvious xemedy im to sdminister smaller
doses of radiolodine. The conventional therspy dose of iodinew~131
adminigtered is about 160 uCi per estimated gram of thyroid and
this subjects the cell nwmelei to between 7,000 and 10,000 Rads.
Several groups of investigators have prescribed therapy doses of
approximately 50 per cent of this (Tezmean et o1 1967, Smith and
Wilson 1967a, 1967b, Zellman et al 1968, Skillman et al 1969,
Goolden and Trager 1969 and Kaipainen et al 1970) and compared with
"atonderd? thevepy the hypothyreid frequency is veduced 1 year after
therapy and even after follow up for 5 years remains lower vhen the
low dose vegime is used (Figure Al)e Thewe is a delay in
symptomatic control, however, which requires the preseription of
inorganic iodine (Hagen et al 1967), thiouracils (Smith end Wilson
1967a) or bete adrenewgic blocking drugs (lladden et al 1968, Franco
et al 1970 and Lowe et al 1971). Iowe et al (1971) used g single
dose of 2.9 mCi iodine~131 in each of their patients end even with
this sxﬁall dose there was a very disappointing incidence of hypow
thyroidism 2 yeavs after therapy (19 per cent).

Delay in Control of Thyrotoxicosis Aftex Iodine-131 Therapy

40 per cent of patients wequire vetreatment when stondoxd doses

of iodine~131 are presoribed. The adoption of low dose regimes to
overcoue the problem of hypothyroidism necessitates the use of antie
thyroid diuags snd often retreatment in over 60 per cent of patients.
The disadventages and side effects of antithyroid drugs ave therefore

added to thome of wadioiodine therapys Pretreatment of patients
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with antithyroid drugs ia one method of reducing the delsyed symptomastic
control. Recently a study has been undertaken (McDougall and Greig
1972) using standard and low doses of iodine-131 in T4 patients who
had all been pretreated with carbimazole for 20 weeks. The average
time to obtain control with carbimarole was 10.2 weeks deapite the
older age of the patients (3868 yea::s).‘ This delay was similar to
that experienced by Crooks and Wayne (1960). Following the course
of carbimazole the patients were alternatively allotted to receive
standoxd or low (50 per cent of standard) doses of iodine-13l. After
the dome of radioiodine all of the patients were treated with
carbimazole for a further 20 weeks. Symptomatic control was ssgsured
during this 10 months of antithyroild drug therapy, thus giving the
radiolodine therapy time to act,

Review of the patients after completion of the trial (follow up
without antithyroid drugs 20 monthe) illustrated that in the standard
doge group only 42.1 per cent vemained euthyroild after 1 thexrapy dose.
At that time 21.1 per cent had become hypothyroid and as many as 36.8
per cent had relapsed. In the low dome group 44.4 per cent were
euthyroid, the percentage hypothyroid was reduced to 8.4 and 47.2 per
cent remained thyrotoxic (Table A5)s The rvesults serve to illusirate
the poor one dose response even with standard doses of lodine-131 given

an optimum time to act.
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Summaxy Of Todine-131 Therapy

The simplicity, cheapness and convenience of wradiolodine therapy
agre o attractive that it is difficult to envisage any form of therapy
puperceding it until the aeticlogy of thyrotoxicosls im clarified.

The early side effects of therspy are varely encountered in practice.
Pogtwtreatment thyroid canceﬁ is found less commonly than it 1s in
untreated thyrotoxic patients and leukeemia although found move
commonly after iodine~131 therapy then in the genewal populstion is
no more common than in surglcally treated patients. Any genetio
risks possed on to succeeding penerations are smsll.

Tew forms of therapy are ultimately so uniformly successful since
100 per cent of thyrotoxic patients are eventually "oured" of theix
digease though an incressingly great number perheps all eventually
beeome hypothyroid. Smaller doses used to reduce the frequency of
hypothyroidism slow the rate of control of the disease. It is
conceptually impossible to believe that iodine«13)l could evexr be
considered the ideal radionuclide for the treatment of thyrotoxicosis
since prompt control of the disesse and weduction of post-thevepy

hypothyroidism are mutually incompatible,
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Surgical Treatment Of Thyrotoxicosis

Thyroidectomy was the only treatwent for thyrotoxicosis till
antithyroid drugs amd radioiodine were introduced in the 1940's. The
operation was reserved for severely ill patients and the risks were
congiderable until the introduotion of inorganic iodine (Plummer 1923)
to reduce the toxicity of the patient preoperatively., With experience
in patient selection and preparation coupled with the improvement in
surgical technique and anaesthesia thyroidectomy is a safe elective
proceduro,

The best candidates for pawxtial thyroidectomy ave patients under
the age of 40 who fail to respond to two adeguate courses of antiw
thyroid drugs, patients with large goitres, (especially if nodular and
cansing pressure symptoms) and those with single toxic adenomas (MeGiry
and Greig 1968). Patients with thyrotoxic heart disease, impalpable
thyroid glands and severe exophthalmos ave best excluded (Riddell 1965)
and the xisks of a second partial thyroidectony are so great that a
reoperation should only be considered in exceptional circunstances
(MoLarty et al 1969).

It is surprising how many patients do become euthyroid after madical
removal of an emplrical volume of thyroid tissue. ‘The results of
operation vary considersgbly, this variance may partly reflect differences
in surgical technique but usually depends on the length of follow up and
whether surgeons or physicians review the patients. VWhen surgeons
report the experience the results usually show an uncomplicated oure

rate of over T0 per cent with an overall low morbidity.

Post Operative Hypothyroidism

Representative figures for the incidence of positmoperative hypo-
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thyroidism vary from 5 per cent (Roy et al 1967) 6.5 per cent (MeNeill
and. Thomson 1968) 9 ver cent (Painter 1960) end 10 per cent (Colcock
1962) to 25 per cent (Olsen et al 1970), 28 per cent (Nofal et al 1966)
36 per cent (Hedley et al 1970) and 49 per cent (Michie et al 1972).
Seversl but not all authors have found an incresse in the incidence of
hypothyroidism with the passage of time. The complication ig most
likely to develop in those with circulating thyroid antibodies
(Buchonan et al 1962, Irvine and Stewart 1967) and with excessive
lymphold tissue in the resected thyroid (Groene 1950)e The former
group can be predicted preoperatively and should if poseible be

~ congidered for altermative therapy unless there are pressing indications
for operation. If operation is deemed esmential, replacement therapy
may be oommenced in the early post operative period (Wilgon 1967). The
moye recent reponts of high and cumulative hypothyrold rates arve diew
guieting and illuetrate the necvessity for vigilant supervision of the

surgleally troated thyrotoxic patient.

Poat Operative Recurrence Of Thyrotoxicosis

The recurrvence rates post operatively also vary widely, from 0.6
per cent (Painter 1960) to 12.2 per cent {McNeill and Thomson 1968)
and are usually inversely velated to the hypothyroid rate in any series.
The results in the majority of reports are at the higher end of thie

spectrun.

Other Complications Of Thyroidectomy

Thyroidectomy necessitates a period of preoperative antithyrold
drug therapy which may be prolonged, and a short stay in hospital
usually between 5 and 10 days but longer if complications arise. The

patient suffers a degvee of pain. Operative mortality is extremely
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low and in several series there have been no deaths. Wound infection,
atelectasis, pneumonia and pulmonary embolus way arise as with any
operative procedure (Gould et al 1965).

Pogt~opervative thyroid crisis is extremely rare and should not.
ocour if o caveful preopervative policy is adhexed to. The zecurrvent
lazyngesl nerve can be damaged during the operation and up to 30 per
cent of patients notlce an alteration in thelr voice (Painter 1960).
Complete laryngesal nexve damage is lrreversible but the ineidence as
Judged by inspeetion of the wvocal cords post operatively is, however,
much lower. Riddell (1970) by meticulous identification of the
nerves al operation followed by electrical stlmilation to test each
nervets integrity has veduced the risk of this complication to 1.7
per cent in a total of 1,700 operations. Bilateral recurrent
laryngeal nerxve paralysis may necessitate tracheostomy or arytenoidectomy.

A rapldly enlarging wound haematoma mpy canse respiraiory distress;
in acute situations the wound haz to be reopened and the blood evacuated,
in less acutely 111l patients needle aspivation of the haematoma will
suffice,

Injury 4o the pavathyroid glands or interference with thelr blood
supply at the time of opexation may lead to acute hypoecaloaemia in 2
to 3 per cent of patients (Wade 1965). Theve is debate as to the
inecidence of chronic hypoparathyroidism following partial thyroidectomy
(Baitorial 1966)e If B.D.T.A. infusion is used to artificelly produce
hypocaleaemis end tert parathyroid reserve up to 25 per cent of patients
may be deficient (Jones and Fourmen 1963). The importance of this
biochemical defect is uncertain since the patients are asymptomatic.
Overall sbout 4 per cent of patients require prolonged replacement
therapy with caleium and vitemin D (Wade 1965). An alternative cause

of hypocalcaemia in post operative patients, who are in negative caleium
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balance with caleium deficient bones (Michie et al 1971) is rveversal
of the defieit allowing the vapld tranafer of calcium into the gkeleton
with the inevitable onset of hypocalcaenmin.

An important post operative complication especially in the young
female is an ugly keloid.

Surgery for thyrotoxicosis is not to be lightly embarked upon.
Careful sorubiny of the wesults shows a not inconpsiderable number of
patlents with chronic morbidity divectly related to the procedure
(Bditorial 1970a)s In a rvecent study (Hedley ot al 1970) only 55 per

cent of patients were unequivocally euthyroid.

Drug  Therapy For Thyrotoxicosig

One importent advantege of antithyroid drugs is that no permanent
damage is done to the thyroid. The most satisfactory and best unders
stood of the drugs ueed are the inldasolen and thiouracils. These
drugs are equally effeotive when used in cqmpamble doses (Wayne 1960)
but even under optimum conditions there may he a mean delay of 9 weeks
(Crooks and Wayne 1960) to 10 wecks (McDougell and Greig 1972) until
the patient is outhywoid. After a full therapeutic course (18 months)
on average aboul 50 pex cent of the pationts will suffer a relapse and
those who remit would probsbly have done so spontenecusly (Wilson 1967).
There 1a no good way of predicting the outcome in g partionlar patient,
althouzh two clindeal features, a short history of thyrotoxicosis prioxr
to commenoing therapy and shrinkoge in the size of goitre during
treatment ave favourable they do not inevitably point to a successful
outcome following drug therapy (Hershmon 1967).

The triiodothyronine suppression test has been tried as an index
of predictability, return of suppressibility during the course of
antithyroid drugs has been accepted by some workers (Alexander et al
1966, 1967, 1970) to indicate that remission will occur on stopping
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the drugs and likewlme fallurve of suppression has been token to indicate
contimalng disease and likely zelapse. Recent studies have shown that
individual cases do vecur after suppression has returned o normal

{Vile and Kloppenbog 1970a, 1970h) and the test has little value in
practice (Lowny et ol 1971). Using a vaviety of indices before and
during therapy with the aid of cowpuberised multidimensional analysis

it nay be possible to sepsrete those who will remit from those who will
not (McLarty'at al 1971H) but this technigue is at prement only available
foﬁ regegreh pumﬁmses.

Bacause of the poor vesponse following s standard course of drxugs
some investigators in the U.B.A. have prescribed antbithyroid drugs over
an indefinite period to control thyrotoxicosis (Hewshumen et al 1966).
Conventional antithyroid drugs have an wnfortunate habit of causing
resctions and although these usually occur within a few weeks of
comuencing therapy (Howard 1967) they may occur once maintensnce therapy
has been esbablished, The overall incidence of side effects is about
5 per cent (Greene and Morgen 1956) the most common belng a maculopapular
raﬂh. Other side effects lnclude fever, alopecia, lymph node enlargement,
gastric upset and conjunctivitis. Agranuloytosis occurs in about 0.5
per cent of patients; aplastic anaemie (Burpell 19%6) is excepbionally
Taxe.

Iuorgenic fodine (Plummer 1923) is not roubinely used because of its
troneient sympﬁomatic controls Todilne may heve a detrimental effect on
patients with an organic binding defect (Braverman et al 1969, 1971) and
1t moy precipitate ﬁhyrotoxicosis. gﬁ can cause an acneform skin rash
and sisladenitic. Potagsium perchlorate although tentatively claimed
to be the antithyroid drug of choice just over a decade ago (Crooks
and Wayne 1960) is now seldom used because severel cases of fatal

aplastic anaemia have been attributed o it (Bditorial 1961, Hobeon

22



1961, Johnson and Moore 1961, Krevans et al 1962.)

Amelioration of thyrotoxicosls may be produced by dmigs which
selectively interfere with the production ox action of catecholamines,
Regerpine (Canary et al 1957) is useful in thyroid crisis (Dillon et al
1970); guanethidine is as offective but is slow to act (Riddle and
Sohwartz 1970). The side effects of these drugs are, however, not
tolerated with equanimity by most thyrotoxic patients. Propranolol
attenuates the positive inatropic and chronotropic effect in the thyroe
toxic patient (Wiener et al 1969, Levey 1971) and has been used in
thyroid storm (Das and Krveiger 1969), in the preparation of patients
for thyroid surgery (Vinik et al 1968) and in conjunction with radiow
lodine therapy (Franco et al 1970, Hadden et al 1968). These drugs do
not influence the underlying disease process and thelr use alone often

leaves the patient unwell.
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Bunmaxy

Although eac:h of the three currently used methodg of treating
thyrotoxicosis has its enthueiastic proponents none is ideal., The
disadvantages of surgery Iinclude preoperative preparation, surglcal
morbidity and a very high incidence of postoperative hypothyroidisme
Drug therapy even if protracted for up to two yeaws has the
disadvantage that less than 50 per cent of patients have a lasting
renigsion. The »ising incidence of hypothyroidism following lodinew

131 therapy should not couse a resurgence of these approaches.
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Section A

Chapter IT

Choice of Iodine~125 ag en Alternative to

Todine~131 in the Treatment of Thyrotoxlcosis
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Section A

Chapter IT

Introduotion

Deppite the slow rate of control and the cumulative inecidence of
hypothyroidism after radioiodine~131l, the simplicity, inexpensiveness
and eventual effectiveness are so advantageous that the concept of
radiolodine therapy should be retained at least until the ocause of
Graves' diseage is elucidated. In the previous chapter the likely
cause of hypothyroidism, intense nuelear irrvadiation, was introduced
and the ideal radionmuclide should therefore not subject this part of
the cell to high doses of radiation. After careful analysis of the
pathological anatomy and pathophysiology of Graves' disease, Greig
(1968) suggested that lodine-125 because of its unique spectrum of low
energy electronic emissions might be of value in rapid and permanent
control of this condition without camsing thyroid failure. To illusirate
the rationale of this hypothesig relevant details of the mioroanatomy
and physiology of the thyroid are described and the pathogenesis of
iodine~131 induced hypothyroidism reviewed in more detall. The decay
of iodine-12%5 and its emiamsions are discussed gnd finally impoztant
radiobiological differences between iodine-125 and iodine-131 in the
experimental animal are summerised.
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Microscople Ana of o0id I'elllele and Follicular Cell

The follicle is the basic unit of ‘the thyroid and the same general
strcture appertaine to normal and thyrotoxic follicles (Heimann 1966).
It is a rounded structure with a mean dismeter of 300 microns (Rawson
et al 1964) composed of a rim of follicular epithelium one cell in
thickness surrounding a central core of colleid (Klinck 1964). Between
twenty and forty follicles are c¢losely grouvped together to form lobules
which are subunits of the thyroid lobes. The normal follicular cell
ig cuboidal in ghape (Wiesig 1960, 1964) its apex abuts on the colloids
the centrally placed nucleus lies about 2 to 3 microns from this
junction (Iupulescu and Petrovici 1968).

In thyrotoxicoais the appearance of the follicular cells are
altered (Doniach 1967, Heimann 1967). They become hypertrophied and
are columear in shape and undergo hyperplastic changes. The nucleus
lies towards the base and the distance from the mucleus to the apical
margin is inoreased to between 10 and 15 microns. The apioal margin
develops prominent microvilli. The collold volume diminishes and
increaged follicular cell size coupled with cell multiplication
produces infolding and pwrojection of papillae into the colloid
(Sommexs 1968)s The significance of these histologloal alterations
will be discussed below in relation to the mierodosimetry of iodinew
125,

Physiologys Formation and Secretion of Thyroid Hormones
Synthesis and secretion of thyroid hormones (triiodothyronine and

thyroxine) are the main functions of the collicle cell. The synthetic
poathway (Figuve A2) commences with trapping of cimzeulating inorganic
iodide, The trapping mechanism is probably a function of the base of
the cell (De Groot 1965)s Todide is then oxidised to iodine end
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attached to tyrosine, one of the constituent amino acids of colloidal
thyroglobulin, Mpnoioaatywoainé (MIT) ie fosmed when one ataﬁ.of
iodine is incorporabed, and diiodotyresine (DIT) if another iodine sube
wnlt is odded. This vewry impagtant step of iodingtion takes place at
the apical suvface of the follicle cell (Stein and Gross 1964, Nadlen
1965a, 1965b, Sommers 1968) in close proximity to the micxovilli which
project into the colloid.

The iodotyworines then couple to form the complete funetional
thyroid hormones, triiodothyronine (MIT plus DIT) and thyroxine (DIT
plus DIT). This peaction probably takes place in the colloid and may
be melated to the sterig structure of thyroglohulin allowing the
constitueﬂf molecules to lie in elése proxindty with one another,
Preformed hormones wemain gtored within the colloid and their release,
which is accelerated in thyrotoxicosis, is brought about by intues
cellular ensymatic degradation of thyroglobulin. The sequence of
events is that the cell is stimulated by long acting thyroid stimulator
(T.8.H. in physiological circumatances) an asctivator of adenyl oyolase
the anéyme regpongible for the formation of cyclic AM.P. (Deiss and
Peske 1968)s Cyclic AJM.P. may then stimulate pinocytosis of dvoplets
of colloid. Inbracellular Llysosomes coalesce with the sbsoxption
droplet and cause proteotytic degradation of the thyroglobulin molecule
releasing the active hormones (Fawcett et al 1969, Catt 1970).

Two of +the most important steps in hommone synthesis and releasse
iodination of tyrosine and pinocytosis of the colloid ave functions of
the apleal cell margii,

Hypothyroldiem Aftor Todine=131 Therapy for Thyrotoxicosis

Currently therve is vewy substantial evidence that nuclear vadiation
domage is the cause of the progressive n»ise in hypothyroidism noted after
iodine=131 therapy (Greig 1965)  Todine=131 (half life 8 days) emits

p and ¥ vays. The overage energy of the B rays is 187 Kev and these
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emissions ave absorbed over a path of 400 to 2000 microns. The J’raya
have 1ittle themapeutic benefit since they are mostly uwnabsorbed by the
thyroid (Doniach 1972). The radisiion field of iodine~131 when stored
in the colleid ig relatively great in tormg of follicle cell height
(15 microng) or even follicle dimmeter (300 micronn)e fven allowing
for differences in lodine uptake and burnover in individual follicles
the nejority of these uwnits in diffusely enlarged thyrotoxic glends are
subjected to wiform jrradiation because of crossfive between adjacent
follicles. 'The only exception to this im a narwow rim of peripheral
follicles (Anspsmgh 1965). Analogous to this is the fact that each
part of the follicular cell, nucleus included, lies in this uniformly
irradiated field.

Cell viabllity and ability to weproduce depend on the integrity of
the macleus. The metabolie Punctions of the thyroid cell have been
shown to be considerably more resistent to radiation than the cell's
reproductive capacity.(Glucksmenn 1954) even in thywotoxicosis when
hormone synthﬁsisvis less radioresistant. Noxmal secretory capacity
may be pomnsible inla c¢ell which at the end of’its normal life span will
not ceproduce iteelf (Skense 1948, Maloof ot al 1952, Dobyns et al 1953,
Doniach 1958, Dobyas and Diditschenko 1961, Dobyns et al 1967, Doniach
1972). Progressively lawger doses of radiation not only slow or halt
cellular mitosis bubt mey showten the cells life spean (AL Hindawi and
Wilson 1965) or cause immediste cell death. "The comparative radio-
sensitivity of the nucleus ig due to its content of unique macronole-
cules" (Doniach 1972). ILethal damage is followed by shrinkage of
the thyroid and total replacement with fibrousg tissue and hyaline
naterial (Williams and Vickery 1965).

The aim of iodine-~131 therepy is to cause g reduction in -thywoid
funotion. It is inconceivable that lodine~13) becamse of its lengthy

irvedistion path will ever preferentially diminish hormone gynthetic
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Mass Numben

117
118
119
120
121
121 m
122
123
124
125

126
126 m
127

128
129
130
131
132
133
134
135
136
137
138
139

Taoble & 6

Radioisotopes  Of Todine

(after Myens 1966)

Mode of Decay (MeV)

Blectron capture, Bt
46% Tlectron ecapture 545 B
A9% Tlectron captuve 519 B

4.0 BY
lectron capiure, l.l Bt
Isometric btwensition
Flectron capture, 3.1 BF
100% Blectron capture
Hleetron caplture, 2.2 gt
100% Blectron captuxe

Blectron caplure, Q.57 B

Half Life

6.5 minuten
13.9 minutes
19.5% minutes

1.3 houwrs

2.1 hours

80 microseconds

3.5 minutes
13.3 hours

4.2 days
6040 days

13.3 days
2.6 hours

Honn Radioamctive

2.12 B”
0el5 B
1.02 37
0.61 B
2412 B
1e30 B”
2.5 B
le4 BT
5.6 B
B (n)

B” (n)

B” (n)

25,0 ninutes
16 x 106 years
12,5 hours
840 days
2¢3 hourg
21 hours
53 minutes
647 hours
83 seconds
22 seconds
5.9 seconds
2.7 seconds




Function. Any lessening in hypersecretion which resuvits in the recovery
of the patient inevitebly indicates that the vadiopengitive muclei have
been damageds thyroid failuwe is predlotsble ot some time in the future,
the speed of onset of hypothyroidism being ddotated by the smount of
nuclear dompge. Uniform cell death after very large therapy doses will
cauge early onset hypothyroldism wheress uniform cellulsr sterilisation
without cell loss will cause late onset hypothyroidism, The ré.te of
turnover oi‘ follicular ¢ells although not known is minimsl, most of the
cells may not be replaced in a nommal individusl's life (Doniach 1971).
Sheline (1969) found thet less then 1 in 250 cells labelled with
treitiated thymidine, suggesting that the remainder are in a resting
phase and the delay in appearance of hypothyroldism in those patients
with thyroid cell sterilisation is therefore related to the low rate of
cell renewal., In the majority of iodine-131 treated patients a spectrum
of cell death and cell sterilisation exists hoence the variations in time
of appesrance of thyroid fallure.

