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CHAPTER 1

INTRODUCT TON

Hy personal interest in thyroid physioclogy, initielly aroused

by Profesgor E.M. MeGirr during my undergraduate tenure of a

Carnegie research scholarship, was later fostered by the opportunity
of working with Drs, J.A. Thomson and W.R. Greig in the University
Depariment of Medicine, Glasgow Royal Infirmary. The work reported
in this thesis was performed while I was in turn a registrar, then a
lecturer in medicine and finelly an honorary senior regisirars

" At that time, in vivo studies with redicactive iodine hed
provided a firm basis for the scientific evaluation of thyroid
function foritwo decédes. Cuirently, the development and widespread
application 6f radiocimmunologlical techniques has quietly revolutionized
the routine investigation of patients with suspected thyroid disease
and 1n‘partiouiar, in vitro measuremenis of serunm thyroxine,
tiiiodothyronina andn%hyrotréphin provide‘indiees of thyroid function
which ave both highly diseriminating and more convenient to patient
and clinician, Although the adoption of specific hormone asssys
heralds sutum for the routine evaluation of thyroid status with
radioactive iodine, the in vivo approasch is necessary when information
on the thyrold metabolism of iﬁorganie iodide is requireds Such data

may be relevant o both diagnosis of thyroid disease and aﬂsessment:i

N
of gPf enti-thyroid treetment effectivenesss

Paralleling sdvances in vadlioimmunology, the increasing \\

sophsophistication of radionuclide imaging devices will now permit an \\\\\

\

‘\\
\




accurate analysis of rapid changes in thyroid radioactivity with
time (kinetic snelysis). This thesis has explored the use of in
vivo kinetic analysis with a directional counting system and by
investigating thyroidal iodide transport snd organificetion, has
attenpted to predict areas of diagnostie end therapeutic potential
for future development.

The experimental section of the thesis opens by defining the
importent physical problems in measurement of thyroid radioactivity:w‘
and continues with an account of the development and assessment of
a directional counting system designed speeifically to provide
accurate guantitative information on rapidly changing radioactivity‘
in thyroid. The random and systematic errors associated with the
uge of this technique are subsequently studied in detail.

The next gsection of the thesis has as its theme, the assessment
of thyroidael jodide transport using technetium as pertechnetate.
gtudles using diffusible autoradiography clearly confirm the similar
handling of pertechnetate and iodide by the thyroid transport mechanism
and justify the application of a conventional thyroid mathematical
model to pertechnetate kinetics in thyroid. Human in vivo experiments
which consolidate snd expand existing knowledge of thyroid physiology
of pertechnetate are described thereby permitting a critiesl
asgessment of the value of pertechnetate for clinical inveatigation.
Experiments which explore one potential application of pertechnetate
in the treatment of humen thyroid disease, namely its use to predict
the adequacy of radioactive iodine therepy for thyrotoxicosis are

also described.
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The thesis then goes on to expand the kinetic theory of radioe
active iodide organification in thyroid. From this basis, a
sensitive clinical test for detecting inorganic iodide in thyroid
is developed, namely the intravenous perchlorate test. Combining
in vivo human studies with rat experiments, evidence which argues
that thyroidal iodide transport is rate~limiting for thyroid hormone
synthesis in human but not in rat thyroid is presented. An extension
to the mathematical treatment of iodide organification in thyroid
permits presentation of a theoretical analysis for celculating the
orgenification rate of inorganic radioactive icdide in thyroid,

Knowledge of the effect of thyroid disease on iodide organification
is obtsined in depth uging the intravenous perchlorate test. The
procedure is shown to be a useful adjunct to measurement of serum
anti~thyroid antibodies for the diagnosis of Hashimoto's disease end,
in addition, a large proportion of patients with simple goitre are
clearly shown to have an unexplained defect of iodide organification
in thyroid. Investigation of thyroidal iodide organification
following treatment of thyrotoxicosis with radioactive iodine-13l
or 125 provides clear evidence that iodine-125 is more effective
for selectively inhibiting function at the apex of thyroid follicular
cells. This finding confirms current views on the microdosimetry of
each radionuclide in thyroid.

Pinally, an unusual case report of reversible, inherited
hypothyroidism is presented.

The role of kinetic analysis in the investigation and therapeutics




of human thyroid disease has not been fully defined but the present
work indicates the scope for such studies and establishes areas for
fature development.
PLAN  OF  THES IS
The thesis is presented in one volume, Appendix 1 contains
supporting tablesy; appendix 2 contains an account of standard methods;
appendix 3 containg detailed mathematical derivations. References

sre presented at the end of the thesis.




CHAPTTR 2

Ponm  AND  OROANTIRTCATTON  TROHANTOMS

OF _THR _THYROID GLAND s A REVIEY

Higtorical Introduction

Goitre was recognised by man before the Christian era (Rolleston,
1936) and its empirical treatment with seaweed or burnt sponge
documented from as early as the twelfth century (Matinovic and
Remalingaswaniy 1958). TFollowing the report by Davy in 1815 that
seaweed was Tich in iodines Coindet (1824)s a doctor in Geneva, first
suggeshed a relationship belween goitre and iodine and attempted iodide
supplementation in his goitrous patients. The resulting violent
opposition to iodine therapy from his medical colleagues soon forced
him o sbandon this experiments Despite the subsequent demonstration
by Chatin (1852) of iodine deficiency in soil and water of endemic o
goitre areas, it was four decades before Bruns (1894) and Reinhold
(1894) reaffirmed the usefulness of iodide supplementation in treatment
of goitres In 1895, Bouman conclusively demonstrated a high
concentration of iodine in ﬁhyroi@ and Oswald (1899)9 g, chemist from
gurich; later confizmed a high iodine concentration in tbyrcglobulini\
Isolation of thyroxine by Kendall (1915) and elucidation of its -
chemical structure by Harringbon (1926, 1927), firmly established the

role of jdodine in thyroid metabolism but further major advance was

impeded by inherent Limitabions in the chemical methods

.
O
N

\

Following the epochsmaking discovery of radiocactive iodine byw\\\\




Figure 11

The follicular arrangement of normal human thyroid.



Fermi in 1934, it was soon appreciated (Hamilton, 1938) that radio=-
active formg of iodine were chemically indistinguishable from the
stable form and that observation of the metabolism of this measurable
radicactive label would illuminate the intricate pathways of hody and
thyroidal iodine. Publication of the original studies of thyroid
function with 20T (Meriz et al, 19%8) end ~2*1 (Hamilton and Soley,
1939) was followed by a prolonged period of research into the
structure and function of the thyroid and its hormones. The back=
ground knowledge on fundamental aspects of thyroid function which has
accrued sincé then is collated in the remainder of this chapber.

Basic Morpholoay and FPhysiology of the Thywoid

The thyvoid gland consists of two lobes lying laterally against
the trachea and connected by the isthmus anterior to the second and
third tracheal rings. Iis average weight in the nonegoitrous adult
is 20 g+ The morphological unity is the follicle, made up of a single
layer of epithelium surrounding a mass of homogeneous colloid
comprised mainly of thyroglobulin (Figure 1). The follicles appear
isolated from each other (Isler et al, 1968) and, though the mean
follicular diameter is 300 u (Means et al, 1963), considerable
heﬁerogeneity in both follicle and follicular cell gize has been
clearly demonstrated (Wollman, 1965),

Blectron microscopy has revealed the ultrastructure of thyroid
follicular cells (Heimann, 1966) and cénfirmed the presence of an
uninterrupted follicular basement membrane and microvilli at the

apical cell surface projecting into colloid.
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Dietary ilodide is absorbed from the upper gastrointestinal tract
and circulates in plesma as free inorganic iodide (Figuwe 2) (I‘v‘:’;yan*t
et al, 1950). Some plasme iodide is excreted by the kidney (McConahey
et al, 1951). The remainder is accumulated by thyroid, oxidised, then
bound to tyrosine by displacement of hydrogen from the 3 position of
tyrogyl regidues in peptide linkage in thyroglobulin with formation
of mono and di-iodotyrosine (Tong, 1971). Thyroxine and triiodothyronine,.
foxmed by coupling of iodotyrosine molecules (Johnson and Tewksbuxy,
1942), are subsequently split frém linkage with thyroglobulin by
enzymatic proteolysis (HMeQuillon el al, 1961) and released into plasma
as aobive hormoness Following hormonal dew«lodination in body tissues,
released iodide is re<cycled back into the plasma iodide pool (Pitt=

Riversy 1967).

The Todide Transport Mechanism

Todlde forms only 3 x 10"2% of igneous rock and there is a similar
concentration in nommel soil (Moeller, 1952):  Humen and animal thywroid
has shown a remavkable adspbation to this enwvivonmental scarcity by
developing an efficient iodide concentralbing mechanisms Labelled
hormone cen be demonstrated in functioning thyroid only seconds after
exposure o radioactive iodide (De Groot end Davis, 1961). This
concentrating mechanism can be conveniently divided .into iodide
transport and iodide oxganification by the chemical dissociation
achleved using a thiocarbamide drug (for example, carbimazole)s  This
drug prevents organification of acocumulated ilodide but allows iodide

transport to continue (Schachner et al, 1944 )




Site of ITodide Transport

Astwood (1944) end Vanderlaan and Vanderlaan (1947) noted that
wader chemical inhibition of iodide.organificatiOn, the thyroid
concentrated radioasctive iodide-131 (1311) from plasma. Pitt-Rivers
and Trotter (1953) demonstrated that under similar conditions,
thyroidal dodide trangport resulted in concentration of inorgsuic
1311 inside the follicular lumen. Doniach and Logothetopoulos
(1955b) amd Wolff and Memray (1963) showed that intact thyroid cell
membrane was a prevequislte forx iodide concentration, and suggested
that the active dransport mechanism wae placed at the apical margin
of the cells Subsequent observation (Tong et al, 1962) of iodide
concentration by isolated thyroid cellsy which presumably hed neither
apical nor basgal reglonsy later tended to confirm the general impressionA
that basal membrame was the primary site of ilodide trensport in ¥ivos

Further evidence for this has been obtained from the reports of
Williamg end Vickery (196%5) and Andros and Wollmon (1967), who both
localised 1311 in follicular cells of mice at short btime intervals
af$er radionuclide administration and clearly demonstrated Hvansfer

1311 {40 the follicular lumen at later intervals.