Theoreticnlly, therefore, the alm of radioicdine therepy should not
be wniforn irvadiation of the whole thyreoid btut gelective damage of the
homone synthetic funcbion. This is not possible with iodine=131
irrespective of dome mandipulations. Iodine-125 has physicel properties
degeribed in detail below which am almost ideal in preferentially
irradiating the epex of the cell (the radiorvesistant functional part)
and protecting the nuclous (the radionensitive divisional region).
| Digeovery of Todine=125

Todine=125 discovered in 1946 by Reid snd Keston is one of the 24
radiorueliden of iodine (Table A6)e 4 sample of telluwium had been
bombarded with deuterons at the Maasachusetts Inatitute of Technology
and allowed to decay for six months. Originally it wae thought that
the long life radionuelide iodine~129 had been isolated but subsequent
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FIGURE A 3

Mode of Decay Enexgy

150 Kev

100 per cent electron capture

35 Kev
93 per cent intermal
converglon
7 per cent Seminsion
0 Kev

Half Iife

60 % 0.5 days

1.6 x 10" 7gecs



exporiments proved that the radiomuclide was lodine~125 (half life
60 * 0.5 dayn).
Physical Denay of Todine=125 (Fisire A3)

The complex decoy scheme of iodine~125 has heen studied by several
groups of investigetors (Bergetrom 1951, Friedlonder and Orr 1951, Bowe
and Axel 1952, Myers and Venderleeden 1960, Freipe ot al 1968; Brtl and
Teinendegan 1969, Drtl et al 1970, Gilleapie et al 1970 and Feige et al
1971)e The date of Gillespie et al (1970) has boen umed in this thesis
for the discussion below and for caloulations of microdosimetry (Section
B, Chapter I). Thelw vesults are in close agrecment with those of
other investligators.

The decay of ilodine~125 oceurs in two steps (1) transmutation to
the metastable state of tellurium«125 by electron capture (half 1ife
60 £ 045 days)e  (2) Tellurium ™125 decays to tellurium in the ground
atate either by the emission of ¥ vadimtion or by intermal conversion
(half 1ife 1.6 x 10™7 seos).

(1) Blectron Gapture ocours predominantly from the K shell (82.2 pex
cent) the remaining travsitions oceur from the Iy (14e4 per cent), Ly
(0.4 per cent) and M shells (3.0 per cent) (Wepstra et al 1959). This
process utilised 115 Kev of the total 150 Kev of iodine~125. Every
captured electron converts a nuclesy proton into a neutron and a
neutrino; the emission of the neutrino imparts a nuclear mecoil of
0.1 Kev,

(22) & Rodiation: T pew cent of the transition of metastable tellurium
o the ground state ccours by the emission of radiation and by
theoretical conversion coefficients valoulated by Sliv and Bland (1961)
and tabulated by Lederer et al (1967), Gillespie et al (1970) have
ghown that the r»adiation is highly converted, 78 ver cent, 11 per cent,

1 per cent and 3 per cent in the K, Ll,ﬁ- I‘ll and M shells respectively..
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(2b) Internal Conversion: Inergy imparted on the excited nucleus is
tronsferred to the atomic shells causing the expulsion of electrons
from their orbits, Dach emitted electron has an enexgy equal to its
o::iginal excitation energy minus the binding energy. Electrons may
be emitted from K, I‘l’ Ly, or M shells. 78 per cent of all electron
enissions axe from the inner shell and they have the greatest binding
energies, The energy of these emitted electrons is only 3.7 Kev
(3545 = 31.8 Kev)s 10 pexr cent are L, transitions with an energy of
3045 Kev (35¢5 = 5.0 Kev), 1 per cent are I‘ll converaion electrons
with an energy of 30.9 Kev (35.5 = 4.6 Kev) and 4 per cent are M shell
emissions of 34.5 Kev energy (35.5 = 1.0 Kev).

These procegses oreate 193 electron holes, 100 from the original
step of electron capture and 93 from the internal conversions. Outer
shell electrons replace the gaps in the inner shells and because of
the difference in binding energien an excess im created which is
dissipated as soft x-rays. The transfexr of energy to less tightly
bound eleotrons in the outer orbits nay also cause these electronsa to
be ejdcted as low enexrgy Auger or Coster Kronig electrons. The photon
emissions with their respective energies (&), abundance (A) and Kev are
listed in Table AT. Table A8 gives the same information about the
electronic enimsions, which are mostly of very low energy. No B
particlen give nime to useless radiation and 95 pexr cent of them travel
less than one mieron.

Mieroscopic Inhomopeneity Of Lations From Todineel

Although almost 70 pexr cent of the energy of iodine~12% is accounted
for by the low energy X and Jrays only a small amount of this is absorbed
within the thyroid. The reason for this is that the half-value thicke
ness of the majority of the photons especially those in the range 24.5
Kev to 35.5 Kev is considerable and they pass through the thyroid without
depositing energy (Table A9 from Greig 1970). The low energy Te L
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FIeunm A 4

* [-125 ELECTRONS - ENERGY LOSS WITH
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Dose rate
(rad/day for 1mCi 1251 /g)

TIGURE, A 5

[-125 ELECTRONS —DOSE DISTRIBUTIONS (Planes)
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Semi-infinite plane source
8 jt Thick source
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Decrease in the dose rates with distance from plane
sources of iodine-125 of different thicknesses (2,
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TIGURE A 6

I-125 ELECTRONS —~DOSE DISTRIBUTIONS
11| x102 (Spheres)
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‘Rapid fall~-off in dose raie across the boundary of a
gphere when all the ilodine=125 iz within the

circumference of the sphere,



yguns A 7

J-125 ELECTRONS & X-RAYS—DOSE
DISTRIBUTION. (Follicle)

g“
s ¢

A= all 1-125 in colloid
B=90% ~ "
C=mean total gland dose

>
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Dose rate
(rad/day for 1mCi 251 in thyroid)
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Rapid fall in »adlation dose from the collelid across the
apex of the follicular cell towards the hase of the cell

A. Vhen 100 per cent of iodine-l125 is in the colloid

B. Vhen 90 per cent of lodine-125 is in the colloid and
10 per cent in the cell

Ce Mean total gland dose



Table A 9

dpproximate Range of Fmigsions of Todine-125 in Tigsues

(Fzom Greig 1970)

Thumber per 100 Disintegrations Approximates Renge (Microns)

Photons
23 100
112 30 x 10°
24 50 x 10°
7.3 70 % 107
376 0.02
78 0.30
156 0.40
15.4 12,00
8.8 15,00
12,0 22,00
3.7 26.00




X rays (3.7 Kev) are almost all ebsorbed in the thyroid but in the xat
these emispions and the ¥ rays are responsible for only about 15 per
cent of the absorbed dose in the gland; in the larger humen thyroid
this may be increased to 20 or 25 per cent. _

The majority of the energy deposited in the thyrold is therefore
due to the low enexrgy electronic emissions. Glllespie et al (1970)
and Greig (1970) have calculated that from e point source of iodine-
125 few electrons travel more then 15 microns and the maximum range
is 26 miorons (Figure A4). Table A9.1ists the quantity and range of
the emitted electrons in tissues. A similar pattern is true for
iodine~125 radiations from plane sources of varying thicknesses; a
rapld fall off in dose rate occurs in the first few microns from the
source and thisg is most apparent when the source is only 1 micron
thick (Figure A5).

From & spherical source of iodine~125 there is a dyamatic fall
off in dose rate across the sphere boundary (Figure A6), and alteration
of the size of the sphere from 35 microns to 70 microns (chosen for
similarity to proportions of colloid in rat follicles) does not
greatly alter thim. Factora which do affect the absorbed dome rate
(rads per mCi per doy) are differences in the sime of the glend and
changes in the relative proportions of the radionuclide within the
colloid or the follicular cell (Figure A7)« Iodine~125 has to cross
the cell to be incorporated in the thyroglobulin and i1t re~entera the
cell when resorption and proteolysis of colloid containing iodine~125
occurs. DBven considering these factors the intracellular content of
lodine~125 ip not greater than 10 per cent and mgy be closer to zero
(Nadler et al 1962, Wetzel et al 1965), thus 90 per cent or more of
the radionuclide is in the collold.

The totel radiation dose from lodine-125 (electronic and photon)
compared with iodine~131 on the thyrold is illustrated diagrammatically
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FIGURE A 8
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in Pigure A8. The importonce of this rapid fall off in radiocactivity
in discussed below in relation to the wadiobiologioal effects in the
experimental animal. Calculations of follicular c¢ell rad doses in
thyrotoxic patients treated with iodine~125 are based on the principles
outlined sbove (Section B, Chapter I).
Production Of Todine=-125

There are several methods of producing iodine~125 (Myers and
Vaenderleeden 1960, Harper et al 1963). The method described below is
used by the Radiochemiocal Centre (Amersham) who supply the therapy doses.

Enriched Xenon~124 is irvradiasted for one month at a flux between
1 %o 2 % 1074 neutrons per cm per em?.  The material obtained contains
equal amounts of iodine-125 and lodine~126 and it is left to decay for
geveral months to allow iodine~126 with a short half life (12.8 days) to
disappear. The eventusl combination contains less than 1 per cent
iodine=126 and this can be further reduced using a loop process
circulating through chavecoal.

Cost Of Todine=-125

At the present time the cost of iodine-125, £2.,00 per mCi, is
grester then had been envisaged (Myers 1965). There is, however, a
greatly expanding market for iodine~125 for in vivo and in vitro
diagnostic applications. If the therapeutic possibilities discussed
below are substantiated this market will be considerably expanded.
Todine~131 costs £0.20 per mCi but its sales have reached a plateau.
Continued expansion of sales of iodine-~125 at the present rate will
bring the relative costs of these madicnuclides to £1.00 and £0.20
per mCi in 5 years time and £0.50 and £0.30 per mCi in a decade.

Non _Therapeutic Uses of Todine=12% Baged
On Physical Propertieg Of The Radionuclide

Myers (1965) reviewed over 90 published reports of the uses of

iodine~125 which had been developed in the 4 yeaws following its
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"medical renaiscence".e The half-life of 60 days provided a conveniently
long shelf life to allow preparation and transport of doses anywhere in
the world with no material loss of radicactivity. The emissions have
an enormous potential for both in wvivo and in vitro medical and biow-
logical investigations. DBecause of the low intensity of the photons,
thimmer crystals and less shielding are necessary and counting apparatus
can be eagily handled and inexpensive.

Thyroid scanming may vexy satisfactorily be done using the 27.2 Kev
to 35.5 Kev photon emissions (Charkes 1964) and iodine-125 has been used
for routine thyroid function tests (Ben Porath et al 1966) corrections,
however, must be made for the mize of the thyroid (Rollo 1971). The
high ¥ to B ratio reduces the total body radiation dose which is
impovtant if this radionuclide is used for in vivo diagnosis in ohildren
(Riccabons 196%5). Measurements of bone denplty are possible using
iodine=-125 as a source of goft x rays (Cameron 1964). ‘The low energy
convergion and Auger electronic emissions are ideal for high resolution
autoradiographs (Andros and Wollman 1964, Woyan et al 1963, Stein and
Gross 1964).

Sumnary of Emissions of Todine-125: Relation to

Theoretical Use in Treatment of Thyrotoxicosis

The abundance of low energy electrons from iodine-~125 in theory
suggeat that if thisg radionuclide is used therapeutically, the
functional segment of the follicular cell, the apex, should be subjected
to a much higher dome rate than the nucleus. The dose rate across the
cell does not fall to mero, however, hecause of the photon emissions,
but the rad dose at the colloid cell interface is 3 or 4 times that at
the nuclear level, 10 microns from the colloid (Gillesple et al 1970,
Wermer et al 1970). However, by incorporating o quality Factor to convert
the dose rates from rads to wems the membrane dose is increased to about

6 times the doge at the nucleus (Lewitus et al 1971). The meason for
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this is that the quality factor is greater than one for the low energy
electrons which travel 0.05 to 0.5 microns and hence preferentially
irradiate the apical segment. SBince these electrons do not travel as
far as the nucleus the quality factor at that level remains one and the
dose is the same in rads oxr ryems.

To examine whetheor lodine-l25 preferventially does reduce hormone
gynthetic function several groups of investigators, not all interested
in its therapeutie application, have compared the effects of this radio~
nuclide with iodine-131 in experimental snimals,

Radiobiological Effects of Todine~125 in
Experimental Animal: Comparison With Todine-131

A useful technique for assessing the degree of thyroid radiation
damage 1s to measure the growth response of the gland to a goitrogenic
gtimulus (Doniach and Logothetopoulos 1955). Gross et al (1968) have
compared the respective radiation effects of lodine~125% snd iodine-131
utilising thig technique. Todine~131 in increasing dosés progregsively
diminished fhe expected goitrogenic response prbbahly because of intense
nuclear irradiation. Todine~125 in equivalent doses did not interfere
with this response and indeed the total thyroid D.N.A. content was
increased in animaels treated with this radionuclide., Nevertheless
rate treated with iodine-125 grew less well than those treated with
iodine~131.- 'This apparent paradox was attributed to an exagerrated
destruction of thyroid hormone,especially iodothyronine,blosynthesis
in the former animals. The pituitary glands from iodine-125 treated.
rats were significantly heavier than those of controls or of animals
treated with iodine~131 suggesting that there was an increased secretion
of pituitery thyrotropin in respounse to the reduced thyroxine prow-
dunction. The normal goitrogenic response illustrated that the
follicular cells were still capable of responding to T.S.H. by
producing DN.A. and becoming hypertiophio. In a separate investigation
Groms et al (1968) found two thyroid tumours in rats treated with
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lodine~125,

Todine-125, therefore, causer a relatively greater reduction in
thyroxine synthesis than does iodine-~13l; thyroxine production is
partly a funetion of the folliculax cell apex. Todine~131 on the
other hand predominantly sffects the response to thyrotropin and D.N.A.
production both of which are regulated in the basal segment of the cell.

Greig et al (1970) have investigated the survival of vat thyroid
cells after irradistion by iodine~13l, iodine~125 and X rays regpectivem
ly. Because of the extremely low rate of follicular cell proliferation
in euthyrold vats an artificially inoreased rate was induced by methyl-
thiouraeil to facilitate the measuvement of any differences. The Do
valvea for x rays, lodine-l3l and iodine~125 were 450 rads, 5,500 rads
and 9,400 radm. The explanation for the difference in Do values for
the two radionuclides was the inhomogeneous absorption of radiation
acrons ‘the follicular cells in the iodine~12%5 treated rate which
glgnificantly reduced the nuclear dose rate. The intense apical
cytoplasmic dose did not, therefore, appear to be important in the
maintenance of cell viability or reproduction. This thesis has been
confirmed by the investigation of Munwo (1970) who found no reduction
in viability of Chinese hemster fibroblamts after intense &t irradiation
of the cytoplasm,nuclear radiation rapidly induced death of the cells.
Red blood corpuscles are not killed unless subjected to very large
doses of radiation (Schiffer et al 1966) probably because they are non
nucleated.

An elegont series of experiments to compare the radiobiological
effects of iodine-125 and iodine~131 in rats have heen conducted by
Vickery and Williams (1971) and they confirm that iodine-131 in
inoreasing doses produces a progressive diminution of the expected
response to a goitrogen.  The effect of lodine~13) was increased if

befove the radionuclide was given the rats were fed an iodine deficient
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diet to increase the thyroidal uptake of radioiodine=-131. ITodine~125
414 not diminish the goitrogenic response or produce the same degree of
thyroid destruction in rats fed a normel diet and despite the increased
radionuolide uptake afler a perlod of reduced lodine intake there was
surprisingly even less inhibition of goitrogenesis ox cell destruction.

Todine deficiency produces histologicel alterations in the
follicular cell similar to those encountered in thyrotoxicosis. The
nucleus lies basally in the folliele cell which becomes columnarin shape.
It iz, therefore, at a greater distance from the collold and hence the
lodine~125 irradiation source. The influence of this gap, probably
about 10 micvons, on the radioblological effeots of iodine-125 was
dramatic. In the rats fed on a norral diet the ratio of destruective
effectiveness of iodine~131 o iodine-125 waes 18 to 1 (Vickery and
Williams 1971). Caleulations from iodine deficient animals gave a
ratio of 60 to 1, iodine-125 produced even less cell destruction than
it did In movmal glandsg.

In animals trested with smell doses of the vradiormelides, nuclear
abervations typlcal of irradiation (Maloof et al 1952, Vickery 1964)

were more common in the ilodine~131 treated animals. Large doses of
iodine=131 (300 uCi) cause severe and widespread damage and resulited
in total fibrous replacement of the gland yet the same lange doses of
jodine~125 resulted were associated with Yexcellent pregervation of
gtruoture’.

Jongejan and Van Putten (1972) have desigmed a trial of experiments
to compare the radiation effects of different doses of iodine~131 and
jodine-125 on functions located at the level of the apex, at the nucleus
and at the base of rat and mice follicular cells. They selected (a)
production of thyroid hormones (b) the maintenance of cellular
astructure and (¢) the integrity of the lodide concentrating mechanism

as representative functions of these regpective levels. The degree of
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inhibition of each of these processes hag been measured in experimental
animals treated with these radlonuclides.

Iodine~131 was twenty times as effective s ilodine-l25 in reducing
the level of ciroulating thyroxine, slxteen times as potent in producing
nuclear damage and twenty times as effective in suppressing the lodide
teapping mechenigm. It i relevant that the relative cellulex
degtruetive effects of the radionuclides in the experiments of Jongejan
and Van Putten were almopt identical to the results obtained by Vickery
and Williams (1971). The former authors believed because they were
unable to demongtrate any gross variation in the radiation effects of
Jodine~125 across the length of the cell that iLodine~12% has no
extranuclear effect and they cited as additional evidence the work of
Schiffer et al (1966) who have shown that radiation of the red blood
corpuacle deoes not affect its funetion. Their conclusions are, howevern,
open to discussion. Primarily there is no experimental evidence that
the aplecal functional area of the follioculax cell responds 40 radiation
in the same way as the red blood corpusele. Clinical evidence will be
presented below to suggest that there is a difference in effect of
1odine=125 and iodine=131 and that the action of ilodine«~125 is not
gpolely a nuclear effect.

Tewitus and Shsehem (1971) studied various paremeters of thyroid
function in wats treated with iodine-125. Iven without the
administration of a goitrogen the mass of the thyroid was found to
increase from one week after administration of iodine-125 and this
persgiated Lfor 3 months. These animals nevertheless had deficient
hormone synthesgis and pituitary T.8.H. wasg probably the stimulus for
thyroid enlargement. Similar findings were described by Konecny
(1969) who also confirmed that vadiation changes in the thyroid were
of much less degree in jodine-125 treated animals compared with iodine-
131.
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The wodformnity of the resulis in these experiments confirm that
in the thyroid of experimental animale the effects of iodine-125 are
diffevent from iodine-~l3l, 'The former wradionuclide caused marked
reduction in hormone synthesis which was easily explained by the
intense irradiation of the cell apex by low energy electrons (3.7 Kev
and less). Although about 4 per cent of the electrons travel as far
as the nucleurn which also received photon irradiation the reduced
miclegr doze gllowed not only survival of the cell but the ability to
hypertrophy and divide when stimulated by T.S.H.

The histological snatony and physiological functions of the
thyrotoxic follicular cell are ocutlined, The cell apex is important
for hormone synthesis, the nucleus at the base of the cell is necessary
for viability and reproduction., Hypothyroidism after lodine-131
therapy is due to intense nuclear irradiation.

The decay of iodine«125 ig desoribed in detail. The major
emipgiong are very low energy electrons and when iodine-125 is stored
in the colloid i+t ceuses intense irradistion of the apex (functional
zone) and leaves the nucleus (reproductive zone) relatively unscathed
(Migure A9). Radiobiologicel experiments in animals have shown that
iodine~125 does in fact diminish cell function preferentially and cell

divisional capacity is not iupaived to the same extent.
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Section B

Treatment Of Thyrotoxicosis With Iodine-125

Clinical Trizle

Chapter I

Treatment Of Thyrotoxicosis With JTodine~125
Filot Study and Dosimetry

41



Introduction

Todine~131, because of the mutually unsolvable problems of the
cunnlative incidence of hypothyroidism and the slow rate of symptomatic
control, is not the ideal radiomuclide for the treatment of thyro-
toxicosis (Section A, Chapter I). The phyesical decay of iodine-125
with ite zich spectrum of low energy electrons railses the poseibility
that this radioisotope might partially overcome both of the deficiencies
of iodine-13l., The working hypothesis thal iodine~125 does preo=
ferentially reduce thyroid cell function without causing cellular death
or sterilisation has been confirmed by animal experiments (Section A,
Chapter IXI). Limited txials in thyrotoxic patients were undertaken to
asgess vhether radiobiological differences would be of clinical benefit
a8 had been proposed by Greig (1968).