of cellulaw
The position bas been partially clarified by observstions of

Woodbury aad Woodbury (1963): TUsing a micro=electrode technique,

they found the interior of thyroid follicular cells %o be 50 millivolis

negative to both perifollicular {tissue and follicular lumen., This

potential difference makes an active btransport mechanism for iodide

mendatory and implies subsequent iodide diffusion down the electro~"\\

N
X
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chemical gradient into follicular lumen and colleoid. The report by
Wolff (1964) that iodide transport is sensitive to external K
eoncentration wonld certainly corroborate the electrochemical theory.
This electrochemical 'model! provides an explanation for the
ability of thyroid to maintain a concentration of inorganic iodide
in the folliculexr lumen, twenty times higher than plasma in normsl
subjects and several hundred times higher in thyrotoxicosis (Derson
end Yalow, 1955); Vhen ilodide organification is blockedy the
magnitude of thyroidal acoumulation of 1311 ia eésentially the
resultant of 151I influx and efflux. Evidence indicates that influx
is effected by the iodide transport mechanism while efflux depends on
iodidé back~diffusion against the electrochemicel gradient., 1In
addition to their blocking effect on iodide transport (Wyngaarden
et al, 1953), perchlorate and thiocyanate magnify this back~diffusion
from the follicle (Scranton et al, 1969) possibly by an effect on the
electric potential of cell membrane mediated by k" Lloss (Wolff et al,
19683 Young et al, 1970). . -
There is now abundant evidence that iodide released from intra=
thyroidal de~iodination of lodotyrosines forms a biochemically
distinct and functionally separate thyroidal iodide pool from iodide
transported into the gland from plesma (Nsgataki and Ingbar, 1963;
Simon, 1963)s At the present time, the role of this 'second pool!
iodide is largely unknown.

Mechanism of Iodide Transport

Freinkel and Tngbar (1955) and Slingerland (1955) confirmed that
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thyroidal dodide transport was an sctive process and nobt simple
diffusion by demonsirvating its dependencé on oxidative phosphorylation.
Wyngaarden ot al (1953) observed seturation kinetics with iodide and
competitive inhibition by thiocysnate, perchlorate and other monovalent
enions, The iodide transport mechenism also accumulates bromine (Yagi
et al, 1953), astatine (Shellabarger et al, 1954) and other members of
periodic group T, namely rhenium, manganese, and technetimm, all 23

the peroxysaion (Baumenn et aly 1956). Anbar ot al (1959) believe
that the existence of thyroid transport for these varied anions is
determined meinly by their physical propertics (i.e. size, shape and
charge) mather then by their chemical nature or periodic relationships
Pertechnetate in particular has a molecular volume and configuration
similar to the heavy iodide atom (Wolff, 1964). I% seems plausible
therefore that o single specific mewbrane site is involved in transport
of all accumulated anions.

Control of Todide Transport

Halni et al (1963) have conclusively shown that thyrotrophin is
the most importent megulator of thyroidal iodlde transports The
veport (Wilson et al, 1968) that thyrotrophin stimulation of iodide
transport could be blocked by inhibitors of protein synthesis such as
Aotinomyein D, and that Vmax (the velocity of reachion with fixed
enzyne concentration but high substrate concentration) of the transport
mechanism wag increased without altering Xm (the substrate concentration
required to yield half the maximum velocity), suggests thet thyrotrophin

acts by inducing an enzyme or enzymes which augment the capacity of the
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trangport mechanism for iodide.

In Vivo Assessment of Thyroidal Todide Transport

The nost precise index of thyroid trensport of iodide is the
thyroid unidirectional cleavance of 1311, a rate-constant prnportisﬁél
to the number of 1311 atoms transported into the gland per minute
(Rall et al, 1964). The stendaxd thyroid clearance of Keating et al

(1949) and Hyant et al (1949b), however, measures the net result of

13l snrinx (transport) and efflux (back-diffusion). It is an

accurate approximation of the unldirectional clearance because iodide

transport in mopt subjects appears to be the rate limiting factor in

131

hormone synthesiss There is consequently litile inorganic Iin

normel thyroid aveilable for diffusion (Rell, 19%6). VWhen inorganic

151y 4 present in the gland (e;g: pharmacologle block fo iodide

organification), diffusion reduces the acouracy of net clearance

measurements for assessing the trensport funcetion. Unidirectional

P 1351

clearance o 1 ip mendatory in this situation and its meagurement

involves use of kinetic analysis (Berson and Yalow, 1955).
Torsson (1955) first recognised that the simply measured 15 = 20

ninute 151

I uptake of thyroid wag little affected by the presence ox
absence of a pharmacologic block o icdide organification and wasg
therefore an index of thyroidal ilodide transports Using this test
he demonstrated excellent disorimination between eubhyroid and
thyrotoxic subjects, Following confixmstion of these findings by
Vanderlaan (1957) end Higgins (1959), Thomaes (1960) suggested that

131

the 15 minute T uptake of thyroid should allow assessment of thyroid
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function during antithyroid dreug therepy for thyrotoxicosis,
Mexonder (1969) used this test successfully %o measure thyroid
suppressibility in thyrotoxic pstients on carbimazole therapy.

The concepts of thyroid clearance and early uptake will be
enlarged upon in later chapters.

Clinical Defects of Thywoidal Todide Transport

A defect of thyvoidal iodide transport is the rarest inhorn
error of thyroidal iodine mekabolism, First described by Federman
(1958), only three additional cases have since been studied in
detail (Stanbury and Chepman, 1960; Gilboa, 1963)e Criteris for
disgnosis include a low thyroidel “o°I uptske with a low selivazye

131

plasme and gastric juice~plesma I ratios.

The Iodide Organification Mechanism of 'Thyroid

A recent change of emphesis in thyroid research away from iodine
metabolism and towards a more biochemical approach to hormone
synthesis has thrown new light on many aspeots of thyroidal iodide
organification.

Site of Todide Organification

The yrecise site of iodide organification remains an enigme
though it is now accepted that tyrosyl residues bound on peptide
linkage to thyroglobulin ave iodinated, rather than free tyrosine
which is later incorporsted into thyroglobulin (Alexander, 19643
Cartouzou et al, 1964; Seed and Goldberg, 19633 Soodak et al, 1964),
Citing evidence from thyroid autoradiographic studies, Leblond and
Gross (1948) championed the view that thyroglobulin is formed and

iodinaeted in thyroid follicular cells and subsequently extruded into
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the follicular lumen. This view was challenged by Nadlew (1954)
who demonsivated slow formetbion of thyroglobulin but rapid appearance
of organified 1311 in colloid. His suggestion that iodination
occurved primerily in colloid in sssociation with microvilli was in
accordance with the Pfindings of Stein and Gross (1964). The recent
demonstration by Taurog (1970) of a pervoxidase enzyme In asgociation
with the apicel eell membrane coupled with a complete absence of o
iodinating enzymes in the soluble portion of thyroid constituents
ineluding thyroglobulin (De Groot, 1962), arpues for the cell membrane
ags site of iodination. Since isolated thyroid cells have been shown
to iodinpte external protein (Paston, 1961), the indications are thab
follicular cells synthesize and secrete thyroglobulin into the
folliculax cell lumen vhere lodination occurs while the molecule is
in contact with the apical cell membrene (Nadler; 1965).
Mechenism of Todide Organificaiion

Horton (1943) firet demonstrated formetion of iodotyrosines in
vitro using a preparation of thyrold slices. Subsequent invesligators
have preferred thyvoidecell particle preparations sud have shown thak
iodination is inhibited by propylihiouracil, thiocynate and anoxie,
though perchlorate and thyrotrophin were without effect (Taurog et
al, 1955). The presence of an iodide peroxidase enzyme was confivmed
by Serif end Kirkwood (1958) snd Alexander (1959)s This enzyme hag
since been isolated and purified by Taurog (1970) who observed its
inhibition by excess iodide in the medium, possibly explaining the

Wolff-Chaikoff effect (1948). Taurog slso confirmed that antithyrold




drugs reduce ilodination by inhibiting the peroxidase enzyme system
and localised the enzyme on apical cell membrane, a site first
suggested by Bensbdeylil et al (1967). TFawcett and Kirkwood (1954)
postulated the existence of a tyrosine-iodinase to catalyse
incorporation of iodine into tyrogyl residues of thyroglobulin, but
further evidence for its existence has nob been fortheoming.

Asgessment of Todide Orgenification Tn Vivo

Though still the subject of vigorous debate, most evidence is
against iodide orvganification being o major rate-liming factor in
thyroid hormone synthesis (Berson and Yalow, 1955; Vanderlaan, 1954).

Congequently; the detection of inorganic 131

I in thyroid indicates a
defect of lodide organification.

Stanley and Astwood (1947) first demonstrated discharge of
inorgenic 1311 from glands of thiowraclil-treated patients given
thiocyanate and later showed perchlorate to be more potent (Stanbury
and Wyngaszdens 1952).  Subsequent reports of the inhibitory effect
of thiocyanate on thyroidal iodide organification in vitro (FPranklin
et al, 19443 Alexander; 19593 Paston; 1963) and in vivo (Raben,
19493 Wollman,.1962b) have highlighted perchlorste as the most
suitable dlscharging agents Most workers failed to find evidence
for iuhibition of iodide ovgenification by perchlorate (Halmi, 1960
Richerds and Tngbar; 19593 De Groot and Buhlewr, 1971) though Greer
(1966) elegantly demonstrated gradual inhibition of iodide organification

with increaging concentrations of perchlorate in his system. “

™.
Morgans and Trotter (1957) introduced an ovel perchlorate .

discharge test and demonsirabed inorganic thywvoidal 131I in Heshimoto's

\'\

.,
“,
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disease, indicating defective iodide organification in this condition,
Since then, intensive study has confirmed the usefulness of this type
of test though lack of sensitivity makes detection of small smounts.

of inorganic 151

I in thyroid difficult., This insensitivity is
reflected in varisble domages of perchlorate, timing of its
adninistration, and varisble criteria for interpretation of the test,
found among its protagonists (Fraser et al, 1960; Floyd et al, 19603
Baschieri et al, 1963; Stewart and Murray, 1966). The clinical
value of this perchlorate test can be enhanced by combining the oral

dose of 151

T with carrier iodide (Takeuchi et al, 19703 Susuki and
Mashimo, 1972).