Pilot Study

Once permission to prescribe therapeutic domes of iodine«~125 had
been obtained from the Isotope Advisory Panel of the Medical Research
Council, the first important factor to decide was the dose range which
ghould be used in the preliminary studles. The low energy eleotronic
emlgmiong produce an intense irradiation of the colloid cell interface,
but the raplid fall off in radiation across the cell when iodine-125 is
used means that the nucleus is subjected to a considerably reduced rad
doge compared with an equivalent dose of iodine~131l. Therefore iwo
possible approaches had to be congidered. TFirstly small doses of
lodine«125 could be prescribed to produce an apical cytoplasmic dose
gimilar to that delivered by standard amounts of lodine-~131. This
would greatly reduce nuclear exposure. The alternative method was to
use amounts of iodine~-125 which would expose the nueclei of the
folliounlaxr cellg to the same dose rate as iodine-13le The latter
technigue wasg adopted for the following reason, If emall doses of

jodine~125 had not produced a clinical improvement the plamming of
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subsequent studies would have bheen difficults. VWith the lawge doses
the nueclear irradistion should produce resulis at least as good as
atandard amounts of ilodine~131 and if they were found to be ineffective
further trials could confidently be sbandoned altogether since the
total body radiation burden of larger doses would be prohibitive,

Uging iodine~131 a fairly predictable response can he expeoted
with a dose of 10,000 rads, at least 50 per cent of the patients
pecovering in about 3 months. A decigion was made to commence the
triel with quantities of iodine-125 which would deposit this smount
of radiation at 10 microns from the source (the distence of the nucleus
from the collold in the elongated thyrotoxic folliocular eell). Since
the nuclear doge ip reduced by about 80 per cent with iodine~125 the
original doses premcribed were the standard iodine-131l doses multiplied
by a factor of 4.

Patients Siudied

10 patients all over 60 years of age with confimmed thyrotoxicosisg
received large doses of iodine=-125 (Table Bl). The average dose
prescribed was 38.2 w0l and two patients wxeceived more than 50 mCi.

The mean time fox recovery was 8.5 weeks (8 had normal thyroid status
hoth olinically amd biochemically by 10 weeks) and all 10 were euthyroid
within 20 weeks (Greig et al 1969). The patients who received the
largest domes, 56,0 mCi and 57.0 mCi, ave still euthyroid after 37 and
39 months respectively. With lodine-131 a less satisfaoctory wate of
control and recovery would have been expected and alwmost certainly at
leant 3 of the patients would have required retreatment.

The justification for the trials and for these dose schedules was,
therefore, complete and the outetanding consistenoy of recovery
suggented, though did not prove, that part of the effect of iodine-125

was indeed extranuclear. Hypothyroidism was predicteble with these
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ruclear dose rates and it wvapidly occurred in 3 of the 10 patients.
Todine~125 was, therefore, known to produce rapid clinical control of
thyrotoxiconis but it was then necessary using empirical dose schedules
to prescribe successively smaller amounts and by careful clinical
aggepsment decide which produced the best outcome. The pllot group
received approximately 1,000 uCi per estimeted gram of thyroid and

this small group has grown by the accretion of 7 additional patients
vho have wreceived more than 750 uCi per gram of thyroid. The trials
were extended using progressively smaller doses per gram of thyroid
(Greig et al 1971, McDougall et al 1970, McDougall et al 197la, 1971D).
There are now in addition to the group of 17 patients who have recelved
the lamgent therapy doses, 6 other tregtment groups who have been given
651 to T50 uCi, 551 to 650 uCi, 451 %o 550 uCi, 351 to 450 uCi, 251 to
350 uCi and 151 to 250 uCi per gram of thyroid. Details of the patients
in these groups are comprehensively discussed in Section B, Chapter IT.

Calculation Of Rad Doge At Different levels
of o id Tolliculan Cell

The B particles emitted by iodine-131 travel distances which are
coneiderably greater thon the sizge of individual follicular cells ox
even thyroid follicles. With this madionuclide the irradiation of
the whole gland is fairly uwniform and the mean gland dose which is the
figure used for therapy is an acocurate indiecator of the irvadiation of
21l partes within the gland. With iodine~125 this is not the casge.
Photon emissiong do irradiate the whole gland but their contribution isg
small. Because of the low energies of the electrons (especially those
between 0.2 Kev and 3.7 Kev) there is no cross fire between follicles
and the electron dose at any point in a follicle ig due spolely to the
activity of that follicle. The mgjority of the electrons have ranges
of lesp then 1 micron thus the dose at the nuclear level of the

follicular cell ig only a fraction of the dome at the colloid cell
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interfece even when the photon component is added to the importent
electronic component. Total thywvoid rad dose is, therefore,meaningw
ledgs with reference to lodine-125 therapy, and the importent dosme rates
are at colloid cell interface and at the folliocular cell nucleus (10
mlcrons from colloid cell interface). Gillespie et al (1970) using
models have caloulated the rad dose from 1 mCi iodine~125 per day at
these leveln. Theve are certain factora which alter ﬁhe.dosa rates,
the first being the velative proportions of the radionuclide in the
follicular cell and in the colloid. In general more than 90 per cent
of stable iodine is in the colloid and 10 per cent in the cells (Nadler
et al 1962) the same obtains. for iodine-125. If 100 per cent of the
iodine~125 is in the colleid the nuclear dose mate wilill be less than if
10 per cent of the radionuclide wemaing in the follicular cells. Tor
caleulations in this thesis it has been accepted that 10 per cent of
the lodine~125 ig in the cell and thue the nuclear rad dose quoted may
be slightly exagervated. The dose wate also varies depending on the
gland size and on the fraction of the gland which ig colleids Rad
caleulations have been based on the clinical estimation of gland mass
and in each patient the colloid fraction hag been taken am 15 per cent,
Using the general calculations of Gillespie et al (1970) which have been
expanded to include glands welghing from 20 gram to 100 gram (Table B2)
it 1s possible to conmtrvet graphs for the dose xate per mCi iodine-
125 per day at different distances from the colloid in thyrold glends
of different masses. TFlgure Bl shows the vrad doses that one mCi

would produce at the colloid cell interfsce and at one and 10 microns
from the apical membrane assuming in each case that 90 per cent of the
iodine~125 ig in the colloid and 10 per cent in the follicular cell

and that the colloid fraction is 15 pexr cents Using the reading in
rads per day per mCi iodine~l25 from the desired graph it iam poszible

to caleulated the total rad dose at any level in the cell in any patient
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from the foxmile

Rad Doge = R x Administered Dose (m0i) x Percentage Thyroid Uptake of

Doge x Te (1)
100
Where R = Reading from graph (as described)
Te = Bffective half 1life of lodine~12% in thyroid

The factors in the caloulation of (R) which ave difficult if not
imposgible to estimate have been disoussed. The administered dose is
an exact measurement in this equation but the percentage uptaeke of
iodine~125 into the thyroid is difficult to obtain. Todine~125 emits
photons in the 27 to 35 Kev range and although there is a high relative
photon energy vatio which mskes the nuelide suitable for counting
(Riceabona 1965, Ben Porath et al 196G) gbsorption of radiation in
glands of different sizes must be taken into account. Methods which
have been designed to overcome thim problem are rotating detectors
\(Gillespie and Fraser 1972) end application of the inverse square law
prineiple (Rollo 1971) but because of the problem of exact measurement
with iodine-125 the 24 hour uptake of the diagnostic tracer dose of
jodine~131l was accepted to be representative of the uptake of the
't:herapy dose. This may hold true for some patients but fluetuations
in uptake over short periods of time are known to occur (Silver 1968,
Childs and Holbrook 1969). The final measurement of this formula, the
effective half life of the iodine-~125, is subject to the great
individual variation. Tor the basis of the ealceulutions an effective
half life of 15 days has been used. This result was obtained from the

formla
1 1 1
Te = T X Tp (2)

Where Tg = Biological half 1life which is on average 20 days
in a thyrotoxic patient (Rhodes and Wagner 1971)

Tp = Physical half life (60 daya)
4 patients had serial whole body counts before and at intervals

after iodine-125 therapy in an effort to calculate the effective half
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life. Beeause of the difficultles in counting iodine~125 discussed
above it was impossible to obtain a smooth curve of ;adioantive fall
off with time. Invariably the whole body iodine~125 radioactive
reading immediately after therapy was lower than the result 3 or 4

days later. The reason for this is that fox the firet estimation

the radionuclide wag in the gastrointestinal canal shielded by

several centimetres of suboutaneous tissue whereas for the latter
reading the vast majority of the maxeiial waz concentrated super-
fieially in the thyroid. Using this direct but inaccurate method

the effective half life ranged from sbout 7 to 20 days. The mame
problem was encountered by Werner et al (1970) who found the range
from 6 to 27 days. To overcome the counting difficulties 5 patients.
were given a 50 uCi tracer of iodine-131 simmltaneously with the
therapy dose of iodine-~125, The 364 Xev photons from iodine~131 could
then be accurately counted irraépective of the depth of the isotope in
the body. Since both redionuclides were being handled simultaneously
in the body it is failr to conclude that the biologlecal half lives would
be the same. TUsing this justifiable ascumption the following series
of gteps were undertaken. The effective half life of Jodine-131 in
the patient was calculated by serial whole hody measurements making
standard corrections for the background radiation and fall in radio-
activity in a phantoms Once this was obtained the biologlcal half
life was calculated from formula (2). With this result the effective
half life of iodine~125 was obtained from the same equation but
substituting the physical half life of 60 days. Table B3 shows the
effective half life of iodine=-125 in 4 patients by direct measurement
and 5 patients by this indirect technigue. The effective half lifes
by the latter approach show a small variation (25 to 33 days). Recently
the effective half life of iodine-125 in the thyrolds of geven euthyroid

radiation workers accidently exposed to lodine-125% vapour was calculated
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to be 41 * 2 days (Bordell et al 1972).

From the above argument the result of 15 days may be used as a
working average figure but in sone patients the effective half life
nay be twice as long snd if the effective half life is doubled the
rad dose to the patient is doubled. 'Table B4 shows the mean resulis
obtained by simple but tedious application of equation (1) in the
calculation of the rad dose at the colloid cell interface and at the
level of the nucleus in the follicular cells. For each patient the
uptake of iscotope, the dose presoribed, and the reading from the graph
depending on gland size have been mulitiplied together and the total
miltiplied by 15. The aversge vesulis and standard exror have been
calculated in all the patients who became euthyroid and hypothyroid
or who remained thyrotoxic after iodine-~125., The mean vesults in
the 7 treatment groups ave also shown. - In brackets axe the results
if the mean effective half 1ife is 30 days this gives the greatest
possible mean rad dose which could occur. Although it is agnreed that
gome patients would have thiz amount of radiation the smaller vesults
are most certainly a more accurate guide to the whole group of patients.
Detalls of the total group of iodine-125% treated patients wlll be given
in Section B, Chapter II.

Summary

A pilot study with large doses of ilodine~125 in the treatment of
thyrotoxicosia was extremely successful and justified extension of the
trialp with smaller therapy dosesn.

Calculation of the rad dose to variocus levels of the thyrotoxic
follicular cell involves the use of several assumptions which are

hoped +to be valid when large numbers of patients are involved.
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Section B

Chapter II

Treatment OF Thyrotoxicosis With IJodine-125:

Tull Scale Clinical Treial
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Introduction

The clinical oubtcome of 265 patients treated with lodine~i25 at
the Department of Nuclear Medleine of the Royal Infirmary, Glasgow,
from the commencement of the pilot study on 26th July, 1968, up until
the first of October, 1971, is described in detail. No patient
treated within this group has been exclunded. The length of follow up
in patients treated after the first of October has been too short for
agsessment.

Selection of Patients for Todine-125 Thorapy

Since the rate of symptomatic response to iodine-l25 was unknown,
81l of the patients treated at the start of the trial were reviewed
frequently. There was, therefore, a tendency to select patients who
lived within g radius of about 30 miles of the Royal Infimmary. ALl
patients treated with iodine~125, lrrespective of their source of
referral, continued to alttend clinics at the Department of Wuclear
Medicines o smpll poxportion of the 70 patients who were referred
from other centres were also supervised ot their "parent" hospital.

Tor two reasons a definitive policy was adopted to treat patients
with smell diffuse thywold glands. Tirstly estimation of the gland
size by palpation was simpler and secondly any nodules arising after
therapy would be detected more easily. After conslderably experience
had been gained a small number of patients with multinodular (14) ox
gingle toxie nodules (2) were treated with iodine~125. Therapy was
restrlcted, as far ag possible, to those aged 40 yeaw or oldexn.

Pre-Therapy Diagnosis of Thyrotoxicosis

Pationts referred for vadioiodine therapy usually weve already
diagnosed ap thyrotoxic with confirmatory laboratory evidence of the
diagnogis. IT the only documented deta was biochemiecal (protein
bound iodine-127) the percentage thyroidal upteke of a 5 uCi tracer

doge of iodine~131 24 hours after adninisitraetion was estimated 1o
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provide additlonal information. This result was available in 262 of
the 265 patients before treatment was prescribed, the average result
was 64 per cont (normal range 20 per cent to 50 per cent). The
protein bound iodine=-127 was also estimated in 137 patients (51.2 per
cent of the total group) the mean result wes 12.9 ug per 100 mls. and
the menge 6«8 to 20.0 ug per 100 mls. (nowmal range 440 to 8.0 ug per
100 mlge)e
Digcussion With Patient

Before treatment was prescyribed either Dr. W.R. Greig or T
interviewed each of the patienta. The severity of the disease in
each individual was assesmed and the begimming of ah inportant rapport
eptablished. Tme was teken to explain the nature of the therapy,
ite lack of side effects and the probable rate of recovery. The
possible need for retreatuent or ocourrence of thyroid failure in the
future were introduced to emphasize the importance of intermittent
review after thewvapys All patients still in the fertlle age range
were advised to take contraceptive precautions foxr one year from the
time of treatment.

Adminigtration of Therapy Dose

After calculation of the individual domes in the marmer gescribed
before, the therapy doses were ordered from the Radiochemical Centre,
Amersbom. Therapy drinks were always prescribed on a TFriday.
Knowledgeable advice was sought about precautions to be adopted to
gafepuard radiation exposure and after detalled congideration it was
deemed umnecessary to take special precawtions sbout the dlsposal of
radiosctive excreta and mowt of the patients attended the Depaviment
of Wuclear Medicine for only a few minutes on an outpatient basis.
Nevertheless strict attention was paid to the technique of adminiptretion

care being taken to avoid contamination.



Review Arrencements After Therapy

Routine reviews of the patients were undertaken by only two
physicians (Dr. W.R. Greig and myself). This was important not only
in the assessment of the therapeutic responge but also in the
naintenance of each patient's morale especially at times when the rate
of recovery did not meet his or her expectations. If any patient
falled to keep a elinical appointment s new date was arranged for one
week later. |

e necesslty for frequent reopsessment has been discussed and
olmost every one of the firet 50 patients returned at fortnightly
intervals until euthyroids with greater experience in the pattern of
recovery the frequency of follow up visiie was reduced. . Patients were
then reviewed routinely four weeks gfter the therapy dose and depending
on the general condition of each individual the succeeding visites were
plenned accordingly. If thexe was no diminution in the thyrotoxic
features reviews were planned more often so that any adjuvant therapy
or retreatment could he introduced without delay. Patlents who became
euthyroid and vremained po returned after progressively longer intervaels,
two, three, four and six months. When a clinical suspicion of sub-
thyrolidism arose a sample of venous blood was withdrawn for estimation
of serum protein bound iodine~127 and or serum thyroxine and review
arrvenged one or two weeks later. With the knowledge of the biochemical
results a decision was reached whether or not to start 1ife long
replacement therapy. No attempt was made to wean patients off thyroxine
once it had been gstarted though two patients did stop it of their owm
accord. HBven when hypothyroid,patients were well established on

thyroxine therapy they have been reviewed at 6 monthly intervals.
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Table B 6

RN s e

Gland. Size Before Todine-125 Thevepy

Glond Mass (@) Wumber of Patients Per Cent of Toial
25 53 2040
30 | 58 2:%.9
35 20 746
40 62 2344
45 5 _ 1.9
50 51 19.2
Gregler then 50 13 449
ot Yoted 3 ll

265 100,0




Patients Treoted With Todine~125
Sex and Age Distribution
227 (85,7 per cent) of the treatment group ave female and 38 are

mole (14.3 per cent). The age distribution of the patients at the

time of treatment is shown in Table B5., The age mange from 33 to 76
years includes 10 patients (3.8 per cent) who were under 40 yeaxrs, 9

of these patients were either 38 or 39 year old. Almost three quaerters
of the total group (73.3 per cent) were aged between 40 and 59 years and
only three (1.1 per cent) were 75 years of age or older.

Thyrold Gland Mass Before Treatment

Betimation of the thyroid welghts wap made by paipation and
expressed to the nearest 5 grams. Impalpsble glands were empirically
accepted as weighing 25 grams and this was the lower end of the weight
range, 75 grams was the heaviest. T2.5 per cent of the glands were
estimated to weigh 40 gwram or less. Detaile of the number and pere
centage of patients with glands of different masses are shown in Teble

B6. No record of gland mess was made in 3 of the patients (1.1 per

cent).

Doge of Todine-125 (uCi) Adminigtered Pexr Gram Thyroid

Iach patient received g preselected dose of lodine-125 per estimated
gram of thyroid. ‘The total adminiptered dose was caloulated from the
formuls

Administered Dose (mCi) = Desired uCi dose per gram x Thyroid mass (gvam)

1,000

7T treatment groups received the following mean doses, 203.3 uCi
per gram (range 151=-250), 309.6 uCi per gram (range 251-350), 399.1 uCi
per gram (range 351~450), 498.1 uCi per gram (ranmge 451=550), 600.9 uCi
per gram (range 551=~660), 692.6 uCi per gram (range 651«750) and 995.3
uCi per gram (ereater than 750). Most of the patients in each group

received a "whole numbex" dose, 200 uCi, 300 uCi etc. per gram. The
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Table B 7

Numbex and Percentage of Patients who Received Different

Adwinistered Doses of Todine-125 Per Gram Thyroid

Dope Range (uCi/G) Hean Numbew of Patients Percentage of Total

Lesgs than 150 2 0.8
151 - 250 203.3 45 17.0
251 -~ 350 309.6 61 23.0
351 = 450 399.1 48 18,1
451 - 550 498.1 32 12.1
551 =~ 650 600.,9 35 13.2
651 = 750 692.6 22 8.3

Greater than

750 99543 7 Ged
Not Moted 3 Lal

265 100.0




Table B 8

Initial Doses OFf Todine-125

Dose (mCi) Number of Patients  Pexcentage of Total

5 or less 15 SeT
6 - 10 65 24.5
11 - 15 76 28,7
16 ~ 20 55 20,7
2L - 25 22 8.3
26 = 30 25 944
31 - 35 0 0
36 - 40 4 1.5
41 - 45 0 0

46 = 50 1 0e4
Greater than 50 2 0.8

265 100.0




Table B 9

Total Results Aftex Jodine-125 Therapy

Btatusn Number of Pallénts Per Cent of Total
Buthyroid 179 675
Hypothyroid 42 15.9
Thyrotoxio 33 12.5
Hoquivocal 3 340

Not Followed 3 1.1

Total 265 10040




Table B 10

Outcome Following Todine-125 Relation to Sex of Patient

Females Males

Tumber  Percentage HWumber  Perventage

Total 227 85.7 38 14.3
Hypothyroid 39 17.2 3 Te9
Thyrotoxic 28 13.2 5 13.1
Hquivoesal 8 3.5

Fot Followed 3 1.3

fean Follow (months)  19.0 1749

Range (2-41) (3-36)




number in each treatment group and the perocentage of the total group
arae shown in M™gure BT. 2 patients received less then 150 wli per
gram of thyroid and the dose per gram was not calculated in the 3
patients whose gland sizes were not estimated.

Initial Total Dose of Iodine~12%5

The initial therapy doses calculated from the formule above wvaried
in gmount from 5.0 to 57.0 mCi. The number and percentage of patients
treated with doses within a 5 m0i range ave tabulated (B8). The wange
from 11.0 t0 15.0 u0i was the most frequently used and 80.0 per cent of
the patients received 20.0 mCi ox less for the Lfirst therapy drink.

Resulta

Outcome in Total Treatment Group

179 of the entirve group of 265 patients are euthyroid (67.5 per
cent), 42 (15.9 per cent) have hocome hypothyroid and 33 (12.5 per cent)
vemain thyrotoxic (Table B9). 8 female patients (3.0 per cent) ave
classified as "equivoocal"eince although they are elinically euthyroid
this glatus is not substantiated by leboratory nesults. Desplte
unceasing requests to attend for review 3 female patients (1.1 per cent)

did not do so.

Relation of Sex of Patient to Lventual Thyxoid Stetus
Table B10 records the percentage of male and female patients in

these 5 outcome categories. 04.8 per cent of the females are euthyroid
compared with 79.0 per cent of the males, the inecidence of hypothyroidism
in males (7.9 per cent) is lower than in females (17.2 per cent). An
almost identical proportion of male and female patients ave still thyrow
toxic. ‘There is no statistical difference in the length of follow up,
the aveéag@ time for females iz 19.0 £ 9.3 months (range 2 to 41 ﬁcnthﬂ)

end Por males 17.9 & 8.3 months (range 3 to 36 months).
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Euthyroid Patients (Table B11)

0F the 179 clinically euthyroid patients 149 ave female (83.2 per
cent) and 30 male (lé.é per cent)s Thelr average age at the time of
the initial thevapy was 52.0 years (range 33.0 to 76.0 years) and an
average dose of 442.2 ¥ 192.8 uCi iodine-125 was prescribed per gram
of thyroid (wange éOO to 1,120 uCi per gram) and the average fired
dose was 16.9 % 9.43 (renge 5.0 to 57.0 mCi). Retrompective
caloulatbions of the rad dose at the nuclear and apical levels of the
follicular cells were 4,500 and 15,000 vespeotively (approximate).
These patients have been under supervision for 19.7 ¥ 8.7 months
(range 3 to 41 months).

Hypothyroid Patients (Table B11)

42 patients of average age 52.7 years (renge 38 to 69) have become

hypothyroid at varying intervals of time after iodine-125 therapy. 39
(92,9 per cent) are female and 3 (7.1 per cent) male. The mean
administered dose per gram of thyroid was 581.7 = 273.7 uGi (range 200
to 1,600 uCi per gram) and the mean initial therapy dose of 20.9 x
8.23 mC1 (range 6.0 to 40.0 mCi). These doses gave an average of
approximéxely 6,000 rads to the follicular cell nueclei and 21,000 rads
to the cell apices. The average length of follow up is 21.2 : Be5
months.

An average of 6.9 months (range 2 to 31 months) passed between the
administration of the therapy dose and the omset of hypothyroidism. The
cumulative percentage of patients who developed this complication and
ite time of onmet are illustrated in Tigure B2. 3 months after
therapy 28.6 per cent were slready hypothyroid,at 6 monthe this had
risen to 66.T per cent and by 1 year to 88.1 per cents 11l.9 per cent
of the hypothyroid patients (1.9 per cent of the total group) developed

thyroid insufficiency more than 1 year after treatmont.




TIGURE B 2

TIME OF ONSET OF HYPOTHYROIDISM

AFTER THERAPY
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Delay in onset of hypothyroidism in 42 patients

expressed as a percentage of the total group
againgt time in months.




2 of the 42 patients were given iodine~12%5 since they had relapsed
after surgloal tvestment of thyrotoxicosis. One patient although
undubi tably clinically thyrotoxic before trestment had completely normal
results of thyroid function (protein bound iodine-=127, 3.6 ug per 100
nles 24 hour uptake of a tracer dose of iodine-131, 40 per cent and 48
hour protein bound iodine-131, 0.18 per cent dose per litre). A
Fourth patient had a well substantiated higtory of hypothyroidism
treated with thyroxine for geveral years beforve she developed thyrow
toxiconlige After iodine-~125 therapy she promptly reverted to the
hypothyroid state.

Thyrotoxic Patients (Teble B1l)

The 33 patients (12.5 per cent of total) who are still thyrotoxic
after iodine~125 (84.8 per cent females, 15.2 per cent male) were 52.4
years of age ot the time of thewapy (range 40 to 75 years). The
average dose prescribed per gram of thywroid was 303.1 T 126.2 uCi and
the initial mean dose 10.7 + 4.4 mCi (range 5 to 2040 mCi). The
nuelear rad dose caleulated in retrospect was about 3,000 rads and the
apical dose about 10,000. Review has been undertaken for 10.2 ¥ Ted
months on average (range 2 to 33 months), one patient followed for only
2 months died from a cerebIQVascuiax accident (Section B, Chapter IIT),
but she was still thyrotoxic at the time of her demige.

In these three main oubcome groupe euthyroid, hypothyroid and
thyrotoxic the doses adminigtered per gram were significantly different
(euthyroid/hypothyroid, P< 0.001: euthyroid/thyrotoxic, P<0.001),

Vhen the to’al doses prescribed were considered this level of
significance was found between the thyrotoxic and euthyroid patients but
the difference belween hypothyrolid snd euthyroid patiente was somewhat
less (0.05 > P> 0.025). There was no difference in the length of time
euthyroid and hypothyroid patients have been under surveillance but the

shorter follow up of the thyrotoxic patients was highly significant
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(P < 0,001) when compared with both of the other groups.
Houivocal Paticntls

8 female patients all clinically well were oxiginelly classified
euthyroid, however, in 3, sexum thyroxine and T.S.H., levels suggested
that they were in fact hypothyroid, the relevance of these findings
will be diseussed in Section C, Chapter I. In the remalning 5 patients
the thyroxine levels weve persistently elevated, though just above the
upper linit of normal.

Outcome Related to Ame of Patient at the Time of Treatment

Tahle Bl2 shows the number and vercontage of patients who arve
enthyroild, hypothyrold and thyrotoxlec after theraspy depending on their
oga at the tlme of treatment. The smallest percentage of euthyroid
patlents are in the age groups 45 to 49 and 65 to 69, 58.2 per cent and
5442 pexr cent vespeotively (Wiguré B3). In these groups a higher
percentage of patients are still thyrotoxic (18.2 pexr cent and 16.7 per
cent) but in the latbter group 25.0 per cent ave also hypothyroid.

Ttelation of Gland Size to Ountcome

Th@ glatus after radiciodine thevepy is welated to the egtimated
welght of the thyroid at the time of therapy (Wable Bl3). 64.6 per
cent with thyroid glends weighing 40 gram or lese ave euthyrold; T5.3
per cent of those with larger glonds have o favourable outcome. The
incidence of hypothyroldiem in those patients with emall thyroids is
17.2 per cent compared with 12,3 per cent in those with larger glands.
Pergiotence of thyrotoxicomis affer therapy is also more common in
patients with thyvoids weighing 40 grem or less, 14.1 per cent againgt
8.2 per cent. Nevertheless, 1f the small munﬁer of patients whose
glands were egtimated ‘té welgh exactly 45 gram, and those with thywoids
of more ‘than 50 gram as well as those whose gland sizes were not

agssessed are excluded, the falrly uwniform distribution of euthyroid,
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hypothyrold and thyrotoxic patients is appavent.

Qutcome Related to Amount of Initial Thevapy Dose

Feom Table Bl4 it can he seen that most of the patients who remained
thyrotoxic after iodine~125 were trested with small doges and persisiance
of toxielty decreases as the size of the thevapy dose increases. HNo
vatient who received sn initisl dose of more than 25.0 mCi is still
thyvotoxic (FigureBl4). The converse is not txue for the hypothyroid
patients; although there is a progressive rise in the proportion of
paticnts vho hecome sublthyrold with larger therapy dosem, this relation-
ship only holds up to the dose mange 26.0 mCi to 30.0 mCi. Only one of
7 pabients wiw received wmove than 30,0 mCi has developed thyrold failure.
The doses associated with the best results are the 11.0 to 15.0 mCi
range (7l.1 per cent eubhyrold) and 16.0 to 20.0 mGi range (74.5 per
cent 'euthy:ﬂoid).

Outcome Related to Initial Administered
Dose (uCi) ver Grem of Thyroid

The 7 treatment groups who were given from 151 to 250 wCi up to the
doses greater than 750 uCi per gram of thyrold have already been defined.
The patient information and outcomes in the 7 groups are listed in Table
B15 and Bl6é. 'The mean dose prescribed per gram in each group is
significently different from every other group (P < 0.001).

Group 1 (151-250 uCi per gream)

45 patients, 41 female and 4 male, received a mean dose of 203.3
uGi per gram of thyroid, the mean initial dose per patient was 6.9 mCi.
57.8 are euthyroid, 8.9 per cent hypothyrolid and 27.6 per cent remain
thyrotoxic after a mean follow up period of 10.4 montha. 4.4 per cent
of the patiente are not allotted to ome of these oulcome groups and 2.2
per cent have not been traced. The folliculax cells have been
subjected to approximately 2,000 and 7,000 mads at the nuclear and
apical levels. 33+3 per cent and 1343 per cent of patients have

required second and third doses wespectively reflecting the problem of
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perpistant thyrotoxicosis.
Group 2 (251-350 uCi per gram)

A mean dose of 309.6 uCl per gram of thyrolid was administered to
61 patients of whom %4 are female. The initial average dose was 1l.7
nCi. After 1l.3 monthe of review 67.2 per cent are euthyroid but 24.6
per cent remain thyrotoxic. Only 4.9 per cent require substitution
therapy with thyroxine, 26,2 per cent recelved a second therapy dose
and 4.9 per cent required g third. The rad doses calculated in
retroppect were about 3,000 to the nuclei and 10,000 to the hormone
synthesising fraction of the follicular cells.

Group 3 (wrange 351=450 uCi per gram thyroid)

48 patients (43 females and 5 males) who received an average initial
dose of 16,6 mCi have been under review for 24.6 months. 87.5 per cent
are euthyroid, 10.4 pexr cent hypothyroid and 2.1 per cent thyrotoxic.
29.2 per cent of this group have required retreatment. The dose rates
were approximately 4,000 and 13,000 xads.

Group 4 (remge 451~550 uCi per gram thyroid)

27 females and % males received an average dose of 19.6 mCi lodine=-
125, This dose was caloulagted to administer a nuclear dose of 5,000
rads and an apleal dose of 16,000 rads. The follow up period is 25.3
monthe and after this time 65.6 per cent are euthyroid and 22.9 per
cent hypothyroid. An equal proportion, 6.3 per cent are thyrotoxic
and equivocal. One therapy dose was sufficient for the treatment of
T per cent of the patients.

‘Groug 5 (range 551~650 uCi per gram thyroid)

Of the 35 patients (30 females and 5 males) who received an average
initial dome of 22,7 nCi and have been asgensed over a period of 22.7
months, 65.7 per cent are euthyroid, 31.4 per cent hypothyroid and the
remainder (2.9 per cent) equivocal. An equal proportion of the group

8.6 per cent required a second or third therapy dose. A nuclear rad
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TIGURE B 5

OUTCOME FOLLOWING 125]
HCi DOSE PER GRAM.
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Table B 17

Humber of Dogesn of Todine-125 Adminigtered

Nuumber of Doses Number of Patients Percentage of Total

1 187 70.6
2 58 2.9
3 18 6.8
4 1 0.4
5 1 0.4

265 100.1




Table

B 18

Outeome Related to Numbexr of Therapy Drinks of Todine-125

Number of Patients

Malos

Females

Meam Age (Years)
Mean Dose (uCi)

Dose Pew Gram (uCi)

Buthyroid  (per cent)
Hypothyroid (per cent)
Thyvotoxie (ver cent)
BEquivocal (per cent)

Wot FPollowed (per cent)

One Dosae

187

(pexr cent) 27 (1444%)
(per cent) 160 (85.6%)

5242
1746
47445

132 (71.15)
37 (19.3%)
11 ( 5.9%)

4 ( 2.1%)
3 (L.60%)

Two Doses
58
7 (12.1%)

51 (82.9%)
5246
144
37341

36 (62415%)
14 ( 6.9%)
17 (29.3%)
1 ( 1.7%)

Thyee Doses
18
3 (16.7%)
15 (83.3%)
5246
12.6
383.3

11 (61.2%)
1 ( 5.6%)
3 (26.7%)

3 (16.7%)




dose of 5,500 rads and apical dose of 20,000 rads has been calculated.
Group 6 (range 651=-750 uCi per grem thyroid)

In this group an average dose of 24.5 m0i has been glven to 22
patients (18 females and 4 male). The nuclear radiation dose was
approximately 6,500 rads and at the cell apex 23,000 rads. 63.4 per
cent are euthyrold 22.4 months after thewapy, 31.8 per cent hypothyroid
and the remsindex have not been traced. A second treatment dose has
been required for 18.2 per cent,

Group 7 (greatex then 750 uCi pexr gram thyroid)

An average dose of 32.2 mCi of iodine-125 has been administered to
17 patients (14 female and 3 male). The nuclear rad dose has been
caleulated to be approximstely 10,000 rads and the dose to the colloide
oell marzin about 35,000 rads. 53.8 per cent are euthyroid and 29.4
per cent hypothyroid29.4 months after therapy. 88.2 per cent of the
group responded to the initial therapy dose.

Mgure BS illustrates graphically the percentage of patients who
are euthyrolid, hypothyroid or thyrotoxic in each of the T groups.

Number of Therapy Doses Preseribed

187 patients (70.6 per cent) have received 1 therapy dose, 58
patients (21.9 per cent) 2 doses and 18 patients (6.8 per cent) have
vequired 3 doses. 1 patient (0.4 per cent) has received a fourth
and 1 (0.4 per ecent) s fifth dose (Table Bl7). Detailed information
about these patients excluding the last 2 patients is shown in Table
B18, Therc is no difference in age in thoge who have required 1 ox
more treatment dose and the sex distribution is algo similar. The
patients who wvesponded to the first therapy dose veceived s larger
initial amount (17.6 mCi) than those who have vequived two (14.4 mCi)
or three doses (12,6 mCi). The dose per gram of thyroid shows a

sinilar pattermm.
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Table B 19

Imltiple Doses

Information about 58 Patients who had Two and 18 Patients

Who required Three Therapy Doses of Todine-125

Humber of Patients

Females

Hales

HMeoan Tirst Dose (mCi) and Range
Hean Second Dose (mCi) and Renge
Mean Whixd Dose (mCi) and Range

Average Delay Between lst and 2nd
Drink (months) and Range

Average Delay Between Znd and 3»d
Drink (months) and Range

™wo Dosen

14.4 (5-50)
14.6 (4~30)

5.5 (2-16)

Three Domsen

18

15

3
12.6 (5-20)
12,6 (5-60)
17.2 (5~40)
4.6 (2~7 )

5.1 (1=10)
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5.9 per cent of the patients treated with one dose ave still
thyrotoxic as arve 29.3 per cent of thoge who have had two drinke and
16.7 per cent of the three dose groups. The number of patients who
have become hypothyroid in the multiple dome groups sre small but this
may be a reflection of a shorter period of follow up since there was
an average delay of 5.5 months between the preseription of firsgt and
second drinks and 4.6 months between second and third doses.

Table B19 lists the information ebout the doses presoribed on the
gecond and third occasions. Of the 58 patients who received 2 doses,
49 had an identical second dose, 8 had a larger dose and 1 patient a
snaller dose. All of the 18 patients who had 3 doses had the same
amount on the second occasion but the third dose was tailored in an
attempt to suit each individual and am a result 9 (50 per cent)
received a lerger and 3 (16.3 per cent) a smaller dose.

Outeome Related to ILength of Tollow Up

In Table B20 the outcome after iodine~12%5 has been related to the
length of time (months) that patients have been under review. A
patient vwho has become hypothyroid at 3 months but has been under review
foxr 21 months ig ineclunded in the 19 to 24 month group. The actual time
of onget of thyvroid failure after therapy has already been discuseed.

In those who have been under review lessg than 6 months, 48 per cent ave
ewthyrold end 52 per cent remain thyvotoxic., The proportion who are
thyrotoxic diminishes with the passage of time and only 3 are not
controlled 18 months after the initial dose. From 7 to 36 months after
treatmont the percentage of hypothyroid patients xemains fairly constant.

Adjuvant Antithyroid Drugs afier Todine-125 Themapy

31 patients (11.7 per cent of the total group) required additional
drg therapy, 17 of them (54.8 pex cent) received carbimazole and 11
(35.5 pexr cent) propranolol. These drugs were used in combination in

two patients and one received potassivm perchlorabte becaunse of previous
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sensitivity to cerbimazole (Table }321).' Only after drug therepy had
been discontinued for 2 months was any patient clasmified as ewthyroid,
this hag happened in 14 of the patients treated with carbimazole and 8

of those vho were teking proprenclol. Those patients who are clinically
completely normel but taking a small dose of sntithyroid drug therapy

gre stlll classified as thyrotoxic. 71 per cent of the group who
requived drug therapy had received lesgs than 450 uCl iodine~125 pex

gram of thyroids

Outcome in Pobients with Nodulasr Glands

14 patients (12 females and 2 males) had multinodulsr glands but
after careful consideration they were treated with lodine-125. They
were glven a mean dmae 032‘.20.5 mCi or 46345 uli per gram of thyroid.
2 of these patients are hypothyroid and the remalnder euthyroid after

an average follow up of 24 monthe. (Table B22)
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Digcugsicn
ALsouHelon

Although patients were selected for ilodine=125 therapy depending
on a geographical basis and the anatomical type of thyroid they were
overall representative of those referred to the Department of Nuclear
Medicine for radioiodine therapy. Despite the imporitance of frequent
review vigite thexe was no hias towards the selection of females and
the ratio of Ffemale to male 85.7 to 14.3 is similar to the overall ratio
in iodine~131 treated patients at this Department 82.8 to 17.2 (McGirr
et al 1964). Only 10 of the total iodine=-125 treatment group were
wader the age of 40 years at the time of therapy and this is in keeping
with the policy of reserving wradiolodine therapy until this age is
reached (McDougall et al 1971). The main indication for this arbitravy
time 1limid haw'been concern about the genetic hawards of all radiow
nueelides of iodine and the younger patients treated with iodine~125 have
been advised to tale contraceptive measmres for at least 1 year. If no
pregasncles arise there should be no inorease in the burden of radio-
nuclide induced mubatlons passed on to future generations.

There was no doubt about the degree of btoxicity of all of the
patients. The average 24 hour uptake of a tracer dose of iodine-~131
wag 64 per cent and the mean protein bound iodine-~127, 12.5 ug per 100
nle. There was no significant difference in the uptekes of tracer
doges in the 7 groups of patients tweated with differvent doses of
iodine-125 (wange 61l.3 10 68.6 per cent). Only one patient who has
previously beon discussed had nowmal thyroid function tests, she was
clinically thyrotoxic and her thyroid may have been secreting
inappropriately laxge aumounts of triiodothyronine. Thewefore, despite
the selection of patients they did not have mild thyrotoxicosis.

The selection of patients with small diffuse glands wag necessaxry

to simplify estimation of thyroid mass. The difficulties and errors
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in this estimaition ave well lmown but only two physicians, Dr. W.R. Greig
and L wore Involved in this assessment. Haxly in the trial an atltempt
was made using finely calibrated rectilinesr scans to convert the
neasurements of area, helght and width of lobes into an index of mass
using the formulee of Himenka and Lerson (1955) and Myhill et a1 (1965).
Beoguse of differences in the results obitained the simple palpatory
method has been used throughout. Inpalpable glands were empirically
gaged +to weigh 25 grem (Meissner and Warwen 1969) this, of course, might
exagerrate the weight of some (Mochizukl et al 1963) yet in other patients
it may be en undervestimate. It is recognised that the mass of small
glands is more often overestimated and the opposite is found in larvger
glands and a conseious effort was made to correct this. This will be
discussed at greater length in the section dealing with the outcome in
relation to glend size.

After similar lengths of follow up the final outcome in males (79
per cent euthyroid) has been superior to that in females (64.8 per cent
euthyroid). There was 1o intenticn to prescribe different treatment
gchedules in males and throughout the T treatment groups (uCi per gram
thyroid) the propovtion of males snd females is Ffaiwrly constant. lees
males beceme hypothyroid but surprisingly the proportion of males who
received doses greater than 450 wCi per gream was slightly greater then
in the lower dose schedules. 'This parvaedoxical combination of less
hypothyroidimn in patients who had received a slightly larger dose
suggests that the males may be slightly more radioresistant. A
simllar conclusion does mot hold true for iodine~131 therspy (Beling and
TBinhom 1961, Blahd and Mays 1972). Most probably the small number of
males treated (38) could asccount for this diffevence..

A graater increase in the ineidence of hypothyroidism after lodinee
131 therspy has been found in elderly patients (Green and Wilson 1964)
and this has been attributed to the rising frequency of hypothyroidism

which occurs spontaneously with aging. None of the 8 patients aged
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70 years ox more became hypothyroid after lodine-~125 treatment yet they
veceived as large an average dose as any other group. ‘'The lowent
percentage of euthyrold patients were found in two groups of patients
with age ranges of 45 to 49 years (58.2 pexr cent) and 65 to 69 years
(54.2 per cent). An increased number of thyrotoxic patients in both
of these groups partly accounted for the lems satisfactory results but
in the latter group 25 per cent (6 patients) have developed thyroid
insufficiency. ‘These 6 patients received large therapy doses and it
cammot be concluded that thelr outcome was related to thelr age.

It is the general exporience that iodine-131 im morxe often
spsociated with hypothyroidism when the patient has a smell gland,
probably due to overestimation of the gland size and hence the therapy
dose, Iodine-l25 treated patients chow a constant paltern of response
through the 4 groups up to a gland mass of 40 grams (euthyroid 62.3 to
T0.0 per cent, hypothyroid 14.5 to 20.0 per cent, thyrotoxic 10.0 to
16.1 per cont). OFf the 5 patients whose thyvoid glands were estimated
to weigh exactly 45 grem, and the 13 patients with glands greater than
50 gram not one hag become hypothyroid. A clinical underestimation of
the gland size may have led to prescription of a smalier dose than
intended but 16 of these 18 patients ave ewlbhyroid so if the dose
preseription was too small it has certainly been enocugh to produce the
desired effect.s Because of the excellent resulits in these patients the
outcome has been move favourable when the glands have been aspessed to
woigh moxwe than 40 gram, 75.3 per cent are euthyroid compared with 64.6
par cent with smaller glands. Overall the degree of correlation
between the clinical status after therapy and the gland pize Justifies
the conclusion that up to 40 gramclinical estimation of thyroid mass
is guite acourate and dose prescriplions valid.

Relating the outcome following iodine=-125 tvesiment to the initial

total dose shows that no patient treated with %.0 mCi has become
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hypothyroid and that of all the patients who received doses up to 15
001 the incidence is still only 10 per cent. Despite the low hypo-
thyroid incidence the rate of control in the 5 mCi group has by stringent
cariteria been nnsaxisfaotory since one thind of the patients although
improved are 8till clinically thyrotoxiec. However, as the dose is
increased control i move certain and in patients who have recelved
20,0 mCi or move it is virtually inevitable =mince only 1 out of 54
vatients remaing thyrotoxic. With doses of this size the problem of
hypothyroidism is evident and is similar to the expeciled ineidence 2
years after conventional doses of iodine~13l (about 30 per cent).
These amounts of iodine~12% ave three or more times the standard dose
of iodine~131 yet caloulation of the nuclear rad dose glves a similaxr
result in both instances.