The organification rate of accumulated thyroidal 1311 can also
he uwsed to indicate functional integrity of lodide organifiecation in
thyroids Using complicated kinetic analysis, Berson and Yalow (1955)

failed to demonstrate inorganic thyroidal 131

I in hyperthyroid
subjects end concluded that the orgenification rate was near unity.
Ingbar (1955), using similar techniques, believed that free iodide

wag present in normal glands and computed a binding rate of 0.91 per
hour in euthyroid subjects (i.e. binding of 91% of trapped icdide per
hour)s Since these investigators leaned heavily on both kinetic
analysis and major assumptions, aend since the presence or asbsence of
free thyroidal iodide cannot easily be verified by chemical separation
procedures, these reports are difficult to evaluate. Robertson et al
(1971) have recently used a digital computer to caloulate the iodide

organification rate in vivo but these workers assumed the presence of

unorganified thyroidsl lodide in their analysis,
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Tt has been reported (Owen et al, 1960) that the thyroidal ~

I
upteke patiern found in major defects of iodide organification is one
of rapid upteke followed by rapid fall due to diffusion of inorgenic
rodionuclide from the thyroid. This feature is not shown when the
defeet is partial (Gray, 1973) and has lititle practical application,

Clinical Defects of Todide Orpanification

Lerman (1946) described two hypotbyroid goitrous brothers with

131

& high thyroidal I uptake and low thyroid content of inorganic

iodines Stanbury and Hedge (1950) later reported thiocyanate

dischargeable 131

I in thyroid glands of three goitrous cretins and
introduced the concept of thyroid dyshormonogenesis by suggesting
that these observabions were compebible with a congenital defect of
jodide organifications Similar findings were confirmed in other
hypothyroid (Stenbury,, 19513 Schultz et al, 19573 Gardiner ot aly
1959; leGire et aly 1959) and euthyroid (Clayton et al; 1958)
goitrous patientss Recently peroxidese enzyme deficlency hes been
confirmed in wvitro (Valeute et aly 19713 Hagen el al; 197%) in
cases of familial goitre with a clinicel defect of iodide
organification,

lorgans and Trotter (1958) added %o the spectrum of familial
goitre with impeired utilisation of trapped lodide; when they found

1317 5n the thyroid of patients with goitre<deafness

inorganic
syndrome, first described by Pendred (1896)s Pendred's syndrome is
& recessive hereditary disease (Brain,; 19273 Fraser; 1964, 1965)
and though in its complete form, it is characterised by congenital

deafmutism, goitre and a defect in thyroidal orgenification of




- 18 w

iodide, atypical forms occur (Dax, 1966) with goitre absent (Von
Hornack et al, 1961), or only slight auditory disturbance (Fraser,
1961). It is of inberest that euthyroid patients with goitre end
o partial defect of thyroidal lodide organification have been shown
%o lack peroxidase onzyme (Hegen et al, 1971) while one patient with
clasgical Pendred‘s syndrome has vecently been reported to have
normal peroxidase activity (Iyunggren and Vecchio, 1969). This
latier patient mey have a different, and as yel unknown, iodinating
defect.

Acquired disorders of iodide owganification may be observed in
the course of thyroiditis (Morgans and Trotter, 1957), following
radiocactive iodine therapy (Kirkland, 1954), or after drug
administration. Such drugs include thionamides (Stanley snd
Astwood, 1947), thiocyanate (Barker, 1936), para-aminosalicylic acid
(Xumrower, 1951; HacGregor and Somner, 1954), resorcinol (Bull and
Fraser, 1950; Doniach and Fraser, 1950) and iodide in high dosage
(Pamis et al, 1960). Susceptibility to iodide inhibition is
sometimes familial (Croughs et al, 1965) and is often acquired in
patients treated with radicactive iodine to ameliorate hyper-

thyroidism (Braverman et al, 1969),
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CHAPTER 2 = SUIMARY

The human and animsl thyroid gland has effectively compensated
for tﬁe environmental scarcity of iodide by developing an efficient
ionic transport mechanism to extract iodide from plasma. This
mechanism, active in nature, is stimulated by thyrotrophin (under
normal physiologicel conditions) but it is not specific for iodide
since other ions, including peritechnetate and perchlorate, may also
be acoumulated. Todide transport can be shown to be biochemically
distinét from iodide organification, the next step in hormone
synthesis.

Following transport into thyroid follicular cells, iodide is
rapidly oxidised by peroxidese and organified to tyrosyl residues
in colloidal tﬁymoglobulin. This organification reaction is
apecific for iodide and probably ocours when the ion traverses the
apical cell membrane. There is no uwnenimity on whether iodide
transport or organification provides the rate<limiting factor for
hormone synthesis. A Discharge of accumulated inorganic thyroidal
1311 following oral perchlorate administration ecurrently provides

the only relisble clinical index of defective iodide organification.
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CHAPTER 3

DEVELOPMENT OF KNOWLEDGE OF TRCHNETIUM

Since techmetium (atomic weight 43) was first observed in
stellar spectra (Harper et al, 1962; Mason, 1966) twenty=one
redionuclides and metastable states of the element have been mane
made by nuclear bombardment or muclesr fission. In 1939, Seaborg
and Seagre reporied the discovery of teclmetium-99m, metastable
atate of technetium-99. This fadionucliﬁe, a8 the peroxyanion
pertechnetaete, has subsequently proved of immense practical value

as g biological tracer in clinical nuolear medicine,

Generation, Physical Chavacteristics snd Dosimetry of

Technetium=09m
Technetivwn«99m is obtained as the daughber product of

molybdenum~99 (92M0) which is in turn recovered as a fission product
or produced by neutron bombardment of 9§Mo. It is conveniently
produced carrier-free as perbechnetate (99mTc) in isotonic seline
from a 2o generator (half-life 67 hours). TFigure 3 gives the
decay system and nuclear properties of 99mmc‘ It has a short
physical halfwlife of 6 hours and decays by isomeric transition
emitting a 140-Kev gamma ray without primary particulate radiation.
The effective QB due to conversion electrons (8% of the 140-Kev
gamma ), low energy gemma and fluorescent photons, is 0.014 Mev.

The specific gamms ray constant (Izp is 0,56 R/mc hour at 1 cm,

99mTc generated in the oxidised state as pertechnetate behaves
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bioclogically like iodide, while in the reduced state (Eckelman et
al, 1971) it is veadily tagped %o various orgenic compounds (Anders,
1960).

Assuming no excretion, dose caloulations give 320 m rad/mc to
gbomach and 10 m yrad tobal body irradiation when the radionuclide ie
given intravenously (Smith, 1965). 99Tc arising from 99mTc decay
gives trivial radiation exposure because of the minute amount formed
(dme 9omyg decays 1o 343 x 10~7 m0199“c) and its long half=life
(2 x 10° years ).

Distribution of Pertechnetate

Horper ot al (1962) demonsirated a similarity in body
digtribution of peortechnetate and inorgenic ilodide. Confizmation
and extension of these studies by Sorenson and Archambault (1963)
and Andros (1965) revealed seleotive concentration of pertechnetate
by salivary glands, stomach aund thyroid, but exclusion from CSF,

In contrast to the predominant urinsry excretion of iodide (Skanse,
1948), Andvos veported that only 30% of administered perlechnetate
wae recovered from weine in 24 hours while its cumulabive faecal

excretion at T2 hours was 20 = 30%, Using whole body counting to

e (443 day helfwlife),

measure 2°"e (60 day half-life) and
Beasley et al (1966) confirmed move precisely an initial rapid
urinary excretion of perbechnebate and subsequent slower faecal
excretion, Biloe-transformation of peritechnetate to other chemical
forms in liver with subsequent biliary excretion (Abdel-Wehab et

al, 1967) is & plausible explanation for the patiern of faecal

excretion.
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Thyroid Physiology of Pertechnetate

Technetiun is a member of group VII A of the periodic table.

Az pertechnetate, it im actively concentrated by the thywroid along
with other members of the VII TH growp namely iodide, bromide,
astatide and perrhenate (Wolff, 1964). Volff (1962) assumed that
thyroid transport of these anions waes engyme catalysed and found that
the /3 (pertechnetate) was greater than T/8 (iodide) in sheep thyroid
slides when anion concentrations were adjusted to the Xm (T/s being
the ratio of anion uptake per g thyroid to plasme anion concentration
per ml)s He calculated Km values (halfesaturation) of 3-5 x 10'7m
for pertechnetate and 3 x 10™m for iodide. Wolff (1963) further
demonstrated that; like iodide transport; pertechnetate transpord
required cellular integrity, metebolic energy and Kﬁ, and in addition,
that pertechnetate, iodide and perchlorate could each inhibit thyroid
transport of the other two anions with a potency determined by the
individual Km values He concluded that pertechnetate and perchlorate
were competitive inhibitors of iodide transport and that these ions
ghore with lodide; the sawe {rausport mechanisms. A8 previously
described, their kinship appears due to a basic similarity in
molecular size, shape and charge (Wolff, 1964).

While it is sccepbted that iodide is the only halide which underw
goes further metabolism in thyroid, there is debate about binding of o
pertechnetate to thyroid tisswes In well conceived studies on
patients (Andros et al, 1965; Shimmins et al, 1969b) and rate (Heck

et al, 1968), no binding of pertechnetate to thyroid protein was
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detected. Other in vitro studies using rat thyroid (Socolow and
ngbar, 1967s Papadoupolos et al, 1967) and in vivo clinical
studies (Burke et al, 1972) have weported the presence of minimal
pertechnetate binding. Using chromatography, Abel«iahab el al
(1967) have detected small emounits of perbechnetate labelled
ilodotyrosines in urine., Clearly, the weight of evidence suggests
that a small though variable portion of transporied pertechnetate
does uwnderge chemical combingtion with a thyrold protedin.

The thyroid unidirectional clearance of peviechnetate is
approximately half the lodide unidivectional clesyance in vitro
(Andros, 1971) despite the lower pertechnetate Im (Vide supra)«
This ig possibly due bo plasma protein binding of the carvier«free
pertechnetate used in these studles (Wolff and Maurey; 19623
Oldendorf et al, 1969; Hays and Green, 1971) thereby reducing
the availability of plasma pertechnetate to the thyroid transport
mechanisn.

Bole of Pertechnetate in Thyroid Investisation

In the lagt decade, 99mTc hag become one of the most widely
used vadionucelides in clinical nuclear medicine.  ITtg physical
characteristics which epitomise the ideal radiocactive tracer
(Herbert ot al, 1965) include a low gemma energy pexmitting easy
¢ollimation without excessive tissue sbsorption; minimal B emission,
short halfelife allowing daily tests, and its carrier=-free
availability. A comparison between the physical properties of

radionuclides used in investigation of thyroid disorders iz shown
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TABLE _2

RADIATION DOSE TO ADULT THYROID (Rads/As Ci) FROM

RADIONUCLIDES USED FOR THYROLD INVESTIGATION

15y 1520 x 1077
152y 17 % 1077
¥25¢ 1120 x 1072
125, 16 % 10~
Mg 0.2 x 1077

From Goolden et al, 1968



in Table 1.  The radlation exposure t0 the thyroid from each
radionuclide is shown in Table 2.

A 15 = 20 minute thyroid uptake of 99mTc has been measured
using directional scintillation counting (Andros et al, 19653
Van't Hoff et al, 1972), quantitabive scintiscanning (Andros et
aly 19655 Shimmins et al, 1966b; Atkins and Richards, 1968; De
Garretta ét aly 1968) and scintillation camera techniques (Hurley
et al, 1972; Burke et al, 1972)s The range of 99mTc.up%ake
reported for subjects with normal thyroid function was 0.5 = 3.0%
administered dose, while in patients with thyvrotoxicosis it was
5 =~ 40% doses In subjects with simple goitie the range was
L = 5% dosey and in pabtients with primery hypothyroidism,; less
then 1% doses Hauser (1971) noted that the uptake in Hashimototls
disease tended to be higher than normal with e iange of L « 8% dosea
Although the diagnostic informebion obtained from measurement of
29y uptakes is readily available from equivalent radioactive
iodine uptake parsmeters (McGill et al; 1971 Cray eb aly 1973)
use of 2™pe does confer some disbinet sdvantages to both clinician
and patients Fivstly; the low vadiation exposure 4o thyroid from
996 allovs less hazampdous thyrold studies on children (Dodds and
Powels; 1967) and pregnant women. Secondly; as 99de kinetics ave
winfluenced by coneurrent administravion of drugs which block
thyroidal iodide organification; the 99de uptake can be used ag an
index of hyperthyroid disease activity in patients taking anti%hyraid
medication (Goolden et al, 197L) and can also indicate thyvoid \\\\\




suppressibility (Shimmine et al, 19713 Goolden et al, 1971).

Using quantitative scintiscanning, Shimmins et al (1968b)
neasured thyroid unidirectional clearance of 99mTc and found a mean
clearance in hyperthyroid patients of 287 ml/ﬁin compared to 37 ml/
min in noxmald subjects. Ileck of confirmatbory data in the
literature reflects the complexiby of the kinetie enalysis required

for this measurement.




GUAPITR 3 - SUIIARY

Although perﬁeohnetatemgngc (99mTc) has an tiodide=like!
distribution in body tissues with concentration in thyroid, salivery
glands, gastric mucosa and chowoid plexus, its binding to plasma
proteins and predominant feecael excretbion are in direct contrast to
iodide physiology. 99mTc shares the thyroidal iodide trensport
mechanism with perchlorate and other ionsg because they are similar
to dlodide in molecular glze and shape. Organification of thywoidal
gngc to tyrosyl residues in follicular colloid does not occur to any
major extent. While thyroid uptake studies with QQmTc provide the
same fundamental information as early uptake studies with 1511,
advantages of gngc include a low radistion exposure to patient and
attendant persomnel and s facility for measurement during antithyroid

drug therapy.
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CHAFTIR 4

SIMULATION  OF SHYROIDAL IODIDE HETABOLISH

When Borelli (1606~1679), Professor of Mathematics at Pisa,
used his knowledge of mechanics to simulate the human skeletal
system, he initiated a technology which has stimulated the
imagination of successive generations of medical scientists and
bioengineers (Leniban, 1972). A recent expansion in hospital
computer services has generated renewed intewest in mathematical
gimulation and its applications to the field of medicine (Pack and
Hurray-Smiﬁh; 1973)s

Introduction of radicectivity increased the scope of biological
ginulation (Robertson, 1957) and studies of tracer behaviour in
living organisms (kinetic analysis) has allowed a dynamic portrayal
of complex meté;olic events, unobtainable within the confines of more
conventional disciplines such as biochemistry.

Compextmental Analysis in Redioactive Tracer Sitmdies

For mathematical purposes, constituents of living systems must
be wegarded as being located in distinguishable phases or volumes of
homogeneous composition which are delineated physically or chemically
but not necessarily anatomically (Sheppard and Householder; 1951).
These ave designated pools or comparimentss The g%teﬂdonstanﬁ of
transfer of o substance from one compartment to another is that
fraction of the compaviment which enters another in wnit time (iaea

the clearance of one compartment into another). A biclogical nodel
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ig constructed by defining the compariments and routes of transfer
between compartments (Stanbury and Brovmell, 1954).  In radioactive
tracer studies, models are fortunately represented msthematically by
simple linear differential equaitions.

Basic assunptions critical to this type of analysis have been
outlined by Matthews (197L)s These include fivstly en sssumption
that there isg uniform distribution of substance in each compartment
at all times with instantaneous and homogeneous mixing of tracer with
fracee, Secondly, thabt behaviour of the tracer is identical to that
of tracee in the compariment. Despibe the doubiful validity of the
firet asswmption, model theoxy (Brownell et al, 1968) and practice
have played a veluable role in clinical medicine, notably in the
thyroid avena (Brovmells; 19513 Bewman; 1968§ De Groot et al, 197las
Alexander et aly 1971) bub also in other fields (IiA.WiA., 1971)s

In common with othewr advanding technologies; comparimental
analysis will be seen to be e phase in the development of radlonuclide
kinetic enalysis: A second phase has possibly already begun with

the concept of oocupancy (Orr and Gillespic; 1968):

and Orgenification

Although the precise mechenisme of iodide twensport and

organificabion are unknown, mebhenationl models have been devised
which agree well with expervimental date (Wolff; 1964):  Useful
informetion has been obtained in man (Berson snd Yalow, 1955) and in

animals (Wollman, 19543 Wollman and Reed, 19593 Wollman and Reed,




TWO COMPARTMENT THYROID MODEL .

T
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Figure ks

Tyo~compartment thyroid model where ¥ is the fraction

151 99, ,

of administered radionuclide (T I or c) in the

thyroid pool, P fraction/Litre is the plasma concen-
tration of radionuclide, ¢ Litres/min is the thyroidal

1

unidirectional clearance and K, min ~ the thyroid

exit-rate constant of radionuclide.



1962a) using kinetic analysis of the equilibration curves of blood
ond thyroidal radioactive iodine., It must be stressed, however,
that with major assumptions involved, rate-constent values obtained
represent informed approximation wrather than scientific acouracy
(Bergner, 1962)¢ lodel analysis has been performed graphically
(Shimmins et al, 1968b), by analogue (Brownell, 195L; Hickey snd
Brownell, 19943 Rollinson and Rotblatl, 1955) and by digital
conputation (Robertson et al, 1971).
Two_Compartment Thyroid Model

Vhen organification of iodide in thyroid is blocked with a
thiocarbamide drug, radiosctive iodide (1311) concentration by
thyroid is the resultant of two processes, namely lBli {franspors to

? .
131y aiffusion from thyroid to plasma. A

thyroid from plasma and
similar concepl is appropriate for pertechnetate which is unbound in
thyroid fissue.

In a two compartment model (Figure 4), the thyroid is considered
40 be a structureless compartment containing s uniform concentration

1
1311a Ixchange of plasms "311 al concentration 'P' with

e of
thyroidal 1311 is characterised by the linear differentilal equation.
AT/d% = CaPe = Kppe To
Thyroid unidirectional clearance of 13y (¢) equals V x F where
V is thyroid plasme flow and I’ is the fraction of plasma 1511
tranaferred from plasma to thyroids Thywrold exilt rate-constant,

.' 3
'KTP" is the fraction of thyroidal “311 transferrved to plasma in

wnit timoe.




THREE COMPARTMENT THYROID MODEL.

ORGANIFIED 10DID
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Figure 5: Three~compartment thyroid model where T is the
froction of administered 15 J’I in the thyroidal
inorgenic lodide pool, P fraction/Litre is the
plesma concentration of inorgenic 1311, ¢ Litres/
min 1& the thyroidal unidirectlonal clearance

131,

1) Kpp min."':L the exitwrate constant ond

min~t the organification-rate constant of
131

(of

I\TB

the thyroidal inorganic I pool.
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Wollman end Reed (1959) have shown mathematically that the

shepe of thyroid equilibration curves is determined by the time
131

dependence of plesme I concentration and by the exit rvatbe-constenta

Three Compartment Thyroid Model

When iodide organification is permitted, simulgbion is possible
by adding en organic iodine compartment to the basic two compartment
model (Figure 5). In this model, the thyroid is considered %o be

two structureless compaviments, one containing a uniform concentration

13115

P of inorganic the other a uniform concentration 'B!' of

s g LBL. 131 . SN
organified I, Plasna L at concentration P is transferred to

" rad e 131 — ' , 131
the thyroidal inorganic I compaxtment at a rate equal to the

131

I
conbent of C litres of plasma/mins Of thyroidal I (T), a constant
fraction equal to |KTB‘ is incorporated into the bound compariment
each minute. A second fraction, KTP diffuses from thyroid to plasma
each minutes The complete process is charscterised by the linear
differential eguation.
ar/at = CP = K0 = K o0

It must be assumed that comparimental concentrations of siable
iodide ave constant and that no organified 1311 is metabolized during
the period of study.

Workers using the three compartment model have predicted inorvgenic
1311 40 normal hwmen thyroid glands (Ingbar, 1955) and in animals
(ﬁollman and Reed, 1962a), while others feel that there is insufficient

evidence for this prediotion in humens (Berson and Yalow, 1955). As

each study leans heavily on elther kinetic analysis with its inherent



assumpbtions, or chemical separation of inorganic 13}’1 from excised
thyroid tissuey it is currently accepted (Rall et al, 1964; De
Groot, 1965) that wntil fresh evidence is availeble, the presence of
Inorgenic iodide ifﬁ%mm under normal binding conditions must
rempin sub judice. Despite limitations impoged by ignorance of
thyrvoldal iodide pools, the author found the concept of a three

compartment model useful and partiocularly suited to measurement of

the 3‘33‘I orgenification rate KTB‘
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The extrathyroidal neck radiosctivity
Arberio~venous difference: o systemaltic errox

of thyroid clearance measurement
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CHAPTER 5

THE  BXIRATHYROTDAL IECK  RADIOACTIVINY

Thig chapter describes the development and assesement of a
gpecial collimator, designed to:-reduce the contribution of extra-
thyroidal neck radivactiviiy to total neck counts during thyroid
upteke measuremento.