The most important index has been the clinical outcome in relation
to the doge of iodine-125 prescribed per gram of thyroids. In the lowest
dose group (200 uCi per gram) more then one half of the patients are
guthyroid and 8.9 per cent have actually had sufficient thyroid
degtruction to make them hypothyroid. The proporiion of hypothyroid
patients has remained at about this level up to doses of 450 uCi per
gram but yet through this dose range the number of persistently thyro-
toxic patients decrease and hence the proportion of euthyroid patients
ig larger. Tor the best results at 24 months there appears to be a
critical dose mange of 350 to 450 wli pexr gram thyroid, the group
incorporates the highest number of euthyroid patients a vexry low
failure rate snd an acceptable number of hypothyrold patients. With

smaller doses although the hypothyrold problem can be slightly reduced
| there is a slower role of controls wusing larger Goserm hypothyroidism
18 a problem.
The nuclesr rad dose in this best trealbment group has been

approximately 3,500 to 4,000 rads. If this had been subjected by
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iodine-131 the majority of the patients would have required adjuvant
dmmg thevepy because of the slow rate of control (Smith and Wilson 1967).
Second doses would also have been required in up to 60 pexr cent of the
group. More than 70 fer cent of the patients treated with iodine-125
rvesponded saiisfactorily to 1 therapeutlic drink and only 12.5 vex cent
were given anti%hyroid drugse IProm personal discussion with Smith
(1972) the antithyroid drugs were prescribed to ilodine-125 treated
patients earlier than would have been the case with low dose iodine-~131
treated patientas. Overall, therefore, the difference in outcome proves
that the tﬁa radionuciides are not working in the same way. Tﬁe mopt
likely explanation is that the intense irvediation of the impoxtant
hormone synthesising segment hag reduced thyvoid bhypexfunction and the
low dose o the nuclel has prevented thyrold cell failure.

Additlonal evidence of the diffexence in action of these radio=
muclides is the average approximate rad dose (4,000 rads) to the
follieular nuclei in.the 179 patients who have become euthyroid. Such
a iow dose would not produce uwniform success 1f delivered by iodine-131.
The game applies in the patients vwho have become subthyrold. Thyxoid
feilure has resulted from a mean nuoleér dose of 6,000 rad and this
would certainly not occur with iodine-13] 2 years aftexr therapy though
it would a% & later date. It ig, therefore, possible that the Intense
irvadiation of the cell membrane not only reduces function but if great
enough will cause cell death.

In patients who have received different dose rvegimes of iodine~125
in excess of B850 uCi per gram thyroid the proportion of hypothyroid
patients has remained constant around 30 per cent. Thig constant
result has been obtained by a conmidersble variation in nuclear rad
doses and it is suggested that the nuclear and apiocal doses may combine
in producing sterilisation or death of the cells. With these larger

doses the rate of control (average 8.5 weeks in the pilot group and 14
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weeks for the first 50 patienté) of the disease ig considevably better
than with iodine~131l. Since both produce the same hypothyroid
incidence which in the case of iodine-131 is due to nuclear damage the
lodine~125 must algo be reducing cellular secretory function. This
difference is still apparent with the smaller therapy doses which have
been caleulated to deliver 2,000 rad to the muclei. Recent trials
with iodine~131 (1,750 reds) heve necessitated prescripilon of anti-
thyroid drugs to 80 per cent of patients for as long as 2 years (Smith
1972). Only 4 oubt of 45 patients in the lowest iodine-125 treatment
group vequired additional antithyroid drugs and more than 50 per cent
required only one therapy dose. When antithyroid drugs are used thexre
is an impression that smaller doses arve required, this hap also been
deseribed by Lewltus et al (1971h).

Todine~131 therapy for nodular glands is assoclated with a lower
incidence of hypothyroidism and often the need to prescribe larger
therapy doses do obltain the same resulis ag in patients with diffuse
glands (Silver 1968). TI% is, therefore, surprising that not one of
the 14 patients with a nodular thyroid hag remained thyrotoxic and the
percentage hypothyroid (14.3 per cent) was smimilar o the total
treatment group. IT iB diffioulﬁ to explain this difference but the
long half life of ilodine-125 wmay be imbortant. As overactive nodules
have responded to treatment other relatively less active wegiong of
the gland may take up sufficient radionuclide to e treated. This
would be akin to giving small fractionated doses of iodine~13l over a
prolonged period.

Hypothyroidism may follow iodine-125 treaiment, when it occura it
usually does s0 soon after therapy, 88 per cent within the first 12
months. Because of the progressively smaller numbers of patients
who have been under review for more than 2 and 3 years it has not been

possible to caleulate the progressive proportion of hypothyroid patients
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by the method outlined by Beling and Einhomm (1961). But by simply
showing the percentage hypothyroid in groups who have been under review
for successive 6 month periods up to 42 months there has been a slight
cunmlative increase. None of the 4 patients who have atbended longest
have become subthyroid. The therapy domes presecribed to patients who
became hypothyroid tended to be larger then those associated either
with a favourable outcome or failure o control the disease (Table B1l)
and the nuclear and apical rad doses were almo greater.

In view of the currvent temndency to favour antithyroid drugs and
small doses of radiciodine it is conceivable that with low doses of
iodine~125 (5 mCi or less) hypothyroidism could be completely avoided
but adjuvent drugs might be essentilal, This is not the ldeal solution
end the aim throughout these ¢linical trials has been to find dy
ompirical mesns the dose or doges which would produce the best clinical
resultn without the need for other therapy.

Since the introduction of iodine-125 therapy (Greig et al 1969), 3
other groups of investigators have gained limited experience with this
radionuclide. Wemner and his eolleaggues (1970) have treated two series
of thyrotoxic patients in different countries. 6 patients received
tregiment in Wew York and 7 in Amgterdam and although the mean done
for each group was the same (10.0 m0i) the initial cliniocal response
was quite dissimilar. 5 of the patients in New York became hypothyroid
whereas none of the Amsterdam group developed this‘complicaiion. Thisg
paradoxical difference was tentatively explained on the basis that the
two populations had lodide pools of diffevent sizes. The New York
patients were considered to be iodine replete whereas the Amstexrdam
patients were wvelatively iodine deficient (Wiemer 1971, 1972). In
the experimental animal ilodine deficiency has two important effects in
relation to the radiobiological action of radloiocdine, in particular

iodine=-125. Firatly the follicular cell becomes elongated and secondly
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the uptake of radionuclide is incresmsed. Vickery and Williams (1971)
heave ghown that the net vesult of these alterations considexably
reducen the miclear irradiation from a celloldal source of lodine-125,
Although it im not known it is poseible that lodine deficiency produces
a further incremental increase in the length of the already elongated
thyrotoxic cell., If this hypothosis ig corvoect iodine deficiency
should theovetically protect against hypothyroidiem and an excengive
iodine pool might increase the probability of subthyroidisn following
iodine-125, One method of proving or disproving this theoxry wou{l.d. be
fo measure the absolute iodine uptake and retrospectively compare the
results in those patients who remained euthyroid with those who became
hypothyrold.

Since their originsl communication (Werner et al 1970), however,
it ls relevant to note that 3 of the § patients whoe were hypothyroid
have reverted to noxmal thyroid status (Wernezr and Johnson 1971). The
resumption of normal thywvoid funcition in 3 patients after a period of
post lodine-125 hypothyroidism is of interest. It suggests that
enhanced viability of the cells has bheen present leading to compensatory
hypertrophy or hyperplasia resulting from increased pituitary T.S.H.
seoretion. Thus overall only 2 out of 13 patients remaln hypothyroid
(15.4 per cent)s These investigators have also treated 18 patients
with smaller doses of iodine-125 (50 per cent of original dose) and
thyroid insufficiency has avisen in 1 patient (5.5 per cent).

T have not encountered any patient who once hypothyroid was able
to discontinue thyroxine., No attempt was made to stop this treatment
but two patients did so without medical advice. One rapidly become
hypothyroid again and hag restarted thyroxine, the other patient
although well enough to contimue at work is inildly hypothyroid with a

low thyroxine and elevatbed serum T.S.H.
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Tewitus (1969) prescribed even smaller doées of lodine~125 (2.75
nCi) in the first 4 pationts he treated., Thelr rapid clinical
'improvement, all 4 were suthyroid by 14 weeks, was attributed to the
intense radiation to the hormone synthesising apparatus and he believed
that further clinical treinls were juptified. Thivty patients veceived
doses ranging from 1 to 3.5 mCi (Tewitus et al 1970) and subjective
improvement occurred in 95 per cent within 6 weeks and none of the
patients became hypothyroid after a follow up perled from 3 monthe to
1 year (one patient trested with this dose rogime hed a large thyroid,
deapite a wuclear dose of only 250 rads the outcome was vreporied as
fair). An additional benefit of such low domes is the veduction in
total body radiation to about 1 rad. With the extension of these low
dose trials over a longer pexiod of follow up Lewltus et al {1971a)
found that the overall rate of control was unfavourable. They found
that 20 per ceut of patients who had been euthyrold bhoth by clinical
and lehoratory indices melapseds They considered that their original
doges had been ‘too low and because of this have advoecated two
altermative spproaches. Mlretly that the administered dose of lodine-
125 be increassed to the range of 4 mli to 6 wlCi or secondly that a
combination of lodine~1l25 and lodine-131 be prescribed together. Using
the first gpproach 10 patientr were treated with an avexage dome of 5
mCl and 6 (60 per cent) reasponded satlsfactorily (Lewltus et al 1971b).
TFollowing the latter suggestion they have treated 40 patients with a
mixture of gpproximately 50 per cent ledine~125 and 50 per cent iodine~
131 (mean doges 3.0 mCl and 3.8 mOi respectively). OFf these patients
36 (90 per cent) are euthyroid, 1 (2.5 per cent) has failed to respond
and 3 (7.5 per cent) have become hypothyroid. Despite the excellence
of these results which also ineludes rapidity of control the criticism
that iodine~131 has been employed must be levelled. Even with the
doses of jodine~131 employed a cumulative incidence of hypothyroidiem
must be expected in the future. Proof of this is the 19 per cent
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incidence found by iowe et al (1971) 2 years afior 2.9 mCi doses of
iodine-131.

Siemsen (1971) in an uvnpublished report has preseribed therapeutic
doses of iodine-125 based on the clinical expexiences of Grelg et al
(1970) and McDougall et al (1970). 40 of 80 patients who received
100 uCi per gram thyroid wresponded poorly and he has abandoned thisg
dose range. When the éoae was increaped to 200 wCi per gram three
quarbers of a group of 60 patienits becume euthyroid, 5 per cent hypoe
thyrold end the remainder ave gtill wconlrolled. Theve is no
information about the length of follow up in these pabients.

From the detailed wesulis in this thesis and from information from
other centres a pattern of response is emerging to diffevent thevapy
doges of ilodine-125 and despite various treaiment schedules a consistency
is noted. Bumall therapy doses 100 uCi per gram or total domes of 1 to
3.5 mGi do caume clinical improvement but a totally satisfactory oubcome
ig obtained in only about 50 pexr eent of patients. The remainder
either remain unoured or welapse after a partial remission. Hypo=
thyroidism is virtually not encouvntered. Increasing the dome to 200
uCi to 300 uCi per grem (about 5 to 10 mCi) the rate of recovery is
hagtened and gbout 79 per cent of patients will become euthyroid without
a aignlificant incidence of hypothyroidism. No other investigators have
prescribed larger treaiment doses but by presomibing about 400 uCi per
gram thyrold the speed and cextainty of control of the disease are
enhanced, however, about 10 pew cent ave hypothyroid afler 2 years.

There are a few patients who dempite wecelving a small dome
wexpectedly develop thyroid insufficiency becsuse of the long physical
half 1ife of iodine-125 o small increase in the biologleal turnover of
the imotope can considerably inorease the radiastion in these patients
and this may be the veason. In others the thyroid cells may be

exquisitely radiosensitive. There appears to date no way of
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enticipating or preventing this complication but theoretically if an
index of the amount thywoid cell destruction could be obtained most
of ‘the iodine-125 counld be discharged from the thyroid and prevented
from re~entering it by antithyroid drugs.

One unsettled question is whether the nuclear wradiation in the
hypothyroid patients has been small enough to allow cellulax
regeneration, Wexmer and Johnson (1971) have deseribed this but it
has not been seen in this study although substitution therapy was not
routinely diccontinued. The patients who are most liable to recover
from hypothyrcoidism are those who weceived omall therapy doses but in
view of the possibility of unwestrained cell growth in response to
elevated T.S.H..levels the policy of continuing the substitution therapy
is Justified. Analogous with tﬁis suggestion is the poseibility that
euthyroid patients may velapse 1f the folllicular cells are capable of
regeneration. Barly velapse has been described by Lewitus et al
(1971b) but in this series no patient has been unequivocally euthyroid,
after lodine~125, then sufferred a relapse.

Summeny

Todine-125 is effactive in the treatment of thyrotoxicosis. A very
rapid certain oure is obtained with total doses of 20.0 mli or
individually ocalcoulated doses greater than 550 ulCi per gram of thyroid.
Despite a lower nueclear vad dose the prohlem of hypothyrolidism equals
that from standard iodine~1l31l therapy. Within the dose range 350 to
A50 uCi per gram almost 90 per cent gf patients are euthyroid 2 years
after therapy. Doses of this magnitude or less cause very litile
thyroid failure.




Section B

Chapter ITT

Assessment of Real and Potential Side Bffects Avising from

Thyroidal and Extrathyroidal Rediations of Todinew125
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Introduction

The problems of delayed control and the cumilative incidence of
hypothyroldism apart, side effects from lodine~131 treatment are
relatively uncommon (Section A, Chapter I). It is, therefore,
essential that iodine~125 ip as benign in this vespects bhebter
therapeutic results cammot justifiably be obtained in the face of
additional complications. The potential complications and problems
which have arisen in iodine-125 treated patients are discussed under
6 headingss (1) immediate side effects of lodine~125 (2) thyroidal
complications (3) effects of iodine~125 on haemopoietic tissues (4)
extrathyroidal vadiation effects (5) alteration in the course of
infiltrative ophthalmopathy and (6) incidental complieations.  Within
these sections ave details of clinical problems as well as formal
ptudies of morphological alterations in cirowlating lymphooytes and

investigetions of parathyroid function.

(1) Immediate Side Effects

]

A 64 year old female who had previously received 2 therapy doses
of iodine-125 without 11l effect was quite 11l with vomiting meveral
hours after a third therapy doses Retrospective estimation of the
thyroid uptake of lodine-~125 as well as serun protein bound iodine-125
showed that she had absorbed at least 80 per cent of the doses Prompt
control of her disease confirmed thie estimation. Most probably the
symptoms were not directly related to the therapeutic drink since the
patient had previously meceived two doges of similar amount with no ill

effects. The remainder of the patients were singularly free of reactions.




Table B 2

Patients with Pain Over Thyroid Region After Todine-125 Therapy
Dose Adninistered and liventual Cuteome

Total Dose of uCi per Gram Clinical
Patient Age Iodine~125 Thyrold Thyroiditis Outeome
Female 65 30 1,200 Pregent Hypothyroid
Femzle 51 20 400 Progent Iuthyreid
TPemale 55 24 600 Prosent Hypothyroid
Temale 41 20 400 Abgent Buthyroid
Femgle 51 15 500 Abgent Tuthyroid

Temale 61 10 400 Abgent Buthyroid




Teble B 24

Amounts of Todine-125 Perpigting in the Body of 4

Patients Treated 10, 12, 36 and 43 Months Beforshand

Dose Prescribed Amount in Body Time After Therapy

Sex Age (Years) (mCi) (uci) (months)
B 53 Tehi 4+ Teb 0.6 10
® 60 5.0 0.01 12
® 47 20.0 1.1 36

F 68 570 0.8 43




(2) Thymoidal Complications

(a) Acute

No patient developed thyroid orisigs and there was no appawent
worsening of the diseasse following treatwent with ilodine-125., That
thyroid crigis does ocour after iodine~l3l therapy has recently been
proven forcibly, itwo elderly patients treated in our Deparitment with
iodine~131 within the lagt year succounbed with intractable thyroid
cripis degpite the vigorous institution of antithyroid drugs, beta
adrenergic blocking drugs and inorganic lodine. Three female patients
who complained of pain in the thyroid shorily aftew trea.tmeﬁ'b with
iodino~125 did have objective evidence of r»adiation thyroiditis (Table
B23)e Two of them beocame hypothyroid at 3 and 8 months vespectively
aften treatment. Three other femple patients reported sorencss in
the throat on swallowing but thewve wan no ¢liniocal suggestion of
thyrolditin and In each case the oulcome has been favourable., In the
latter group of patients the symptom x;n‘m probably not due to iodine-125,
howaver, the prompt onset of thyroid fallure in 2 of the 3 patients
with thyroid tendermess tends to inoriminate the therapy in the
production of thyroiditis and subthyreoidisms. This sequence of events

is known %o oceur with iodine~131 therapy (Schwartz 1970).
(v) Chronic

She important potential hezard of thyroid carcinoms arising in
patients trested with iodine-125 is digouseed in Section ¢, Chapter T.
To date no patient who had a diffusely enlarged thyroid has developed
thyrold nodules and none has required surgical exploration of the neok.

Van Middlesworth (1972) has dravm attention to a possible
envirommental hazord from patiente treated with lodine-12%. 1In

experimental animels he and his cowworkers (Ven Middlesworth and
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Murphy 1970, Grimm et al 1970) have convincingly demonstrated a slow
turnover pool of iodine-125, The rats were fed @ low iodine diet
before the administration of lodine~125 and in this cifewnsi;anae the
ﬁiological half life of between 0.1 and 5.0 per cent of the dose
exceeded that of the majority by up to 100 times. This persisting
radionuclide could not be dischavged with antithyroid drugs and they
now believe +that the plow turnover is caused by incorporation of a
veriable proportion of iodine-l125 into psammomae bodies.

To assess the importance of thisg in iodine-125 treated patients,
4 wngelected fomales who had received therapy doses, 10, 12, 36 and 43
months previously were investlgated. Detalle of the age of the
patients and the doses prescribed axe shown in Table B24. Bach patient
had a vwhole body count for iodine~125 over a period of 1,000 seconds.
Room hackground counts were made over the pame length of +time before
and after each patient counts To obitain a gquantitative vesult a
known amount of lodine~125 was counted in a thyroid phantom passing
wndaer the body'moni'tm: at the same speed as the patienis. By
proportion the reading which a standard of 1 uCi of iodine-~12% would
produce was caloulabed and from the formule

Patient count - average of room background counis
counts produced by 1L uli standard

the amount of lodine~125 (uCi) persisting in each patient obiained.

One patient has l.l uCi remsining in the body 36 months after a
20.0 mCi dose, the remaindor had less than this (Table B24). The
greatest proportion of the dose persisting was 0.006 per cent 36 months
after o second theropy domse of T.H mCi., This propoxtion is more than
would be anticipated if the effeotive half life was 15 days. Although

the persigtance of iodine~125 in the body hag been demonsirated as long

a8 43 months after treatment the amounts present do not contrilbube to a

slenificant envivonmentel hazard.
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(3) Bffects of Iodine~125 on Haemopoietic Tissues

(a) In the Production of Persistent Chrvomosomal Aberrations in
Giroulating Iymphocytes

Introduction

During metabolism of o therapeutic doge of radioasitive ilodine the
merrow and the peripheral blood are irvadiated at three phases (Green
et al 1961), Tor a short time (few days) following sbsorption from
the gastrointestinal tract the radioicdine is in the civéulation as
iodide watil it ig trapped by the thyroid and stored in the colloid of
the gland. In this icdide phase boith marrvow and peripheral bleood are
subject to imvadizlbion. Therealfter blood paseing through the thyroid
is also subject to radiation but wmogt of the exposure at this latexn
rhagse arises from cirvoulating hommone in the marrow and blood. This
phase lagts up to 60 days if four effective half lives awve considered
to represent 94 per cent of the total irrvadiation exporure.

After 10 wCi of iodinwl_%l for thyrotoxiconis the blood receives
approximately 17 to 23 rads (Green et al 1961) and the possible effeoct
of this irrvadigtion has been studied by examination for chromosome
damege alfter cultuve of the circuleting lymphooytes. Chromogonal
aberrations have been detected regularly alfter stenderd therapeutic
domes of iodine~13Ll for thywotoxicosis and also aiter much larvgex doses
given in the treatment of thyroid cancer (Boyd et al 1961, Macintyre and
Dobyns 1962, Nofal and Beievwaltes 1964, and Cantolino et al 1966).
There ave cexialn potential hezards with iodine-125 therapy, in view of
the long holf life (60 days) and the unusval radiations emitted from
this radionuclide; about 60 pex ocent of the dose from a point source
of ifodine-125 is electronic with pathe less than a few microns, the

remeining being "soft" xeroys or gamma vays (Gillespie et al 1970).
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Chromosomal analyels of circulating lymphocytes fvom patients treated
with iodine-125 have been undexteken to situdy the effects and to

compare with previously dooumented iodine-13) induced aberrations.
Potients Studied and Procedures

Mive female patients (average age 59.6 years, range 5le69 yoaxrs)
who had previocusly veceived iodine-l25 thexapy wexe taken at random;
10 mige of venous blood was xemoved for the lymphocyte culiure and
chromogsome examination. In Table 325 the age of each patient, the
dose of iodine~125 and the latent period till the time of the study
are ligted., Venous blood from four femeles who had not rveceived
iodine~125 thexapy was used for control information. None of the
patients had been expoged lto additional high levels of wadiation
although esch had received diagnostic btracer doses of iodine-131 (5 uCi).