INTRODUCT TON

It is difficult to measure with precision the quantity of

1311 or gng

radionuclide (usually ¢) in thyroids Although
allowance for scattered radiation can be made using a thyroid
phanton to approximate in vivo conditions; systematic errors due to
variation in position and anatomy of the gland cannot be entirely
eliminated.

In sddition to thyroid radicectivity, a counter placed over the
neck will detect radionuclide present in plasme; extracellular
fluid and salivery glands. This extrathyroidel activity (BiT.A.)

131

ig usually 5 = 7% of administered ~“"I dose when the I.A.E.A.

collimator is used (HMilditch et el, 19673 Andros et al; 1965)s

L3ly or Mg 00 minutes after

Since a norxmal thyroid uptake of
injection is only 1 » 4% of administered dose, uncertainty in
estimating the correction for other neck radioactivity leads to
unacceptably lerge errors in the derived thyroid upteke (Shimming
et al, 1968a)s

Verious methods have been proposed for the indirect estimation

N



of B.T,A., with precision in thyroid upteke measurement the prime
oblectives Some authors have determined BE,T.A. by counting over
the neck with a thick lead shield covering the thyroid (Floyd et
al, 19603 Alexander et al, 1962) while others have used the
counting rate over the thigh (Myent et al, 1949a; Goolden and
Mallard, 1958; Fraser et al, 1960)s In contrast, various workers
caloulated B.T.A. by making assumptions regerding its variation
with time. Berson et al (1952) assumed that E.T.A. was o constant

131,

fraction of not trapped by the thyroid or excreted by the

kidney, while Veall and Vetter (1958) and Koutras and Sfontouris
(1966) assumed that E.T,A. changed in proportion to the plasme 131,
radicactivity. Oddie et al (1955), made no asm;mp't';:ions and found
that when E.T7.A« was expressed as a fraciion of 13 11 radioactivity
remaining in the body and not in the thyroid, it was not constant
but did not fall as rapidly as plasme radiosctivitys He recommended
the routine use of a mean value of E.TiA: obtained in a group of
patients using standard neck counting geometry. Hilditch et al
(1967) wecently confirmed Oddie's findings using quantitative
scintiscanning techniques to selectively measure the contribution

of BuToAs t0 total neck vadiocactivity. In similar:etudies Shimmins
et 21 have formulated eguations for caloulating the early thyroid

13y (1968a) and Mg (1971): ‘These equations also

uptake of
depend on the mean value of B.TiA. obiained in a group of patients.
Since a high absolute value of B.T.A. is inappropriate for

precise thyroid kinetic analysis, the author reduced the volume of
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neck 'seen' by the counter by constructing a simple collimator which
541l included the whole of thyroid in its fields, The physical
characteristics of this collimator were evaluated and accuvacy of

L. 7.A. measurenent was assessed.

UATERIATS AND _MEPHODS,

(a) Collimation

The collimator was used with a dirvectionsl secintillation QSQnter
(I.D.L. type 663C)e Review of 300 routine rectilinear thyroid
acintiscans taken over the preceding twelve months with a Selo soamer
ghowed thet 94% of all thyroid imeges could be included in a Teb x
7:5 cm rectangles The aim of collimator design was therefore to view
an grea of maximum response of abt least 7iD x Teé5 cme  The final
system (Figure 6) consisted of o sodium iodide crystal detector (L3
diameter x 1" thick) mounted within the original diverging collimator
vhich extended 3%" beyond the surface of the crysial where Lt
presented a %5" diameter ciroular viewing arees To this collimetor
wes added an axial oylinder of 2 mm lead with interﬁal diameter
5.5 em and extent 1342 om beyond the crystals A trumpet of 2 mm
lead; added o the end of the oylinder; was of rectanmular crosge
section (§ x 6 em) at its oubter edge but tapeved to fit the cylinder
at the other ends Overall length of additional material was 18:8 c¢m
(1945 om from the crystal) and the intended collimabor %o skin
distance was 2 em:  Finally, o second lesd cylinder 3 mm thick was
plaged around the firsts

(b) GCollimator Characteristics

The collimstor response snd field of view were measured using
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Tipgure 73  Viswval field of special collimator for point
131 99

sources of T and ~7'T¢ in air moved along
the long axis at distances of 25.5 cm (1),

23,5 cm (2) and 21.5 cm (3) from the crystal.
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Figure 8; Visual field of special collimator for point

sources of 1311 end 99mTc in air moved along

the short axis at distances of 25.5 em (1),

23,5 om (2) and 21.5 cm (3) from the crystal.



13ly (360 keV) and 27"Tc (140 keV) bovh for long

small sources of
and short axis of the trumpel at distances of 21.5, 23.5 and 25.5
om from the cxrystal.

(e) Extrathyroidal Radioactivity Study
151

BaTeps of I and 99m@c were megsured following theiv separate

and simul‘haneous intrevenous injection (25 and 400 uCi respectively)
with oral potassiuwm perchlorate. A vatemeter end potentiometric
recorder were uwsed for each radionuclide giving a continuous recording
of H.T,A., Radionuclide standards in a thyroid phantom were used for
system calibration.

Random Fixrors

1) Statistical variation in oubpub voltage of wrabemeier
131 99y,

Frror for I was approximately 1% and for ¢ less
than 1%,

2) Repositioning of paiients

With a reproducibility of collimator « neck distance of
+ 0.5 cmy both 13 1I and 99111‘1,0 had an erroy of approximately
5es

3) Injection calibration

Standards had an approximate ervor of 3.

RUSULIS

(a) Collimator Characteristics The collimator response curves

in the long (Figure 7) and short axis (Figure 8) were virtually
identical for both 1311 and 99%3; Although not dideal in
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sharmesa of cul off &b greatest digstences from the central
axis, the collimator gave a 90% response within a maximun
avea of 8 x 7.5 en at a working distance of 25.5 em from the
crystal.

(b)  Extrathyroidel Radiosctivity Study The vesdults sre shown

in Table 3+« Each T.T,A. value given is the mean of thyee

measurenents at intervals of 24 hours on each;i’five patients,

a total of fifteen measurements,

It can be seen that

1) B.T.A. is approximsitely 1 - 2% of adminisbered dose for
both 1511 and 99m,l,m

2) There is a close correlation bebween the BiT.4s of 131

I
and 9%1‘@ when measured simulbanoouslys
%) The difference between the BiTsA« at 5 and 20 minutes is
small (i:es approximately an 8% fall).
The error (;g; 2 8:Ds) for B:T.A: measutrement in e single subject was
approximately 10% for 99“"}30 and 20% for 1311&
DISCUSSION

In previous thyroid 131

T upteke and clearance studies using
directional counting; measuvenent precision was precluded both by
the high shsolute velue of H.Tel: and by ervors inki??ant in its
indirect estimation: Early attempls to measure thyroid uptake of
99111% with similer systems were likewise abandoned because of the

BeTals problem (Andros et als 1965)s  Though technological advance

in the form of quantitative sointiscenning (Hilditch et al, 1967)
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and secintillation ceamers techniques (Murley et al, 1972) have obviated
thig particular source of errory, bhe expense and technical knowledge
required for these studies limits the focility to major centresg.

With the cloger collimation desoribed, the suthor reduced B.T.h.
to 30% of the value obteined with an I.A.E.A. collimator, Purthormore,
as individual measurvements of W.T.A. were acceptably reproducible, the
error in early thyroid upteke measurement wag greatly reduced from
approximately 404 to 10%. It is interepting that BT.A. of both
radiomuclides is similar because, despite identical collimator fields
for 99%@ and 1311, the lower energy gamma ray of 99m§30 is nove
casily absoxbed in neck tlssues. This finding might indicate that
woat of B.T.A. iz anteriorly placed and not wniformly distributed.

The prescribed veduction in collimator field does impose a

restriction on the size of goitre for vhich accurate measurements
gre poasgible. The suthor hag found that an 8 x 7.5 om rectangle
(90% response) is adequate to cover all but very large thyrolds.
In only 6% of 300 routine thyroid scintiscans wes thyroid greater in
gize than this and the majority of these were large nonetoxic goltres
of > 100 g.

This collimator has been used for all subseguent in vivo humsn

gtudies reported in this thesis,



SULMARY = CHAPTER 5

A closgely collimatbed scintillation debtector was constructed
gspecifilcally to reduce the contribution made by extrathyroidal
radicactivity to total neck wadioactivity during measurements of
the uptake of 1311‘. and 99‘“’1‘0 by the thyrold. The exror of these
meagurements was thereby reduced from 404 to 10%., The restricted
field of the collimator was found to be adequate for upiake

measurenents in all thyroid glands under 100 g in weight.
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CHAPTER 6

ARTERIOVENOUS DITVFRRLNCE & A SYSTEMATIC ERROR

O _THYROID _CLEARANCE MEASUREMENT

This chapter describes the detection of a significant difference
between arjerial and venous plasms concentraitions of wradioactive -
iodine and pertechnetata-99mTc at short time intervale after their
intravenous injection. The resuliing systematic ervor in measurement
of thyroidal madiocactive jodine clearance had not bheen previously
recognigeds A study of measures degigned to reduce this ervor is
also reported.

LTRODUCTION

The thyroid clearsnce of radioactive iodidewl3l (1511) after
intravenous injection is known 10 be higher in the first few minutes
after admninistration than at laber times (Schultz and Zleve; 19573
Koutras and Sfontouris; 19663 Yamamoto et al; 1969)i  Explaining
this phenomenony Rall and comauthors (1964) described normal thyroid
in terms of an open three~compariment model and distinguished between
‘tunidivectional! and 'net! clearance rates: The ‘unidirectional!
clearance corresponds to the initisl flux of 1311 ions from plasma
to the hypothetical ifodide pool in thyroid while 'net! clearance
represents a balance bebween 1311 iong entering and leaving the
thyroidal iodide pool at later bimes.