Culture of blood and chromosomal analysis was caxried out by
Dre Moho Porguson=-smith. Whole blood cultures wexe made using 0.5 ml,
of heparinised venous blood and 4.5 ml. of Ham's 1" 20 medium containing
10 per cent calfl serum.s The cultuves were inoubated for 72 houxs in
the presence of phyltohaemagglutinin and treated in the last 2% hours
with deacedylmethyleolchiocine before being hexvested by the woutine
air-dpied technigue. 100 cells wewre anplysed by direct microscopy in
every case except one (whewe only 50 cells were available for analysis).
Chrromosgome and chromatid abercations were scowed, but the control and
Irradiated subjects were not identified by the oyitpgenetbist wtil after

the analysils was complete.
Results

Table B25 also given details of the rwber and type of chromosome

and chromatid gbnommalities detected in cultuwed Jymphooytes from each
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of the five patients who had received iodine~125 ag well as the control
pationts. The aberrations were most numerous in the patients treated
with iodine~12% only 10 weeks before the study and least common in one
patient who had therapy 11 months before. A1l of the lodine-125
tregted patients had dicentric and »ing foxmetions which are extromely
rare in nommal people, These abnormalitics ave genorally charvacteristic
of radlation exposure and have been described after iodine~131 therapy
toos It 1 of importance thal no chromosgome abnormalities wexe found
in the Llymphocytes of the wirvradisted ocontrol subjects, the chromatid

changes in thiz group wexe donsiderved to be normal [indingd.

Discussion

This study shows unequivecelly that iodine~125 in therapeutic
doses causes o significant number of chromopome gherrvations in the
cirvounlating peripheral lymphooytes of the type usually asscelated with
vediption injuvies; the evidence of demege vevsists for as long as 11
months after thexapy. ‘The alteratione produced in the peripheral
lymphocyte chromosomes ave similar o those found afier iodine-131
treatuent (Boyd et al 1961, Macintywe and Dobyns 1962). They are
alsgo giwnilor to those demonstrated after lodine«131 irrvadiation of the
rat thyroid follicular cells. In this case the chromosome abnorw
malitics being demongtrated after culture of the irradiated thyroid .
follioulox cells (Speight et al 1968).

The majority of the electronic emimsions from lodine-125 as
descerlibed in Becltion A, Chapter II, awve low energy electrons, over 95
per cent of which travel in £fluld ox tismue less than 1 mlcron. It
seems vnlikely, therefoxe, that these low enexgy electrons could cause
lymphoeyte damage in the marrow or in the cirqulating hloods Todine-
125, however, also emits x-yays and gamma rays (about 40 per cent of

the dome) from a point souxce end both of these, particularly the
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latter which has o tissue bhalf life distence of up to 7 cug., might
irvadiate marvow and the blood cells wnifomly. Glllespie et gl
(1970) have caleulated that 10 mCi of iodine-125 might subjeet the
blood to 4 weds end sbout 1 rad of this would be due to the x-rays or
gemme, rays. Wven if gll the cmissions are conpideved ilodine-125
given less pradliation to the blood than a therapeutically equivalent
doge of lodine~13l.

The main concern about Dlood and maywow radiation is that the
cytogenetic aberrvabions might be associated with the letexn development
of leukgemiz. ‘There ig a large body of infovmation intimately linking
genetic aliterations with the induction of cancer. Certainly extermal
% irvadiation both thevapeutic (Court Brown and Doll 1957) and
accidental (Nomman et al 1964) couse an increase in leukaemia vates
and in adulbe the date is suggestive of a dose~effect relationship.
Although there ave single case repoxits of leuksenmis occursing in patients
praviously treated with lodine~131 neithew Pochin (1960) nor Saenger et
al (1968) found an increase in the incidence of leukaemia aftex
surveyance of about 40,000 patients over 10 years ox 20s Cextainly
magsive doses of iodine-131 (up to 200 mCi) given Ffor the lreatment of
thyroid cancer ave assocciated wiith o definite »ise in the incidence of
loukaemia (Poohin 1960). It appeare, thevefoxe, that the ohromosome
abnormalities nobed in the pexipheral lymphooybes of jodine~-131 treated
thyrotoxic patienbs are not asgoolated with leukaemisz but is this also
to be true following lodine-12% thewapy? Uells expomed Lo radiation
suffieient to cause gross visible abnoxrmalities are likely to be
glerile and although they may live and funetion for a long time as
most circulating lymphoeytes appear o do, if this is the case the
lymphocyte abunormalities of the type found after lodine-125 treatment
may likewlge caryy no serious viske Moxe sublble but undetected

alterations smch ap minor biochemloal changes in D.N.A. perheps even
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involving single genes, might however be present too. For this reason
the risk of leukaemia after ifodine-125 carnot be dismissed until the

length of follow up has been considerably increased.

(b) As z Possible Aetiolosmiosl Faotor in the Production of
Thromboeytopenie.

One significant haematological problem did develop shoxtly after
io0dine-125 therapy. A 42 year old female was treated with 14.0 mCi
(350 uCi per grem thyroid) om 24.9.7Ll and because of the severity of
her dimeage propranclol 10 mg. four times per day was introduced at the
some btime. On 10.11.71 at o roubtine clinic viszit she was noted to
have sevemal bruises which could not be attributed to breawma and Hess
test was positive. Platelet count was 34,000 per mm and the patient
was admitted to hompital for more detailed investigatlons,.

Although the thrombocytopenia worsened haemoglobin and red cell
abgolute indices, white cell count and blood film were wepeatedly
nornmale Stermal marrow aspirate was hypevcelluler and the mega-
karyocytes were normal both numerically end morphologically. The one
poeitive diagnostic test homogeneous antinuclear factor at a dilution
of 1 in 64 allowed the diagnosis of thrombocytopenia secondaxy to
gystemlic lupus erythematosus to be made. Dramatic improvement of the
thrombooytopenia followed the introduction of prednisolone 60 mg. per
day and it has now been possible to discontinue the steroids completely
with no evidence of haematologlcal relapse to date.

There are three poesible explanations for the ocourrence of
thrombocytopenia in this patient. The diagmosis which has been
accepted is systemic lupus erythematosus and in retrogpect the patient
did have a higtory of Joint pains and had mild arthritic changes in
her hands consistent with this. The radiation dose to the marrow

from 14.0 mCi iodine~125 would have been about 6 rads. TFollowing
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radiation platelets are less severely affected than granulocytes. VWith
dosas of radiation which cause 90 per cent mortality thrombooytopenia
may be total but in this patient the level of radiation would not be
expected to cause a severe fall in platelets (Cronkite et al 1969).

None of the patients who received larger therapy doses in some instances
thiee times ag much had any bleeding problem though routine platelet
counts wene not dones Thrombooytopenia secondexy to marrvow radistion
damege has been noted in Maxshsllese lslanders but no hasmorvhagic
phenonena, wexe encountered (Conard et al 1969). It is usually found
in associgtion with a diminished mumber of megakaryocytes or a totally
hypocellular marrow, thewefore, the histological findings in this
patient do not substantiate the conclusion that iodine~125 caused the
thromboeytopenia. The final possibility is that propranoliol produced
this haenmatological abnormality, so far this relationghip has never been

described, but as a precaution the drug was discontinued.

(4) Extrathyroida) Rediation Bffects of Todinew125
(a) On Parathyroid Function

Introduction

The energies of the ﬁ radiations of iodine-~125 are completely
deposited within the thyroid, however the photon radiations which
account for about 20 fo 25 por cent of the tobtal dose travel several
centimetres in tissues (Table A9). The dose to extrathyroidal tissues
ip mostly due to the X and ¥ rays with energies greater than 4 Kev.
Tor these emissions \the effective mass absorption coefficient in sofi
tiseues is 0.19 om” per gram and from this value 1 mCi iodine-125 in
2 gland weighing 25 gram and a thyroildal uptake of 70 pex cent the dose
rate to adjacent tissues is 0.20 rad per hour (Greig 1970). The dose
rate at 1 om from the thyroid assuming the same gland masz and dose

uptake is 0.05 rad per hour per mCi iodine-~l125, If the effective half
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life of the radionuclide in the thyroid is 1% days the total doses per
sdninistered mCi iodine~125 ave about 100 »ads at the gland perimeter
(parathyroid) and about 25 mads at a distance of one centimetre (larynx).
Extrathyroidal tissuern including the parathyrolds are therefore
Lervadiated and 1t is important to know whether iodine~125 therapy
veduces the function of these glands. No patient treated with iodine~

125 had elinical evidence of hypoosloaemia.

Caleium Homeostagig in Thyrotoxicosis Before snd After Treatment

In thyrotoxicosis parathyroid function is suppressed. ILvidence
of this inecludes reduction in the excretion of urinary phosphorus
(Harden et al 1963) and diminished phosphate clearance (Parsons and
Anderson 1964). Suppression of parathyroid seoretion probably results
from excessive release of bone mineral which im kmown to occour in
thyrotoxiconiss The reduced parvathormone level helps maintain the
serun caleium within the normel range in most patients though if
caleivum mobilisatlon ls grosg even this compensation may not prevent
hypercaleaemiae In the face of persistent demineralisation of bone,
heavy urinary end faecal losses of calcium ocour resulting in a
negative calcium balance (Baxter and Bondy 1966).

That caloiwm honeostatis may be altered after surgiecal treatment
of thyrotoxicosis is widely accepted. Acute hypocalcaemia severe
enough to cause tetany may ovccur and up to 28 per cent of the patients
can be shovm to have a reduced parathyroid veserve (Jones end Foumen
1963)s The vehement protests of the surgeons that parathyroid damage
during operation is not the cause of hypocaloaemis has recently gained
acceptance and Michie et al (1971) believe that the rapid correction
of the negative calcium balance may be a factor especially in the acute

situation.
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There axve few critically analysed reports of hypoecalcaemis,
cccursing in thyrotoxic patients treated with iodine-131 (Table A2).
The doses presoribed were not excessive and the absence of this
problen in patients subjected to large doses of iodine~131 fox the .
treatment of thyrold cancer suggests that vadiation damage has not
heen the sole cause of hypocalcasmiae. Degpite this if iodine«131
treated patients with normel resting serum caloium levels are
subjected to aprtificial reduction of the calcium hetween 10 per cent
(Adsms end Chalmews 1965) and 23.5 per cent (Better et al 1969) have
g diminished pavathyrold reserve.

Patients Studied:s Nothods

An infusion of disodium hydrogen EDTA (70 mg. per Kge in 200 mle
5 per cent dextrose) was given %o 8 patients who had previously
received iodine~125 {details of the patients studied are summarised in
Table B26). One patient was tested twice, once while thyrotoxic and
then after she had developed hypothyroidism and was on replacement
thyroxine. The infusion was given over 30 minutes and venous blood
without conestriction removed before and immediately after the infusion
and at 2, 6, 12 and 24 hours post infusion.

Serum calcium was measured by B.D.T.A. titration in 8 of the 9
-patients and by flame photometry in 8 of the 9 patients. Serum

phosphate levels and serum magnesiwm wore also measured in the 9 patiente.
Resultg

Table B27 shows the resulise« [The preinfusion oalciﬁm levels
measured by flame photometry ranged from 8.5 to 1044 mg per 100 ml,
(mean 9.3 mg per 100 ml)s 24 hours after B.D.T.A. infusion the range
of results was 8.4 to 10.0 mg per 100 nl (mean 8,9 mg per 100 ml)

(P = 0.5)e No patient failed to restore the calcium level back to

within 90 per cent of the bamal level in 24 hours. Three patients

85




(ome on two occasions) failed to reach 90 per cent of the pre~infusion
result in 24 houre when the estimations were made by B.D.T.h. titration.
The serum vhosphate fluctuated considerably and 24 hours after infusion
renged from T2 per cent to 169 per cent of the basal wresulis. Serum

magnesimwn levels were vexy stable, the 24 hour post infusion value

ranging from 94 per cent to 106 per cent of the basel readings (average

pre and post infusion results 1.92 and 1.89 mg per 100 ml respectively).
Discusgsion

HaDWTeAs 1s a chelating agent which binds calecivmi Intravenous
infusion of H.DsTede rapldly lowers the level of calcium in the plasma.
In phyesiological circumstences the stimulus of hypocalcaemia inereases
parathormone secretion and within 24 bhours the calecium level is restored
to at least 90 per cent of the basal level (Jones and Tourman 1963).
The doge of B.D.T.A. employed, T0 mg per Kg body welght, produced a
satiasfactory hypoealcaemic response many of the patients developed
paraesthesiae in thelr hands amd lipe but in no instance did the test
have to be reversed. Caleium for Intravenous administration was
always close ‘o hand.

Using this gtress none of the patients had deficient pavathyroid
reserve as defined above when the measurements were made using flane
photometry. By B.DeTohe titration 3 of the patients failed to raise
the caloiwm to 90 per cent of the basal reading. FPatient Number 2
was minimally thyrotoxic and her post infusion result of 8.7 mg per 100
ml wes normal in this circumsbance. She was reinvestigoted (Number 8)
at a time when she was hypothyroid but on thyroxine therapy snd the
regponse wes less adequate éuggerﬂ'bing that she probably had inpsired

pavathyroid reserve. The other patient (Wumber 3) who just failed o

reach the normal wange (89 per cent) had a vexry severe hypocalcaemia




v 4.7 mg per 100 nl immediately after the B.D.T.A. infusion and the
recovery wag therefore fainly satisfactory. In the remainder of the
patients the caleium rer;ul'bs were normanl.

Parathyroid reserve as abressed by B.D.T.A. infusion ls, therefore,
not impaired in patients previously treated with iodine-125., Serum
parathormone levels were not meagured. It hag been suggested that
parathyroid damage might he masked by a concomitant reduction in
caleitonin because of irradiation of thyrolid ¢ cells. This suggestion
is not tenable for two reasons. Caleitonin is now knowm to be
produced in extbrathyroidal sources and secqndly the nise in calelum
after E.D.ToAs points to some agent ac’atw,liy mobilising bone mineral,
ie.es parathormone. |

Bimilar gtudles in lodine-131 {reated thyrotoxic patients using
B.DeMeAe (Adoms and Chelmers 1965) or molar phosphate (Better et al
1969) have demonstrated impaired parathyrold vesevve. The X radiation
from a standard dose of iodine-131 produces about 400 to 500 rad which
ig probably less then the X emissions from 10 to 15 mCi of ilodine=~125,
It is posegible, thevefore, that the elecltronic rediations from lodine=
131 which travel up 4o 2,000 microns ma,y‘ add %o the X radiation damage
to the parathyroids, whereas the ,3 raye from lodine~125 would not
produce thisg summatbtion effect..

The marked fluctustions in phosphate levels ave difficult to explaln
but they do not correlste with the post ini‘usion calecium levels.
Patients 1, 4, 5 and 6 had 24 hour post infusion phosphate levels which
were between 115 per cent and 169 per cent of the basal readings yet in
each of them the calclim response was normal.

It is thought ﬁha'\b in thyrotoxicosis the proportion of magnesium
hound ko prohein is incﬁeased compared to euthyroid or hypothyrolid
patients. Oversll the total level is not affected and the basal levels

woxe normal in the patients studied. No statistical change in serum
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magnesion levels was found after B.D.T.A. infusion.

(p) On Iazmx

Txternal radlation has been cited as an aetiological agent in
laryngeal neoplasie (Goolden 1957). A 57 year old female complained
of hoarseness 20 months after a 20 nCi thorapy dose of iodine-125.
Investigation showed a polyp on her left vocal cord which has now been
surgically ireated. Histologically the polyp showed no evidence of
malignancy. Although it would be wrong to exelude the iodine-126
therapy as being the cause of this lesion the most probable factor has

heen excessive cigoveitite smokinge

(5) BEffect of Todine~125 on the Course of Exophthalmos

Routine ophthalmometiic measurvements were not recovded in the
majority of patients, the impression obtained, however, wae that iodine-
125 did not adversely affect the eyess 'Two of the 265 patients did
requive definitive treatment for ophthalmic complications which progressed
after the wadioiodine theovapy. A 46 year old male was treated with high
doger of prednisoloﬁe foxr mevére proptosis, the outecome was excellent.
This patient is euth&rcid 20 months after treatment. A lateral
tarsorrhephy was necessary in a 66 year old female who had become hypo=
thyrold 3 months after a dose of 15,0 mCi. 'This incidence of ophthalmic

complications is, therefore, well within the expected mange (Wernor 1971).

(6) Incidental Complications and Hamands

The spectrum of lllness encownibered did not appear increasged in a
group of 265 patients. Two females both aged T4 years at the time of
therapy have died. One had a cerebrowvascular acecident 2 months after
the dose while she ﬁas sti1l thyrotoxic, the other died because of an

acute myocardial infarction. Both patients died in other hospitals
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and no post mortem was carried out, the thyroid glande in particular
were not exemined.

A 58 year old patient suddenly hecame paraplegic 10 months after
a 8.0 mCi dwink. Investigation has proven that the underlying disease
process was & bronchogenic carcinoma with vertebnral metastases.
Tuberculous endqmetriti’s, severe pulmonary embolus and a mild hemi-
pareosis have ovcurred in each of three patients and a fourth patient
attempted to commit sulcides

Van Middlesworth v(19'?2) has also drawm attention to a potential
hagard of lodine~125, namely prolonged environmentsl vadioactive
contbamination from maliva of patients treated with this radionuclide,
He has shown that one week after a 10 mCi therapy dose of iodine=~131
that the patient might transfer 0,001 to 0.08 mCi of iodine~13l to a
postage etemp. Because of the longer half life of iodine-12% he has
suggested that contamination might persist for as long as one year.
6n'ca:refu1 sorutiny of his date the radiation levels have been quoted
in millicuries rwather than microcuries and hence are exagerrated by a
factor of 1,000. Although the correct lower levels (0.001 to 0.08
uCi) cannot be completely disregarded they do not contribute to a
gignificant environmental hazard.

Sunmary

Therapeutic doses of iodine«~125 have not so fax been assocliated with
any major complications. Persistant chromosomal sberrations are found
in circulating lymphocytes, but it is hoped that they will like those
encountered in iodine-131 treated patients not be associated with any
maligmant alteration. Parathyroid function appears intact and

envirommental contamination not excessive.
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Section C

Measurement of the Radiobiological Changes

in the Thyweotoxic Thyroid dve 4o Todline-125

Chapter T

Tanctional Status of the Thyroid Following Iodine~12% Therapy
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Introduction

Three different in vivo techﬁiques and in vitro investigation of
gerun from iodine-12%5 treated patients have been uged in an attempt
to measure radiobiologloal changes in the thyrotoxio thyroid after
therapy. Tirstly routine radiolodinew1.3l testé (24 nour thyroidal
uptake of a tracer dose of iodine~131l, the 48 hour protein bound
iodine=~131 and butenol extractable icdine-131l) are described.
Secondly using a modified intravenous perchlorate discharge test
patients were studied to assess whether a defect in organic binding
of iodine could be demongtrated. To complement this in vivo test,
sera from iodine-~125 itreated patients were examined electrophoretically
and radiochromatographically for the presence of circulating iodoproteins
labelled with iodine~125. Tinally a study of serum thyroxine, T3 resin
and serum thyrotropin (T.S.H.) levels related to the clinical assessment
of each patient's thyroid status is described and the luportence of

elevated serum T.5.H, in this context discussed,
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(o) Routine Todine~131 Tests in Patients Treated with Iodine-125

Patients Studied

The functional ability of the thyroids of patients tveated with
iodine-12% was investlgated using routine iodine-131 tests. Thivty
unselected patients, 26 females and 4 males, éach receivaed a 5 uCi
tracer dose of lodine-13) at an average time of 14 months after the
therapy dose. The 24 hour thyroidal scecumulation of ilodine-l3l wap
measurad by dirvectional counting and calceulated as a pevcentage of the
total dosee. A venovs sample of blood was withdrawn 48 hours after the
adminigtration of the tracer dose for measurement of the total plapms
io@inen13l and the protein hound iodine~13l. Butanol exbractable
lodine~131 was measured in 21 of the 30 blood semples.

The 24 hour uptake of iodine~»131l bhefore therapy had been estimated
in all of these pabients but the btotal protein bound radiocactivity and
protein homd jiodine~1l31 levels were only available in 19 patientn.

The reagon for this was that the other 11 paiients had heen refenrred to
the Departument of Nuclear Medicine with the diagnosis of thyrotondcosis
substantiatbed hy bilochemical lavestigations and the only confimatory
test carzied out was the 24 hour uptake of iodine~13l. These pre<

theropy invesbigatbions wewe compared with the post therapy results.
Results

The total results ave pxéaant@d in Table Cl, Before iodine-125
therapy the memm 24 hour tracer uptake was 60.9 + 1148 per cent (mean
¥ 18.D.).  After therapy this bad fallen to 37.8 & 11.6 per cent
(Figure C1) ond this difference was statistically diffevent (P 0.01).
The mean total ploema rodioactivitien hefore 0.78 per cent dose per

litre and after therapy 0.84 per cent doge per litre were very sinilar
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as were the tobel protein bound icdine-131l levels, 0.75 per cent doge
per litre and 0.80 per cent dose per litre respeétively, Of the
thirty patients 5 were clinically thyrotoxic at the time of the pogie
thenapy tests; comparing their results with the remainder of the
patients (Table C1), both the 24 hour uptake (53.6 per cent) and
protein bound ilodine-131 (1.05 per cont dose per litre) were greater
than those in the euthyroid patients (34.4 per cent and 0.75 per cent
dope per litre). The uptokes were significsntly different (P<( 0.01).
The meon percentage butanol extractable iodine~131 wag 91.1 x 10.3
pexr cents In 3 of the 21 patients (143 per cemt) less than 85 per
cent (60, 68 and 81 per cent respectively) of the radioactivity wos

axtracted.
Digcumgion

Following destruotive therzpy of the thyroid either by suigery or
by radioiodine-131, the interpretation of iodine~131 tracer studies may
be difficult (Hardem 1971). Soley et al (1949) noted an elevated
uptoke in a euthyroid patient who had received ipdine-~l13l. In Silver's
series (1968), 46 out of 51 patients who were olinically euthyroid after
iodine-131 had an elevated 48 hour protein bound iodine-13l. 22
euthyroid patients had both a raised 24 hour tracer uptoke and a high
48 hour protein bound icdine~131l. The remson for the elevated uptake
after definitive therapy is thalt only a swmall thywoidal pool of iodine
remains (Jefferies et al 1956, Berson and Yalow 1954, Freedborge et al
1952) end the uptake of iodine~131l im exagerrated since the remaining
segment of thywroid functions intensely to maintain nommal serum
thyroxine levels probably under the stimulus of raised cireulating
pituitery thyrotropin levels. Thexre is evidence that the smallest
Intrathyroidal hormone pools are encounitered in patients treated with

radioiedine~131 though a similar situation may be encountered in other
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thyroid disesses such as Hashimoto's thyroiditils (Bokexrt et al 1960,
Buchanan ¢t al 1965)s The high values for the protein bound iocdine-
131 are also probably due to this same factor; the thyroid secreting
hoxrmone of high specific activity. One other poseibility for the
high protein bound jodine~131 is that a non active and non butanol
extractable material ig being produced by the thyroid though thig is
peldomn found after iodine-~131 thexapy.