Though Rall's explanation is plausible, the author's failure to

detect free intrathyroidal iodide in normal and thyrotoxic subjects
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(Gray et al, 1973) wag incompatlible with this theory. Tt secened
appropriate therefore o investigate possible sources of systematic
error which could have resulted in an appavent faoll in thyroid
clearance of 151I a% early intervals after injection. Two possible
gources of error were studied. Tirstly, a slow diffusion of plasma
131I inbo red cells could progressively weduce plasma 131I
concentration in venous hlood samples awaiting radicactivity counting.
Confirmation (Gray et alg 1973) of the rapid equilibration between
plasme and red cell 131y fivet desoribed by Myant et al (1950)
excluded this possibilitys A second possible source of ervor was
slow mixing of injected 131I between arterial and venous plasma pools
which, with venous sampling, would result in underestimation of 1311
concentration in arterial plasma perfusing thyroids  Accordingly, a
study was made of the arterio-venous difference of 1511 and
pert@chneﬁate-gngc (99mTo) in euthyroid and thyrotoxic pablents
following radionuclide injections TIn additiony the preclsion of
praecordial radiocsctivity counting for paralleling arterial plasma
radioactivity was studied as an albternative o arterial plasma
gompling.

TATERTALS — AND METHODS

Six male patients were studied initially and all gave their
consent after careful explanation of the procedure. Tour patientu
were euthyroid and had a 4 inch teflon arteriel catheter in the (R)
brachial artery for respiratory investigetion, None was in

respivatory failure. Two untreated thyrotoxic patients each had a
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(R) brachial arterial cabheter inserted by an experienced operator.

13y ana 400 woy 99Mpe

Tollowing an intravenous injection of 25 uCi
to each subject in the (R) arm, simulbaneous arterial and venous
blood samples were taken at ilutervals from 1 to 20 minutes following
radionmuclide administration. - Venous samples were taken from a small
venous cannula in the (L) arm. Plasma samples (2 ml) were counted
for 133‘1 and 99m’.L‘c in a wellesiype scintillation counter.

The thyroid uptake curve of 1311 was followed in the two
thyrotoxic patients by a directional counting and recording system
previously described (Chapter 5)s Extrathyroidal radioactivity of
1511 was subsequently measured in each patient by repeating the
25 uCi 1311 dose 5 minutes after an intravenous injection of 100 me
sodium perchlorates Increased radioasctivity in the system was
considered exbtrathyroidal and subtraction from the inivial thyroid
uplbake curve allowed quantitation of the rate of 1311 uptake by thyroids

In a further 4 euthyroid pabients, arterial and venous plasma
radiloactivities were measured following a 30 second intravenous
infusion of 400 uCi 99mTc. In addition, however, the presecordial
radiodotivity curve was monitored by a gimilar counting and recording
system to that used for thyrold uptake studiess Calibration of the
praccordial couwnt rate was obtained by equating the 20 minute venous
and praecordial radioactivities: An infusion technigue was used A
since radionuclide injection resulted in a variable praecordial

count rate in the first minutes after sdministrations possibly due

to a bolus effect.
AN
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Iipgure O Artorial and venous plasma concentrgtions of 1311 and

99m’l‘c at ecaxly intervals following their simmlianeous

intravenous injection in a euthyrold subject.
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THYROTOXICOSIS

ovenous
earterial

99m TC

Figure 103

Arterial snd venous plasma concentratioas of 1911 and
99mTc ot esrly intervalg following their simultaneous

intravenous injection in a thyrotoxic subject.



Té T4 (612 89 g2 = 0t
88 og T 99 | oT = 9
46 8 88 2 9=z
SONONEA TYIEHIIY SNONTA TYLIEIEY NOILOELNT £80d SHLONIH
¢ LDELENS T 4L0ErEns

(oTW/To) HEONVEVEIO I TYAIOTRHL

T¢T

NOTIOEINT EITIDANOIAVE AT HER4Y STIVANEINT &V SHIIIATIOVOIGYW VHSVId

SOOMEA QMY IVINEINY DNISR CJRIOSYE “EONVIVEID IEN TYLOEAHS

et

7 TIEvL



®
&
(£

JUTRE PLASMA
°© © o o
& 8 8 8

=)
[X)
<

=
wady
<

FRACTION ADMINISTERED B
= (]
& b

e ARTERIAL
x  VENOUS
© PRAECORDIAL

Mpgure 113

5 10 15 20
TIME (mins)

Arterial plasma, venous plasma and praecordiel radio-
activities following a 30 second intravenous infusion

of 99’“‘.?0. By equating the praccordial and venous
vadiopetivities ot 20 minutes, guantitetive extrapolation

of earlier praccordial wadloactivity is possible,
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RESULTS
ot et : 131 9%,
Decay curves of arterial and venous plasma I and Te
radioactivities in a euthyroid subject are shown in IFigure 9.

Corresponding 1311

and gngc plasma curves from a thyrotoxic subject
are shown in Figure 10. Similar curves weve found in all other |
subjeclts studieds The notable feature is a significant difference
between arterial and venhous concentration of radionuclide in the
first 6 minutes after injection, Thereafter, arterio-venous

difference is less pronounceds Although decay rates of plasma 151

I
and 99mTc are similar, there is a persistently higher concentration
of 99mTc.

Neasurements of thyroid 1311 clearance in the two thyrotoxic
patients at intervals following radionuelide injection ave shown in
Table 4. The calculation has been made using arterial and vencus
plasmea 1311 radioactivities separatelys TUse of venous plasma
samples can be obsexrved to give a falsely high initial clearence value.

Arterial plasma; venous plasme and praecordial radioactivities
following a 30 second intravenous infusion of 99mTc in a representative
patient are shown in Mgure 1l.  Although the calibrated praeccordial
count rate wag congistently more representatbive of arterdal than
venous radionuclide councentration; it failed to predict accurately
the arterial curve.

In 10 subjects studded with 99mTc, arterial plasma concentration
at 1 minute was 0428 1 0,08 fracilon dose/Litre (mean 4 1 S:D.) and

131

in 6 subjects studied with Ty arterial plasme concentration at 1
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minute wes 0020 + 0.06 fraction dose/litre (mean + 1 S.D.).
DISCUSEION
Thyroid follicular cells are probsbly exposed 4o a plasma

150y ana 9906 4n perifolliculer capillaries which

concentration of
approximates o thal in arberial plasma. It has been assumed bym‘
previous swthors (Schultz and Zieve, 19573 Rall et al, 19643

toutras and Sfontouris, 19663 Yamamoto et al, 1969) that homogenous
mixing of an intravenous injection of radionuelide occurs within 2
mimates of administration allowing use of venous plasma sauples
afber 2 minutes to approximate the arierial plasma perfusing thyroid.
The author has shown firstly that this assumption is lnvalid and
secondly that the sysgtematic error introduced by using early venous
plasma samples could wesult in the phenomenon of 'falling thyroidal
131y learance'.  Although this dabe gives little indication of
the ecireulatory physiology applicable to production of arterio=
venous difference, both slow mixing of avterial and venous plasme in
the brachial system and diffusion of plasma radionmelide into extras
yascular fluid of the arm ave likely to be relevant factors.

Precise thyroid clearance studies in the early phase require
correchion for this error if venous plasma sampling is useds Tk
was disappointing that praeccordisl (ventricular) counting failed to
provide a sultable alternabive to arterial canmilations This
probably resulied from varistion in the extracardiac contribution

to botal praecordisl counts which would occur with time and from

patient to patient.
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It iz interesting that the plasma concentration of 99mTc is

131

higher than that of I and thig is probably a reflection of the

Greeny 197%).
To obiain maximum precision in thyroid clearance studies performed

1311 and 99mTc and reported in this thesis,

in the esarly phase with
an approximation of arterial radionuclide concentration was used
during the first 6 minutes after injection. To the venous curve of
each patient, an exponential curve was added with a starting value of
0,3 fraction dose/litre for 99m@c and 0.2 fraction dose/litre for
1311 which intersected the respecltive venous curves at 6 minutes
(Pigure 12), The sysbematic evror of arterio~venous difference in

each patient studied was therefore minimised though not entirely

elininated,
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CHAFTER 6 = SULLAARY

A significant arterio=venous difference in plasma 1311 and
99mTc concentration has been noted at early intervals following
their intravenous injection. It is suggested that the phenomenon
of falling thyroid clearance of 1311, found when venous samples axe
ugsed for clearance calculation, results from this systematic error.
Praecordial counting was found 1o be unsuitable for predicting

arterial concentration of radionuclide,
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SECTION, 3

ASSTSSHMENT _OF THYROIDAL _ TODIDE TRANSPORT

Chapter T

Chapler 8

Chapber 9

Chapter 10

WITH IRCHNET UM

Avtorediography of technetim-99 in rab
thyroid

Determination of the rates of accumulation
and loss of technetium~99m and iodide=-131
from humen thyroid glends in wvivo

Thyroid uptake of technetiumn-9%m

Effect of radioactive iodine therapy on the
activity of iodide transport as neasured by

thyroid upteke of technetiwm-99m
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CHAPTER T

AUTORADTOGRAPHY OF TCHNIET TUM-

IN RAT THYROID

This chapter describes studies to determine the distribution

of technetium as pertechnetabte in rat thyroid gland.
INTRODUCTT O

The uptake of technetium as pertechnetate by the thyroid (Chapter
9) is currently accepted as a useful clinical index of thyroid
funetion (Alexander et al, 1969) and an acceptable alternative to
early thyrold uptake measurements using radioactive iodine (Shimmins
et aly 1971)s  Although Pitt~Rivers and Trotter (1953) have shown
that radioactive iodide is concentrated in folliculaxr colloid; the
intrathyroidal gite of pertechnetate concentration has not been
previously determined.

This chapter reports results of auntoradiographic studies with
pertechnetatengch in rat thyrold performed for the suthor by
Mr. M, Small, technician in the Department of Oral Pathology, Glasgow
Dental Hospitals
Autoradiography The principal of tissue autoradiography is simples
Thin sections of tissue containing the radionuclide under study are
placed in contact with a film of photogrephic emulsion, Ionisation
in the emulsion induced by rediation resulte in the formation of
gilver grains in the distribution of radioactivity. Both tissue

section and emulgsion may then be processed so that the relation of

N

\

\
s

N

radiosctivity (silver grains) to follicle and cell structure is



megintained., The main technical problem of autoradiography with
pertechnetate relates to the lack of protein binding of radionuclide
in thyroid since conventional processing of histological sections will
leach out soluble pertechnetste ions. In this study therefore, a
freeze~drying technique was used which prevented movement and loss
of pertechnetate until exposure %o the auntoradiographic emulsion was
conpletad.
MATERTALS AND IRTHODS

Five Sprague-Dawley albino adult male rats were used. Two rats
received eminotriazole (0,1%) in drinking water for three weeks before
the study; two other vate were fed a normal dieks Portechnebate-" Tc
(500 uCi) was administered intraperitoneally to each animal and after
one hour, one animal in each group received 10 mg sodium pewchlorate
by the game routes Ninety minutes after radionuclide sdministration
and uwndey other snacsthesin, the thyroid and traches were repidly
removed together, frozen in isopentane, cooled in liquid nitrogen to
about «170°C, and sectioned (8 wa) on a cryostat in the derkroom
without thawing, The frozen sectioﬁs were placed directly on to
slides previously covered with photographic emulsion (Rogers end
Brown«Crant, 1971) and were exposed at a;o“c for five days in o light=
tight box: The emulsion was developed in D.19B (Kodak Lids ), and
fixeds TFinally the preparations were stained by haematoxylin and
eosin for examination under light microscopy. The procedure was
repeated in one other rab given aminotriazole, though the sections

were allowed to thaw before preparing suboradiographs.



Figurv 13i  Autoradiographic raetotion of 99To primarily over the

colloid of a nozn&l rat thyroid follicle (x $00).



Figure 141 Rat thyroid Btlaulated by blocking iodide
organification. Autoradiographic reaction of 99'I'o

over the colloid with little reaction over enlarged

follicular cells.



RESULTS

ey e TR

The folliculay arvengement of the thyroid cen be recognized on
histological examination of both wnstimulated (Figure 13) and
stimulated glands (Figure 14)e Autoradiographs from those animals
not given perchloralbe disclosed that the major site of peritechnetate
concentration was the colloid. There was little radiocactivity over
follicular cells oy intevstitiwn. Tn animals given perchlorate, no
significant redioactivity was seen in colloid confirming discharge
of radionuclide from the thyroids Sechions of gland which were
allowved to ‘thew before preparing auvtoradiographs failed to show
localisation of perbechnetate as described above: These sections
showed a diffuse image over the entire gland,

DISCUSSTON.

The presence of an autorédiographic image over folliculey
colloid in ral thyroid indicates the selective concentration of
pertechinetate within this structure. Pertechnetate discharge from
colloid by perchlorate, first reported by Harper et al (1962) has
been confirmed. This wesemblance, both to the localisation (Pitte
Rivers and Trotter, 1953; Doniach and Logothetopoulos, 1955a) and
perchlorate discharge (Stanbury ond Wyngaarden, 1952) of thyroidal
radloactive iodide, confirms g hasic similarity in transport of
pertechnetate and iodide by the thyroid, firet demonstrated hy
Schindler et ol (1966) in thyroid kinetic studies using both \\
radionuclides. The author considers these findings justify his \\_
subsequent extension of thyroid model theory from iodide (Wollman

\\%\%\
and Reed, 1962a) to techmetium as pertechnetate,




CHAPTER 8

DETURMINATION OF THE RATES OF ACCUMULATION
AND _108S OF TECHNETIUM«09

This ¢hapter describes a study of perta¢hnetate~99mwg and

iod&&e~151

I kinetics in thyroid over a 20 minute period following
intravenous radionuclide injection. The data has been analysed
graphlcally, digitally and with an analogue computer.
INTRODUCTION

Thyroid metabolism of lodide can be conveniently described in
terms of a hypothetical two~compartment model if lodide organification
i8 blocked and a three~compartment model if iodide organification is
proceeding (Chapter 4). Pertechnetate~99 T¢ accumulation in the
¢olloid of rat thyroid (Chapter 7) confirms an anatomical similarity
in compartmental handling of icdide and pertechnetate by thyroid and
Justifies the extension of model theory to thyroid kineties of
pertechnetate, Since this radionuclide is virtually unorganified in
thyroid, a two=compartment model is operative and its successful
application to data obtained in vivo on the uptake of pertechnetate~
9Mype by human thyroid has been reported by Shimmins et al (1968b),

To obtain further insight into handling of portaahnstate-ggmwc
(ngmc) by thyroid in normal and diseased patients, the author has
racorded both thyroidal uptake and venous plasma concentration of
99“&0 over 20 minutes following its intravemous injection in a series




- and net ¢learance of
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of normal and thyrotoxic patients. From this data, the two kinetic
parameters which describe the model have been calculated for each
subject; thyroiad uniairactional clearance (C.L/min), corresponding

to the initisl flux of *°"Tc dons into thyroid from plasma, and exit
rate~conatant (KTP‘ min“l). corresponding to the continuwous efflux of
gngc from thyreid to plasma. Kinetic parameters of radioactive
iodide~131 (1311) handling by thyroid were measured simultaneously ih
each subject; unidirectional clearance (C) and exit rate~-constant |

(KTP) for 1311 when iodide organification was blocked with carbimazole

1511 when iodide organification was normal. This

1311 ions entering and

net elearance represents the balance between
leaving thyroid.

Data analysis has been performed in three ways. .

1. By the graphical technique of Shimmins et al (1968b).

2. By a modification of the above using a digital computer to
perform a least-squares fit of the dats.

3« By analogue computer.

Consisting of an electrical network which c¢an simulate a blological
model, the analogue computer is subject to minor intrinsic errors and
should theoretically permit more accurate evaluation of the rate-
constants of a model than graphical methods.

The complete data permits a unique comparison between kinetics of

%o and o' in thyroid.

MATERIALS _AND METHOD

, 99mTG (99“%1

Carrier-free sodium pertechnetate~ ¢) and carrier-free
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Figure 153  Diagraungstic analysis of 22 Te doge standard and

thyroid uptake curve of 99mTa recorded automatically.
Tn oddition, discharge of thyroidsl 220 is shown
after IV perchlovate injection. The rate of increase
of thyroidal 2°™Pc content, aT/d%, is obtained by
correcting the measured slope of lengent to this
thyroid upteke curve. The corwvection factor consisgts
of & sealing correction as numerator and administered
dosa {c.g. 400 uCi) as denominator to give d1/at in

froct, efmin. dose units. The scaling correction is

the number of uCi in one length of time scale (1 minute)

0 adjust for non-linesr plot - in this case 0.954 x 5.



sodium fodide~131 (1511) were used (Radiochemical Centre, Amersham).

Uptake of 99”%& and 131

I by thyroid and vencus plasma concentration
of each radionuclide were racorded in 32 patients; 7 normal voluntears
with no evidence of thyroid diseame, 13 patients with untreated
thyrotoxicosis and 12 thyrotoxic patients currently taking 45 mg
carbimazole dailys
Ingtrumentation

The modified directional counter (Chapter 5) was conuceted to
isotope counting equipment feeding two scaling eircuits, each connected
via a ratemeter to a separate potentiometric recorder, One circult
counted 1311 optimally, the other counted gngc. Special sollimation
reduced the contribution to total neck counts of extrathyroidal radiow
activity (ETA) to approximately 2% of administered dose for both
radionuclides (Chapter 5).

The system was calibrated using suitable standards of *o*T and
99“@6 in a lucite thyroid phantoms Crosse-activity between channels

vas negligible as aduinistered 131

T radiocactivity was only 1/6th of
ggmwc radioactivitye Two ml plasma samples were counted in a well-
type sc¢intillation counter.
Procedure

Patients lay on a couch and the special collimator was carefully
positioned over the thyroids Following the simultaneous intravenous

injection of 400 uCi Mo and 25 uci 131

I, the curves of thyroidal
plus extrathyroidal radicactivity for each radionuclide were
continucusly recorded for 20 minutes (Figure 15). Venous blood

samples, taken at 3, 5, 7, 10, 15 and 20 minutes after injection,
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allowed measurement of plasma concentrations of each radionuclide. .
Sodium perchlorate (50 mg) was injected intravenously at 20 minutes
(for preparation - see Appendix 2) and recording of totael neck radioe
activity of ggmmc and 131I was continued, Although perchlorate
injection resulted in a rapid 'washout' of thyroidal SQ“TG in each

1311 occurred only in those

subject studied, 'washout' of thyroidal
subjects currently on carbimazole. When e washout? was complete,
a further 40O uCi Mo was injected intravenously. leasurement of
the resulting increase in total neck radioactivity over background
radioactivity during the subsequent 10 minutes allowed approximate

quantitation of 9%0 ETA with time, \hen 51

I BTA was reguired for
analysis, the corresponding 99”’!0 value was substituted since the
difference between either ETA measurement at any one time is marginal
(Chapter 5) using this collimation,
ANALYSTS OF KINETIC DATA
The model employed for ggmmcdata analysis was a twoecompartment

13 3‘1 data when

model (Chapter 4). This model was also applied to
ivdide organification was blocked with carbimazole,

Analysis was performed in all subjects by graphical and digital
means but in 10 thyrotoxic patients, analogue computation was used in
addition.

Graphical analygis = 99%_(3_.

In & two-compartment thyroid model relating to - Trec.
T(t) * Potal 7o content of thyroid at time tt0
(fract, admin. dose).




P(t) = My plasma concentration at t4t
(fract. dose/litre).

C = Thyroid unidirectionsl clearance of 99“wc
(Llitres/min).

Ko = Fraction of thyroidal *Mre diffusing to

plasma/min (min™>).
The linear differential equation describing net transfer of
EEITQ into thyroid is:
AT/At = CoP(E) = KpppeT(t) = = = = e ;i m  m w1
Divide this equation by P(t).