In the iodine-12% treated patients despile the significant fall
in the 24 hour tracer upteke the 48 howr protein iodine-131 levels
wers elevated. Although the 24 hour upteke of lodine-l3l and the
protein boﬁnd iodine~13L wexe higher in the B patients who wewe still
olinically thyrotoxic in the remainder of the patients each unequivocally
euthyroid the protein bound=~131 was in the "thyrotoxic range" in 20
(80 pex cent)s In fact, only 4 of the thirty post therapy patients
had combined resulis in the conventional range for normslity. The
high uptake persisting aftor therapy is a more acocurate guide to
persisting toxicity after iodine-125 than elevated 48 hour protein bound
iodine~131 levels. The butenol extractable iodine~131 was below 85 per
cent in only 3 of the patients. It gppears, therefore, that in the
majority of the patiente the high protein bound iodine~131 results were
not due to the formation of abnormal iodinated proteiﬁa. Iodine~125
treated patients have a “emall pool patterm" and in general produce
active thyroid hommones. These resultis are in keeping with those in
the next section (vide infwva) which suggest that there is no block in
iodination‘of thyroglobulin at the cell apex. They also confirm what
is already known in iodine~131 treated patienﬁs that radioiodine tests
alone may be misleading and that they should not be sccepted as evidence

of persistant toxicity and the need to netreat the patient.
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(b) ZIntrathyroidal Organic Binding of Iodine
In Patients Treated with Iodine~-125

Introduction

Todide trapped by the follicular cell is rapidly bound to the
tyrosyl radicals of mature colloidal thyroglobglin. The almost
pimultaneous ocourrence of these steps mean that at any time in the
normal gland there is either no free intrathyroidal iodine or only a
ninute amount. In certain circumstances the iodination step is
. inhibited leading to an acoumulation of trapped iodine in the cell,
Typically the thiouracil drugs interfere with organic binding (Silver
1968, Klopowitz snd Solomon 1971) as do pharmacological doses of
inorganic iodine (Wolff 1969). Patients with acquired thyroiditis
(Hasﬁimoto's) exhibit this block in hormone synthesis (Morgans and
Trotter 1957) and it is also encountered as a hereditary disease in
gome patients with goitre and hypothyroidism (Ingbar and Woebar 1968)
often associated with nerve deafness (Pendred's Syndrome)a

Any build up of unbound ihtrathyroidal iodine can be demonstrated
using perchlorate or thiocyanate. These drugs not only inhibit the
mechanism responsible for the trapping of ilodide but also discharge
unbound iodine from the follicular cell, The “conventiongl" discharge
test involves the administration of an oral tracer dose of iodine-131,
the thyroidal content of the radionuclide is measured at intervals of
30 minutes using a directional counters, 2 hours after the tracer dose
500 mg. to 1,000 mg. potassium perchlorate is prescribed orally the
directional counting is continued for a further 2 hours and any fall
in thyroid radioactivity is accepted ap an indication of discharge of
free intrathyroidal iodine. Unfortunately this protocol has poor
reproducibility, is non quantitative and is relatively insensitive,

and these problems are reflected by different proceduves used by various
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Table C 2

Pexchlorate Discharge = Patient Data

Nunmber Sex Dose of Iodine~125 Time of Teat after

(mCi) Iodine~125 Therapy

1 ¥ 12.0 | 5 monthe

2 r 175 22 months

3 r 20.0 25 months

4 iy 10.5 1 week

5 T Te5 1'2 months

6 S 8.75 3 months

7 T 8.0 2 months
8 7 500 12 months

9 ® 2040 19 months
10 n 20.0 18 montha
11 B 13.5 T monthe
12 T 12.5 7 months
13 M 2040 2 weeks
14 M Te% 6 menths
15 b} 15.0 25 months
16 M 8475 345 months
17 r Te0 10 monthe
18 P 15.0 2 monthe
19 it 7.0 3 montho
20 ¥ 15,0 5 monthe
21 w 12.0 2 monthe
22 F 15,0 6 months

P

Time from latest therapy dose in patients
who received more than 1 drink




groups of investigators (Floyd et al 1960, Baschieri et al 1963,
Stewart and Murray 1966).

Todine-125 irradiates the colloid=-cell interface morve intensely
than the remainder of the cell. The apex of the follicular cell is
recogniged as the site of lodination of thyroglobulin (Stein and Gross
1964) and, therefore, an accurate test of orgonic binding in patients
treated with iodine-125 ig of parasmount importence. Because of the
disadvantages of the oral perchlorate dischaprge test a shorter but
more sensitive and quantitative method (Gray et al 1972) has been
employed to investigate the ability of the thyroids | of 22 patients

previoualy treated with lodine-125 to bind iodine.

Materials and Methods

Tigure C2 outlines the basip of the test. Wirstly, a standard dose
of iodine~131 in a phantom was counted wusing a closely collimeted
Aireetional counter 2" from the radiation pource; the detector fed a
continuous potentiometor recorders The phantom was removed and the
patient lay on a couch and the detector placed 2" ahove the neck over
the region of the thyroid. 25 uCi iodine~131 (carvier free Sodium
lodide~131, Radiochemical Centye, mne:esham) was given intravenously
through an indwelling catheter and the neck radioactivity recorded
gontinuously for 10 minutes. 200 mg of siterile smodium perchlorate
(specially prepared by the Phamacy Depariment, Royal Infirmary, Glasgow)
injected through the venous catheter and recording continuved for a further

10 minutesn.

Patients Simdied

22 patients (16 females snd 6 males) who had received iodine-125
therapy at varying intervals from 1 week to 25 months were asked to

return for this investigation, In Table C2 the number of patients,
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Table C 3
Percentage of Todine~l3l Discherped from Thyrolds of Patients
Treated with Todine~125 Using Intravenous Perchlonate

Uptake of Todine-~13l Uptake of TIodine-131
Percentage of Standard Percentage of Standard Percentage of Total 1
Humber Before Perchlorate After Porchlorate Discharged from Thyro

1 27.6 24.7 0,19
2 22,0 21,1 0.12
3 77.8 T7.8 0
4 750 T6.2 0
5 14.1 14.1 0
6 121.1 121.1 0
7 127.6 135.7 0
8 5449 533 0e22
9 4640 44.2 0.26
10 51.6 5345 0
11 84.5 8542 0
12 8647 88.1 0
13 131.4 121.4 1.44
14 1213 © 12447 0
15 30.8 30.0 0,11
16 31.4 29.4 0,26
17 79.8 6Ae4 2,04
18 Tost not completed o
19 2762 25.6 0
20 457 4245 0.43
21 4247 4247 0
22 28.4 28.7 0
mean. 63.2 6241

SeDa 37.6 38,2



their sex, the dose of iodine~125 administered (mCi) and the time

between the therapy dose and the perchlorate discharge test are shown.
Results

One of the patients (Number 18) could not tolerate the directional
counter over her neck and in her came the test was discontinved. The
resultn are shown in Table C3. The level of radioactivity 10 minutes
after the intravenous iodine-~13l has been expressed as a percentage of
the radicactivity of the known standard and the percentage of radio-
activity 10 minmutes after the intravenous aduminisiration of sodium
perchlorate listed in the adjacent column. The mean resulits before
(63.2 £ 37.6 per cent) and after perchlorate (62.1 & 38.2 per cent)
are not statistically different.

A better and more meaningful method of expressing the results is
from the formula
o34 x ¥

X _ x 100
2540

where 3.34 = standard dose of icdine-131 (uCi)
x = number of unlts for count of stendard dose (Figure €2)
Y = number of unite of discharge (Figure €2)

= amount of intravenous iodine~131

25.0

This expression caleulates the actual percentage of the dose of
iodine~131 which 1s discharged from the thyroid in the 10 minutes after
the intravenous administration of 200 mg. sodium pevchlorate, The
results ave shown in column 4. Only 2 ﬁa’bients, nunbers 13 and 17,
have p popitive dischavge (g’réa‘ber than 0.5 per cent of administered

dome) hence an inhibitlon of iodination of thyroglobulin.
Discugsion

The 20 minmute intravenous perchlorate discharge tost has been shown
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to be exquisltely sensitive in detecting subtle degree of impaimment
of iodine binding (Grey 1972). In a lavge number of patients with
no thyroid disorder and in patients with untreated thyrotoxicosis the
fall in thyvoildal radiocactivity nevenr exceeds 0.5 pex cent of the
administered dose (Gray et al 1972). Therefore only 2 of the 21
patients (9.5 per cent) exhibited a positive discharge (Figure C3).

Defects in intrathyrolid organic binding of lodine have been
detected in iodine~131 treated patients by Kirkland (1954) using oral
godium fﬁiocyanaﬁe and by Kieffer et al (1965) with oral perchlorate.
Patients treated with standerd or low doses of iodine~13l are unduly:
sensitive to small doses of Inomganic iodine (Hagen et al 1967,
Bravemman et al 1969) and often develop hypothyroidiesm moon after
fodine administration. Thisz usually indicates defecitive organic
binding and undoubtedly the rapid onset of hypothyroldism is exagermated
by the diminished Intrathyroldsl stores of prefoxmed hormones in thyro-
toxicosis.

The remarkable feature of this ptudy is that onlytwo of the
patients showed a defect in organic binding, yet because of the physical
properties of lodine-125 described previously (Section A, Chapter II)
this radionuclide wather than iodine~-131 should decrease iodine
incorporatlion into thyroglobulin. The test itzelf has been shown to
be successful in the diagnosis of minor degrees of deficient binding
end indeed has been better than the oral test in this respect. The
technique does not sppear to be at faults It ie possible that the
inhomogeneous irvrvadiation of follicular cells by ilodine-125 does not
pertain to the "human model" although evidence that it does will be
presented in Section C, Chepter TI. The obvious explanation is that
iodine~125 simply does not produce a defect in jodination in the
majority of patients and the reduction in thyvoidal activity is not

dve to impalrment of this mechanismne
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(e¢) MIn Vivo" Labelled Radioaative Todoproteins in
the Cirveulation of Patients Treated with Todine-125

(1) Thyroid Bindine Proteins

Introduction

Tn physiological sates mature thyroid hormones (thyroxine and
triiodothyronine) ave transported in the circulation in loose combination
with an interalpha globulin (T.B.G.), prealbumin (TBPA) and to a lesser
extent albumin (T.B.S.A.) (Oppenheimer 1968, Oppenheimer and Surks 1971).
Thyrotoxicosis does not qualitatively alter this general pattern (Tnada
and Sterling 1967). The binding proteins with the exception of albumin
are present in such small amounts that they are not detected on stained
electrophoretic strips,; they can, however, be suitable "labelled" with
radiociodinated thyroid hormonesz and detected by radiochromatographic
scanming of the electrophoretic strips. A gimple "in viveo" method of
labelling these proteins or any abnormal proteln carrying radioiodine
is to give the patient a tracer or therapeubtic dose of radioiodine and
gsecan electrophoretic preparations for radioactivity.

There are reports of macroglobuling, probably thyroglobulin occurring
in the circulation of patients treated with iodine~131 (Robbins et al
1952, Tata et al 1956) and also in rats glven large doses of iodine-131
(Jovanovic et 811969). Sera from patients treated with iodine-125
were studied for evidence of alterations in the binding of iodine~125
containing thyroid hormones and for the possible occurrence of abnormal

clyeoulating proteins such as thyroglobuling.

Pationty Studied emd Methods

The sera of 5 patients treated with iodine~125 and 2 patients treated
with lodine=131 were gtudied. The age and sex of the patients, the dose

of i0dine~=125 prescribed and the delay between therapy and the
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FIGURE C 4
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invegtigation are showm in Table C4.  Also shown are the approximate
gpical and nuclear rad doses and the eventual therapeutic outcome,

Sexra from 3 of the iodine=-125 group were studied by standard paper
electrophoresis, one by cellulose acetate clectrophoresis and one by
both techniques. Only peper electrophoresis was used for investigation
of the iodine~13l1 treated patients. The radioactivity of the %"in vivo"
labelled thywoid hormones wos measured by radiochromatographic scanning

(Packaxd).
Results

No diffexence was found in the radioscans between patients who
received lodine-125 or icdine-~l3l. Tigure C4 diagrammatically shows
the radiochromatbogrem scan and paper electrophoretic strip of the serum
from one of the iodine-125 treated patients which is representative fox
g1l the gpecimens exsmined. The peags of radioactive absorption
corresponded with the interalphaglobulin and prealbumin bands and with
one exception the peak was higher in the former. No radioactivity was

detected in abnormal thyroglobulins.
Discussion

Blectrophoresis is the basic method of identifying the proteing
which hind thyroid hormones and the radioiodine incorporated into the
hormones after therspy is a convenient marker for these binding proteins.
In each serum pample studied the radloactive peak on both paper and
gtarch gel electrophoretic strips corvesponded with the normal thyroid
binding globulin and prealbumin bands. There are veports of macro~
globuling containing radioiodine being wreleased into the circulation
after widely differing doses of iodine~131 (Robbins et al 1952, Tata
et al 1956). These macromolecules were almost certainly thyroglobulin

and ‘the hypothesis is that the irradiation damage disrupts the folliele
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to such an extent thot leskage of colloidal thyroglobulin occurs.

In the grovp of patients desecwibed this finding has not been
confirmed. Considering the whole group of patients it is possible
that the investigations may have been carried out st the wrong time

abnormal
intervel afber therapy for the detection of/thyroglobulin. Toxr the
lodine~125 treated patients the delay of about 40 days corresponds to
between 2 and 3 effective half-lives which should have been ideal fox
maximal damsge. The one patient studied 63 days after therapy nay
have been investigated too late. Jovanovie et al (1969) found that
1a£ge dosen of iodine-131 in m»abs coused release of a 198 thyroglobulin
but that this had digappeared from the clroulation 11 days afler therapy.

Abnommal proteins ave only detected by the method described if
they aré carvying radioiodine and it is possible that thyroglohulin
was released but had no radiciodine incorporated or that the material
had been deiodinaﬁed in the eiwvculatlon.

It is attractive to suggest that the inhomogeneous distribution
of the follicle dose rate from lodine~l25 might have caused intense
irvadintion of the cell apex yet left the overall structure of the
follicle intacte Two of the 5 patients eventually became hypothyroid
pointing to a nuclear dose wate of considerable effect and the mean
dose 10 microns from the apex was approximately 10,000 rads the dose
rate towards the base of the cell may have heen even less allowing the
basement membrane 4o vemain intact. Thig might have been responsible

for preventing release of these larger molecules.

(ii) Iodothyronines, Iodotyrosines end ¥ree Radiosctive Iodine

Introduction

Apaet from a minor binding defect in 2 patients, the intravenous

perchlorate discharge test failed to demonstrate an intrathyroid block
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in the iodination of thyroglobulin. To complement the in vivo
investigations, sera from patients who had been treated with iocdine-~125
at intervals from 10 days to 9 weeks previously were examined radio-
chromatographically to study the pattern of radiocactive iodinated

molecules, iodothyronines and iodotyrosines in the ciroulation.
Patlents Studied and Methods

Serum from 6 randomly selected patients who had received radio=
iodine-125 treatment from 10 days to 63 days previously was used for
the investigation. Serum from 3 of the patients was studied in two
ocoagions at different time intervals after treatment.,. In Table C4
the age and sex of the patients, the doge of iodine=l25 prescribed and
the delay between therapy and the study are shown (4 of the patients
were the same as in study 1). TFor comparison, serum from two patients
who had bheen treated with ifodine~131 10 dsys beforehand was also studied.
As a stoandard thyroxine labelled with iodine~131 was useds

5 mls., of test serum was extracted three times with butanol=
thiosulphate and the pH of the extracts raised to 8 with concentrated
amponia. The combined extracts were evaporated to dryness undex
reduced pressure and the residue rea_suspended in three parts methanol
t0 1 part concentrated ammonia and centrifuged at 3,000 R.P.M. for
5 minutes. Chromatograms were set up with the resulting supernatant
golution on butanol zcetic acide Two specimens from iodine=125 treated
patients were also subjected to pancreatin digestion and run on butanol
ammoniae. The chromstograms were scsmned for iodine«l25 or iodine-131
depending on the therapeutioc radionuvelide the patient had received and

scans compared with the iodine-13l thyroxine standaxrd.
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Resulte

The chromatograms from each of the iodline~125 treated patients
were basically the same and two mepresentstive ones are shown
ddagramatiocally (b) and (o) in Figure C5 undex the thyvoxine standard
(a)s In the standard the first sharp peak is unbound iodine=~131, the
larger more protracted peak is thyroxine. AIn each of the chromatograns
from ilodine~12% treated patients the sole radiocactive peak corresponds
to thyroxine (iodothyronine) and no free iodine~125 or iodotyrosines
were isolated. The fihdings were the pame after pancreatin digestion

and butanol-smmonia chromatography.
Diseusgion

Circulating iodine is mostly found incorporated in mature thyroid
hormones, thyroxine and triiocdothyronine (iodothyronines) (Oppenheimer
and Surks 1971). There is some debate about the proportion of iodine
in lodotyrosines in the circulation since smome investigators bellieve that
iodotyrosines are not found in the serum in physiological situations.
Cexrtainly these substances are found in the circulation of thyroiditis
(Volpé et al 1965), they have been detected in almost 50 per cent of
thyrotoxic patients (Farron et al 1959) and they occur in the
circulation of rats subjected to prolonged feeding with iodine=-125
(Radichevich and Werner 1967). The general belief is that they are
normal constituents of the blood which are usually present in very
small amounts (Rhodes 1968).

Patients treated with iodine-~125 might be expected to have abnormal
formation of thyroid hormones especially distortion of the process of
iodination bhecause of the intense agpical radlation. Membrane
destruction might be associated with leskage of free iodine-125 into

the circulation. It im almo possible that lodotyrosine coupling
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might be defective due to the extremely high radiation doses within the
collold resulting in release of large quantities of iodotyrosines.

There is no evidence to support these hypotheses since the only
circulating material conteining radicsctive iodine corresponded exactly
with the thyroxine standard. The absence of free ilodine~125 in the
circulations of the iodine-125 treated patients ds of interest especially
since a very small amount of free ilodine was detected in lodine-131
patients.

The tixriing of the investigations was carefully selected. The mean
effective half life of iodine~l25 in the body is about 15 days and,
therefore, post treatment sewa at 10, 42 and 63 days gave o spectrum of
times encompasgeing the probable meximum iwradiztion effect. In the
lodine-~131 treated patienis the delsy of 10 days was gbout twice the
affective half-life which should correspond with the grsatest damage.

The long helf-life of iodine-125 and the recycling of lodine in
the body are of theoretical impoxrtance. Patients treated with
thergpeutic amounte of iodine~l125 can be thought of ag "experimental
animals" belng fed iodine-~125 over a prolonged periods Tallure to
demonstrate iodine~125 labelled iodot;rx*osinea (in these lpa.‘tienta a8
long as 63 days after treatment) is thervefore significent; labelled
ladothyronines were detectable at all times ‘throughout thé studye
The normal results are in clome agreement with the in vivo perchlorate
dincharge tests and suggest that 1f the extranuclear effect of icdine-
125 is of therspeutic benefit it does not distort the synthesis of
normal maturve thyrvoid hoxmones. Because of the noxmal results the
experiments were not expanded; it is vexy unlikely, however, that

defeotive hormone production would be encountered at a later date.
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() serum Thyroid Stimulating Hormone (T.S.H.)
Ievels in Patients Treated with Iodine-125

Introduction

Reliable, sensitive and specific radioimmunoassays of gerum TeS.H.
have been developed (0dell et al 1965, Utiger 1965, Raud and Odell 1969,
Hall et al 1971, Iia.ll 1972 and Bl Kabir 1972) and are available for
clinical use. The main clinica:f. importance of this estimation is
diagnosis of hypothyroidism due to thyroid disease (Hershman and
Pittman 1971, 1971b, Utiger 1971; Mayberry et al 1971) where an elevated
level is a sine gua non. In euthyroid subjects the values are low but
hecange of the insensitivity of current assays it has not been possibdle
t0 peparate euthyroid from thyrotoxic patients on the basis ¢f serum
ToeeHs lovels alone, Theovetically thy:a:oi;oxicoaié should completely
suppress plituitary T.5.H. productions Normal levelp of ‘J.“.S.IL are
also found in hypothyroid patients who ave rogularly ingesting a
gufficiont dose of thyroxine (Cotton et al 1971).

Radiocinmmmoassay of T.5.H. hags exposed an interveating group of
patientss; they are classified as cuthyroid on clinical grounds and have
noxmal raesults for conventlonal biochemical tests of thyvold function
yet they have elevated serum T.S.H. levels. They are best categorised
as being subeliniecally hypoi:hjroid (Bditorial 1971a, Bvered and Hall
1972)«  This condition may ocour following surgical thyroidectomy
(Hedley et al 1971) and lodine~131 thevapy (Slingerland et al 1970).
The importance of sexrum T.S.0. levels in patients btreated with iodinew
125 ig appavent. Professor Reginald Hall of the Department of Medicine,
Univernity of Newcantle, very kindly agreed to undextake the radlow
immunoassay of TeSe.He The technigue was o double antibody assay as

demeribed by Hall et al (1971).
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Relation of serum thyroxine levels (mean T one standard deviation)
s0lid lines to serum thyrotropin levels (mean ¥ one standaxd
deviation) interrupted lines in 6 groups of patients after iodine-

125 therapy

Group I  Thyrotoxiec

Group II  Hypothyrold on replacement thyroxine
Group III  Buthyroid

Group IV DButhyroid with high TSH

Group V Misclassified

Group V1  Hypothyxoid




Deble G5

Thyrotropin Ievels in Futhyroid, Hyperthyroid

and Hypothyroid Patients

(After Hall et al 1971)

Humber Mesn Ronge Standexrd Deviation
Fomeal Controls 29 166 046 = 442 to.8
Hyperthyroid 18 160 045 = 17 ¥ 0.4

Hypothyroid 19 17T 645 = 588 L 152




Patients Studied

20 mlg. venous blood was removed from each of 99 unselected
patients who were attending the Depariment of Nuclear Medicine for
routine clinical assessment at varying time intervals after iodine-
125 therapy. The clinical status of each patient was determined.
Serum thyroxine (Thyopac 4, Amersham) and T3 Resin uptake (Thyopac 3,
Amexrsham) levels were estimsted fo:r: each patient. Depending on the
combined clinical and laboratory observations each patient was
allotted %o one of 5 groups: thywotoxic, hypothyroid but on
replavement thyroxine, euthyroid, wrongly classified as euthyroid and
hypothyroid. A portion of each serum specimen was retained, given a
coded number and frogen. 99 numbered serum samples without any
clinieal details apart from the therapy dose of iodine~125 and the
date prescribed were dispateched to Newcastle where T.S.H. levels were

measured. The gerun T.S.He levels were then studied in collaboration

with the elinical and biochemieal information.
Regults

Table C5 is published by kind permission of Professor Hall and
gives the expected T.S.H. levels in euthyroid, thyrotoxic and hypo-
thyroid subjects, The normal ranges for serum thyroxine and T3 resin
are also showne Details of the results in iodine-125 treated patients
are ligted in Table CI6 and ghown graphically in IMguvre C6.

Results
Group L. [Thyrotoxic Patients
24 of the 99 patients were olinically thyrotoxic and with one

exception had raiged levels of serum thyroxine 14.4 ug 2 2.5 ug per
100 mle (mean & one mtandard deviation). The mean T3 resin level

(108.9) was above normal (79 - 105) but 7 of the 24 patients had
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results which were within the nommal range. Sexrum T.8.H. levels wers

Tow 1,6 = 1.4 pll per ml but one patient had an abnommally high result

(7.5 pU pex ml).

Group IT. Hypothyrold Patients Taking Thywoxine
T petients vwho had been started on veplacement thyvoxine therapy

had a mean serun thyroxine level of 12.3 ug per 100 ml. and their T3
resin results were at the upper limits of nommality 102.4 ¥ De5e
The average T.B.He level was well within normal 2.2 U per ml, one
potient, however, did heve s high T.8.H, level (7.7 U pexr mle).

The euthyroid patients were divided into 2 categories depending
on the sevum T.8.H. levelss Group III normal serum T.S5.H.: Group IV
elevated serun T.S.He (an arbltrary level of above 5.0 uU per ml was

accepted as an elevated result).

Groun ITT.
39 patients all elinically euthyroid had normal serum thyroxine
(8.4 % 2,2 ug per 100 mls), 73 resin (93.2 £ 9.8) and serum T.S.H.

(107 :': 1.3 'P.U per ml)o

Group IV,
17 patients originally classified with Group III since they

appeared ewthyroid had normal serum thyroxine (G5 & 2«1 ug pexr 100
mle) and T3 resin (86.7 & 6.6)e In each of these patients, however,
the serum T.S.He level was above 5.0 pU pex ml (139 ki 14.9 uU per ml).

One patient in particular had a very high level (66.0 ul per ml).

Group V. Wrongly Classified ag DTuthyroid.

3 patients were olinically classified as being euthyroid but the
gerum thyvoxine levels were reduced (4.0 ¥ 0.6 ug per 100 mls), T3
cvesin vesults in the low normal range (84.0 ¥ 8.2) and the T.S.H.

levels elovated (26.6 © 21.2 U per ml).
P

107




Group VI. Hypothyroid
9 patients had blocheémical evidence of hypothyroidism which was

in keeping with the clinical assessment. In these patients the

T,8.H, levels were the highest of the 6 groups (34.5 & 18.1 ull per ml).
Digcoussion

In gencral the results obtained in Groups I, II, III and VI are
as would be expecteds The rxeaults in Groups }:V‘ and V provide
interesting information that requires expsnsion. Before discussing
these groups there were poradoxicel results in two patients which also
need clarification. One thyrotoxic patient (Group I) had anomalous
résults of interest in that the serum T.S.H., level was elevated
(7.5 wU per ml) yet she was clinically thyrotoxic and had an elevated
sexum thyroxine (1640 ug per 100 ml)e It is unlikely that an error
wao made in the radloimmmosssay (Hall, personal comment)s There
nay, hmvéver, have been a substance In the patient's circulation which
cross veacted with T.8.H. yot did not have thyroid stimuleting
properties., It is egually possible that the cause of her thyrotoxicosis
was, in fact, TeS«He. or TeSH. like material. Rarely a ohromophobe
adenomg may secrete T.S.H. (Hamilton et al 1970) but more commonly the
material is produced By an ovarian or trophoblastic neoplasm (0Odell et
ol 1963, Hewshmann and Higgins 1970)e There has been no clinical
evidence of either of these possibilities and although repeat serum
Teelle lavels are not yet to hand the serum thyroxine is pexsistently
elevated.

The othex patient (Group II) was on replacement thyvoxine, She

had noxmal biochemical tests but & raised T.S.Hd. level, a combination
encountered when therapy is not regularly ingested.
The patients in Group IV fall into the cabegoxry of subeclinical

hypothyroidiem (Bvered and Hall 1972)e. The importance of this
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condition is still open to discuspion. Bastenie et al (1967, 1971)
puggest that there may be an associsted preponderancé of atherow
sclerotic véacular dizease tut to date there have heen no prospective
controlled trials of treated and untrested patients to confirm or
zefute this hyp&thesis. In the context of ilodine~125 therapy this
group is extremely importent. If the theory of reduced mmelear
irradiation 1s GQXreét it might be expected that the presently elevated
perum T.S.H. levels will in the course of time fall and the overall
thyrold function remain virbtually waltered. This would be proof of
cell rempeneration and re-egbablislment of the normal physiologleal
balance, However, if the cell nucleil have been pexmanently damaged
or sterilised by the radintion a progressive mise in serun T.9.0. with
a veciprocal diminution in thyvold function must he anticipated and the
ouwbeome similaxr to that following iodine«l3la

Todine-125 might have caused minimal nuelear damage becsuse of the
low intensity wadiation, yel may not have sterilised the cells. In
this sitiuotion o continved elevated T.S.H. gtimulus might be dangerous
pince in the experimentsl animal this comﬁinatian can result in neo-
plastic chenges, Doninch (1971) believes that low doses of iodine-131
may leave axéas of the thyroid capable of division amd if toxicity
pergists or recurs thers iz a visk of induction of thyroid carcinoma.
The ssme situation must apply in iodine-125 treated patients.

The 3 patients (Group V) vho were wrongly classified are also of
intevest. On reappraisal withoul knowledge of the investigations they
would atill be clagsified as euthyroid. Wevertheless all the available
biochemical and radioimmumoassay evidence points to the fnet that they
are subthyroid. Recent experimental evidence indlcates that T.S.H.
preferentially stimuléﬁes triiodothyronine secretion (Wahner and Gorman

1971)e  Triiodothyronine is not as potent ag thyroxine in the inhibition
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of T.5.H. secretion (Bditorial 1971b, ¢) and theoretically it is
possible that the »aised serum T.8.Hs in these patients is causing
an inapprop:iately excegelve secrebtion of trilodothyronine. This
might be exegervated by the prefewential apical ivwadiation of the
follicular cell although no block in iodination waz demonstrated
“supra)s The patients, therefore, despite low serum thyroxine and
high Te.S.He night pomsuibly have normal thyrold balance. Serum has
been retained for triiodothyronine assay but as yet the technique is
not reliable and confirﬁation of this hypothesis is not available.
Howevexr, the close inverse relationship of sewxum thyroxine and serum
T.S«de levels throughout the series does suggest thet no other fantors
are ﬁ.mwolvédg

Mayberry et al (1971) hove showm that the T,8.H. levels in hypow
thyeoid patients tend o be higher in younger patientss in this

geries there is no such correlation.
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Chepter II

Iz Todlne~125 Diffevent Irom Todine-1317
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Introduction

Comparison of the therapeutic outcomes in different groups of
patients treated with radioicdine ig difficult. There are variable
factors which have to be considered when this form of treatment is
prescrihed. These include the percentage of the therspy dose taken
into the thyroid which may not closely mirvor the uptake of a
d’iagnostic‘ tracer dose and once in the gland the distribution of
the radionuelide le often uneven subjecting some areas to a much
higher yadiation dome than enticipated and other regions to a lower
dose. The size of the gland, an importent measurcment for dore
preseription, ig difficult to assess accurately even with the use of
precise scans ond mathematical formulae to transform the area of the
glend to a volume. Radiosensitivity of follicular cells does vary
and ig not simply a neat explanation for results which ocours
unexpectedly. The outcome in apparently similar populations siudied
after similay radioiodine ireatment schedules may, therefore, be quite
divergzent. Spencer (1971) has by the use of simple mathematical

teclmigues made comparisons feasible,
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Tlegure C 7

400uCi PER GRAM [48 PATIENTS]
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Pable C 17

lesponse of Thyrotoxic Thyroid to Todine-131

(From Spencer)

Humnber of Doses Number of Doses

Rate Constant for 50% cure ver Patient
8ilver (2.968) 0.676 1.03 1.97
Maynard (1.969) 0.936 0.74 1.61

liofal ot al (1966) 1e120, 0.62 1.43




Method

The pewcentage of wncured thyrotoxic patients are related to the
number of therapy drinks that have been prescribed. A similar approach
obtaining the same answer is illustrated in Figure C7 where the
percentage of uncured patients have been plotted by logarithmic seale
on the ordinate and the mumber of therapy doses prescribed poltted on
the abscica. Using the results from the 400 uCi per gram of thyroid
group (350+450 uCi) when zerc therapy doses have been prescribed 100
per cent of the patients are thyrotoxic after 1 therapy drink, 30 per
cent remain thyrotoxic, 8 per cent ave not cured by the second drink
and 2.per cent ave still thyrotoxie after a third therapy doée. Thesne
points are joined amd the exact slope of this line is obtained by the
method of least squares to give the mate constant (A).

The fraction of patients remaining thyrotoxio continues to be
relatively constent from therapy dose to therapy dose. Because of
thisg the number of unocured patients cen be expressed in terms of an
exponential equation

¥ = fog ™ AP

Where X = the number of patients still thyrotoxic
Ho = the original nwabexr of thyrotozic pabients
D = the number of therapy domes
A = rate constant

The rate constants in three iodine~131 treatment series (Silver
1968, Maynard 1969 and Nofal et al 1966) have been calculated by
Spencer (1971) to be 0.676, 0.936 and 1.121 respectively (Tsble C7).
The increase in the size of the rate constent is indicative of a
gteeper slope to the response line and hence a more rapid vate of
control of the thyrotoxicosis. .'.['he therapy doses of iodine-~13l
preseribed by these investigators had been designed to introduce

respectively into the gland 80 uCl, 100 uCi and 185 uCi per gram of
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thyrolda 'i‘he inorease in the dose isg, thevefore, paralleled by an
increase in rate constant,

The resulis obtained with iodine-125 treatment for thyrotoxicosis
have been disoussed in detail (Section B, Chepter II). Overall they
appesred better tﬁan those achleved eithex ﬁith atandard or low dosmes
of iodine=-131l. The total treatment group, however, containg sube
groups of patients who vreceived a variety of doses of icdine-125 and
utilis:’mg the mathematical technique outlined sbove a rate conmtant
has been obteined for the total group of patients, for males and
females separately and for patients vho received 151-250, 251-350,
351-450, 451550 and more than 550 uli iodine~125 pex gram of thyroid.
The lapt of these combines the results of the three treatment groups
who were given 551-650, 651-750 and move then 750 uCl iodine-~125 per
grem of thyroid (groups 5, 6 and 7, Seotion B, Chepter II). These
were taken together becauvse of the small number of patlents in each
and because the owbcome in the three groups wae almost identical.

9 patients have been exeluded, they are made up by thveee in whom the
doge of iodine-12% per gram of thyroid was not known, three who
received less than 150 uli per gram and the three patients who failed
to retum for review. Using the rate constants a direct comparison
with the results in the iodine~131 tweated patients of Silver 1968,

Maynard 1969 and Nofel et al 1966 hes been undertaken.

Resulis

The rate constent of the total group 0.845 was similax to that
in females 0.845 and males 0.852 (Teble €8)e The result was low
(0.503) in patients who roceived the smallest dose of lodine-125
(151 to 250 uCi range) but as the dose increased the speed of control
with one exception beceme moxre rapid and the rate constants greater

(04596, 2272, L1199 ond 1.496). The group who received a mesn dose
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of 500 uli per gram of thyroid was controlled slightly leas »apidly
than the group of 48 patients who received a mean doge of 400 uCi

iodine~125 pex gram thyroid.
Dincussion

0.845 the rate constant for the total trestment group of iodine~
125 treatod pa'tienta. is similar to the rate conptant for the iodinge
131 treated patients of Maynard (1969). Him thorepy doses were
caloulated to adminigber 100 uCi iodine-l131l pex estimated gram of
thyroids Since, g8 has been expleined, the +total group contaings s
spectrmm of dose schedules the discussion will be focusmed on the
group treated vith 351-450 uli iodine-125 per gram off thyroid. The
rate constent in this group 1.272 was greater than that ealeulatoed fox
the lodine-131 treated patiecnts of Nofal et al (1966). An administered
dose of 400 uCi fodine=125 per gram of thyroid is, thewefore, superior
to an imtrathyroidal dose of 185 ufi iodine~131 pewr gram of thyvold.

To obtaii such a yapild mate of control with iodine-131 a conaiderable
nunber of Youred" patients rapidly became hypothyroid end 2 yeors after
therapy 46.6 per cent of theme patients were thmg affected (Nofal et al
1966)s  After a raimila,r period of follow up in this lodine~125 tresiment
group only 10 pexr cent of the patients have become hypothyrold (Section B
Chaptor II). The excellent rate of control with sn average dose of 400
uCi iodine~-125 per grem of thyroid has been obtained with a wmeduction in
thyroid insufficiency.

A mecond mothod of defining the rate of mesponse to vedioiodine is
the concept of the number of doses per patient requived to cume 50 per
cent of the total group. This figure is the result of the abscises of
the groph corvesponding fo 50 per cent on the ordinate (Figure €8),

M alternative mothod of obtaining the answer is from the formula
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x = Logp 100 « Iogig 30
ANILog 10 B
Vhere x = number of doses to cure 50 per cent

A= rate constant

In the patients treated by Silver (1968) 1.03 doses were required
for each patient to cure 50 per cent of the group (Table C7) but with
the lawger doses prescribed by Nofal et al (1966) this was reduced to
0.62 doses per patient, In the iodine=125 treatment group who received
351«450 uCi pexr gram of thyroid only 0.55 doses were required per
patient (Table €8).

Turther evidence of the diffexenoe'between iodine~125 and lodine~
131 ia obtained by caleulating the average number of doses prescribed
foxr every patient in the treatment &roup. For example, if 100 petients
received 1 drink, 100 patients 2 drinks and 100 required 3 drinks the
nunber of doges per paxient

= (200 x1) +(100x2) +(100x3) = 2
300

Silver (1968) prescribed 1.97 doses per patient but with a progressive

increase in the prescribed amount this was reduced to 1.6l drinks by
Maynard (1969) and 1.43 domes by Nofal et al (1966). These results
are also tabulated in. C7 and the corresponding results in iodine-125
treated patients in Table 08, 1.36 doses were presecribed per patient
for the total group and in the best outcome group (351-450 uCi per
gram) 1.35 doses per patient. Only 1.22 doses were required in
patients glven doses greater than 550 uCi per gram of thywoid.

The rapid rate of control in the 351450 uCi group obtained with
a low hypothyroid problem has required a small number of doses per
ratient and also a low number of doses for a 50 per cent cure. 'This

superb combination of bhenefits camnot be obtained with iodine-131.
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One other factor of note is that with large domes of iodine-125 (more
then 550 uCi per gram) the vate constant of 1.496 is outstending.
Only 1.22 doses are vequired pexy patient and rapld one dose cure is
mueh more common thean with large dosesn of iodine-131. The benefit
of these lorge doses in the management of thyrotoxie patients with
heaxrl dizease ig obvious and although a definitive policy was reached
not to undertoke the treatuent of ewlhyroid cardiac patients suffering
from intractable angina or cawvdiac feilure, iodine~12YH in these large
doses would appear bo be more efficient than iodine~l31l in veducing
thyroid function.

The data Ffrom these csloulations make 1t possible to compave dosges
of 10dine~125 and lodine-131 which have approximately the seme effect.
The technique adopted has involved a combination of (a) the number of
domer required to cuve 50 per cent and (b) the rate constant. The
rate conesbants of the lodine~12% treatment groups and the three iodinge
131 reference series have been plotted againat the numbem of doges in
each of these which were xequived to cure 50 per cent of the group.
Thin iz chown graphically in Wigure C9. An excellent relationship
im mphown bo exigt and the cuwve passes through all of the points,
jodine=131 treated am well as iodine-125 treataed.

Overall the outcome in all of the patients treated with iodine-
125 is similar to that found in patients given an intrathyvoidal dose
of 100 uCi iodine~l13l per grom. Adminigtered doses of 400 uCi and
500 uCi of iodine=~i2H5 per gram of thywoid give resgults similar to but
slightly better than an intrathyroidal dose of 185 uCi iodine-131.
chepting that the average thyroidal uptake of the therapeutic dose
iodine-125 was 66 per cent of the presecribed dose approximately 264
to 330 uwCi per gram of this madionuclide was introduced into the
thyroid. The ratio of effectiveness of iodine~131l to iodine~125

at these dose levels im, therefore, about 1/1.5 = 2.0. At lower
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dose ronges an administered dose of 300 uwCi iodine~125 can be geen
to be slightly less active than a thyroid dose of 80 uCi iodine-131.
The ratio of effectiveness in this case iz 1/2.5.

pumnay

Using simple mathematical techniques iodine«12% hag been shown
to differ from iodine-131 in the following respects. Avproximately
| double the dose of iodine~125 is required to produce the seme
therapeutic effect as lodine-~13l, but asn the dose of radionuclide is
dQecreased this ratio is inecreased to 2.5 to 1. Nevertheless for the
same rate of control ivdine~125 c¢auses considerebly less hypothyroidism
after a similay period of follow up. Large therapy doses of jodine~

125 almost inevitably produce a rapld single dose cure.
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Tinal Conclusions and Possible Extensionsg of Investigations

Todine~125 is successful in the control of thyrotoxiceosis and in
the dose momge of 351 do 450 uli per graw of thywroid is superior to
fodinew13l. Obviously no new therapeutic nuclide can be considered
beneficial until it is shown to be as safe as the existing one.
Todine~13L has stood the test of time and‘ﬁhe original fesrs of
incroaned incidence of thyroid cancer and leukaemia following therapy
have heen partislly discounted but this speetve still hangs over the
uge of 1odine=-125 therapy (Bditorial 1971, 1972 a, b) and extension
of the length of follow up is importent Lfvom this point of view.

With longer periods of surveillance any progressive rise in hypothyroidism
will also be detected.

The exquisite simplicity of single dose radioiodine therapy is
imporwtant but more inbtricale approaches wsing iodine~125 are probably
Justifiable in a limited number of patients. It 1s conceivable that
hypothyroidism could be completely eliminated with the preascripiion of
very small dowes of iodine-125 (100 uGi or less per gram of thyroid).
What remains to be snawered is whether this size of dose would
eventuzlly contyol the disease in all of the patlents treated, almost
certainly drug therapy either conventional antithyroid druges or beta
adranergib blockers or both would be required in a very large pro-
portion if not all of the patients.

An alltemmative approach would be to prescribe a tailorved dose to
depoait, for example, 3,000 rads to the follleunlar cell nuclei. This
would requive accurvate measurvement of the effective half«life of

icdine in each patient and also an accurale estima%ion of thyroid gland
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mase and if poseible the percentage of colloid in the gland.
There is snother exciting but as yet theoretical method of
tailoring the dome for each patient, If ‘a_n acourate index of
decreasing thyroid funciion existed and it was posslble to Judge
when "normal! 'hhymoici atatng ifeached after irvediation it would

bhe theoretically possible to discharge the radionueclide from the
thyroid using antithyroid drugs.
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