"(L)‘Pt ‘rp-im

Assuning C and KTF are constant, egquation 2 is the equation of a
atraight line with:
dT/dt = net thyroid clearance of 99‘?@ at time ttiv,

t

2(ti) = thyroid/plasma ratio of gngc at time *tit,
P

The thyroid plasma ratio T(ti), measured when thyroid and plasma pools

are in equilibrium, is tefmed the Ts ratioc and is a special case of

(i),

¥ From the thyroid uptake cuxve of 99“Tc in the vepresentative
thyrotoxic patient D.M'G, (Figure 15) and corresponding plasma
concentration curve of 99”Tc suitably corrected for arteriosvenous
difference (Chapter 5), we can taloulate dT/dt for several times ttit
after 99”T¢ injection (l.e. Blope of the tangent to uptake curve),

T(ti) the thyroid uptake, and P(%i) the corresponding plasma concentration
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T for various times after IV
P
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Mg injection,

The

unidirectional clearance is represented by the net

clearance dT/dt/P at zero time and the Ts ratio by T

P

at equilibrium l.e. vhen the thyrold net clearance of

9%

Tc 15 zZero.
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of 99mmc.- Kinetic rate~constants were subsequently calculated from

this data as follows.

l. Graphic

Using equation 2 and graphing dT/dt/P(ti) againet T(ti)

(Figure 16), we obtain a straight line whose interceptspare
thyroid Ts ratio and unidirectional clearance (i.e. net clearance
at zero time). Alsc from equation 2, since dT/dt/P(ti) is zero
when thyroid and plasma 99“Tc pools are in equilibrium, we obtain

kpp = &

Ta

2. Digital
A Wang 700 digital caloulator was employed to obtain the

best line fit of data (dT/dt/P against 7/P) using a least-squares
programme, In addition to precise calculation of slope (KTP)
and yw-intercept of the line (C), an estimate of random error for

each parameter was obtained,

Graghical Analysis = 1311

When iodide organification was completely blocked with carbimarzole,

the above methods were used to caloulate thyroid unidirectional clearance,

131

Ts and KTP for Te

when iodide orgenification was proceeding normally, the net thyroid

131

cleaxrance of I was measured by dividing the increase in thyroidal

1311 from 10 - 20 minutes after radionuclide injection by the average

131

plasma I concentration during this pericd. The first 10 minutes

15

of the thyroid uptake curve of I were ignored to minimise the

systematic error of arterio-venous difference,




- 57 .

Graphiagl_Ana sis « Caleulation of Kt

P
Following intravenous injection of sodium perchlorate, gngc

discharged from thyroid at a monoe-expenential rate (Figure 15).
Thyroidal 1311 also discharged mono~exponentially when iodide

organification was blocked. The exponential discharge rate X' .. was

P
caleulated by plotting, on a log-linear scale for each radionuclide,
the points of difference between observed thyroid radioactivities
and asymptotes.
Analysis with Analogue Computer

Technology and circuit diagram used are fully described in
Appendix 2. For each patient studled, the basic procvedure was firstly
to adjust computer plasma radioactivity to fit the observed radicactivity
curve of 99mTc. Secondly, the computer thyroid curve was superimposed
on the observed thyroid curve of 99mT° uptake by suitable adjustment of
computer constants C and KTP' When a *best-fit! of thyroid curves
was obtained, the absolute values of ¢ and Kﬁp were obtained from the

computers.

gandom Errors

1311 or 99mTc kinetic parameters by graphic analysis

Measurement of
is subject to many random errors. These include statistical variation
in ratemeter output, errors in counting plasma radicactivity, variable
neckecollimator distances, inaccurate dose administration and visual
eatimation of both slope of tangent to thyroid uptake curve and straight

line in graphic analysis. Assuming that behaviour of 99mTc in thyroid



THYROIDAL UNIDIRECTIONAL CLEARANCE OF gngc—mI/min.
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THYROIDAL NET CLEARANCE OF ™ (10-20min)-mi/min.

Figure 173

The correlation between thyroidal vnidirectional
clearance of 99mTc and the 10 - 20 minute netv
clearance of 1311 measured simultoneously in 7
euthyroid and 13 thyrotoxic subjects, The
regression equation was y = 0.30x + 0,009 and

Yy = 0‘980
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is in accordsance with a two-compartwment model, the error of C and
KﬁP calculation given by digitel caloulation indicates total raundom
error (TRE). The TRE (70% confidence limits) for ¢ was 13 + 5.0%

(mean 4 18D) for 99["‘1‘0 in 6 ecuthyroid and 13 thyrotoxic patients and

131 b
I in 9 thyrobtoxic patients. The TRE

10 4 4.0% (mean 4+ 18D) for
(704 confidence limits) for KTP in the same patients was 18 -+ 69%
(mean 1 18D) for 9Mye and 18 + 8% (mean 4 18D) for 134y,
Sygtemalbic livrovs

The most important systematic error is arterio-venous differeonce.
Appropriate correction veduces this ervor from 15% to 5% approximstely
(Chapter 6).

RESULDS

There was an excellent correlation (r = 0.99) between resulis
of thyroid kinetic analysis (C and KTP) caleulated by graphicel eand
graphical/ﬂigital methodss The digital resulis alone awe documented
in this results section since they are mathematically precise and
include rendom ewxvor quantitabion.

A correlation between thyroid unidirectional clearance (UDC) of
£ 131

99mmc and net clearance o T dig shown in Pigure 17. 'The regression

equation (y = 0.%8% + 0.009) showed 99mTc UhC to be apyroximetely

1/3rd the value of 151

I net clearvance with v = 0,98, The gradient
mean 4 1SD was 0.38 3,0.016‘ Results are summarised according to
thyroid status in Table 5.

A correlation between UDC of bolh 99mTa aud 1311 neasured in 14

thyrotoxic patients ocurrently on carbimazole therapy is not illustrated

graphically (results in Table A, Appendix 1). The regression equation
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Pigure 183

100 150 200 250 300 350 400 450 500

THYROIDAL CLEARANCE OF ™| - mi/min.

Tn this figure, simultaneous meagurements of thyroldal
midivectional clearance (UDC) of both Mg and 151y
in 14 thyrotoxic patients on carbimazole (open circles)
are superimposed on the correlaiion between thyroidal
 p 290 : . . 31
TDe of Te and 10 = 20 mimite net cleavance of I
shown in Figure 17 (closed circles)s "The combined

vepression eguation 18 ¥y = 0.357x + 0.01L1 and r = 0.95.



0-225

002 006 01 014
131 Ktp (min -1

Mpure 193 Correlation between the thyroid exit-rate constanbs
<K‘1‘P) of "o and YT measured in subjects currently
on carbinazole. he rvegression equabion was

¥ = L17x + 0,014 with v = 0.79.
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Tigure 203

Corveletion bebween the perchlovete=induced exile-
caiie constonts (K'y.) of thycoidal 99 e T
measured in subjects cvrrently on carbimazole.

The regression equation wes y = 2.50x = 0.0L and

o 0,81,
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(y = 0431x + 0.02) again indicated that the 99mTc parameber was

131

approximately 1/3rd the value for I3 » was 0.74 and the gradient

mean 4+ 1SD was 031 1 0,082, Since the gradient mean for the groﬁﬁ
who were not on carbimazole (0.38) is within 1SD of the gradient meen
for those on carbimazole (0.31 - 0.082), it is unlikely that
carbimazole administration allered the relationship between 99mTc

131

and I clearances. In Figure 18, the results obtained from these

thyrotoxic patients on carbimezole are superimposed upon Figure 17.
The regression equation of combined data was y = 0.37x + 0.011 (where
¥ o= IMye UDC and x = SOOI net or UDCG) with © = 0495,

In Figure 19, o good correlation is shown between thyroidal KTP

131

C
of )9ch and I in 12 thyrotoxic patients. The regression equation

131

wes ¥ = Lo17x + 04014 (v = ??™Ic and x = Kyp) With © = 0,79,

13
In Mgure 20, measurements of X'.. of 99mTc and l)ll in the same

III 1)
patients are also ghown o cowvrelate well, with a regression equation

2
1)1I

Of ¥ = 2.56x = 0,01 (¥ = 27™0g and x = K' ) and ¥ = 081

e
Surprisingly, corvelation between 99mTc KTP and K'TP and 1511 KTP
and K'p,, were poor (Tables B and C respectively « Appendixz 1).

Correlation was disappointing bebween equivalent values of
kinetic indices obtained using the analogue compuber with those
obtained from graphicel/digitel analysiss = = 0,86 for C and 0.80
for KTP measurement (Appendix 1, Tables D and ).

lMeasurement of the unidirectional clearance (UDC) of 99, by
the thyroid in euthyroid and thyrotoxic patlients demonstrates that

this index of 22™De influx into thyroid correlabes well with, and



is directly proportional o, both thyroid nel clesrance of 1311 when,
iodide ovganification is normal and UDC of 17%1 when fodide
orgenification is completely blocked. This data has three important
implications. Tirstly, the results ave consislent with an identical
thyroid brensport mechenism for each anion as described by Wolff (1963).
Secondly, thywoid UDC of 99mTc appears to be a precise and direot index
of the iodide traunsport activity of thyrold and will therefore provide
the seme quantitetive informetion afforded by measurement of either
thyroid net clearance (Rall et al, 1964) when iodide organification

is noxmal or UDC of 151

T (Berson and Yalow, 1955)s This accuracy is
confirmed by the good separation obitained between thyrotoxic and
euthyrold individuals studied using o 99mTc UDC measurements The

test was valueless for diagnosisg of hypothyroidism, however, gince
deta cannot be anelysed if UDC is '<::.Ol L/min,  Clearly, measurement
of thywroid UDC of 99mTc would appear most appropriabe fox assessmené

the
of iodide trangport when/efficiency of iodide organification is in

Q
doubte Thirdly, since carbimazole therapy has no effect on 9)mTc
kinebics (Schindler et al, 1966) the similar proporitionality factor

131,

between 99mTc UbC and both UDC and net clearance measurements,

argues that 1311 TDC and net clearance rales sre similay when ilodide
organification is normals Thus, the initial Fflux of 1311 ions dnto
thyroid would appesr equivalent to the resultant of influx and efflux
al later btimes. This resull, possible only if there im little
unorganified 1311 in normal thyroid, implies an iodide organification
rate near uwniby in the patieats studied and confirms pioneer work of

Berson and Yalow (1955).
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The author's data conflicts dirvectly with a current theory on
thyroidal iodide metsbolism in which an wnorganified thyroidal iodide
pool is postulated (Robertson et al, 197L; Shimmins, 19703 Alexander
et aly 1971)s This hypothesis requires 1311 TDC to be substantially
larger than net clearance. Since it has been previously shown
(Chapter 6) that the initial high thyroid cleavance of “VI vhich is
observed in prachice results from a systematic ervor of arterio-venous
difference, the avallable evidence argues against this hypothesis.

The obsexvation that thyroid UDC of 1311 ig approximalely 2.5 x
ude of 99mTc in bumans has not been previously reporited and is
surprising because Wolff (1964) has shovm that K for PMye is lover

1511. The low wate of 29

Than Km for mTc transport into thyroid
observed in vivo is conceilveably a wesult of the binding of this
radiomuclide to plasma proteins (Hays and Green, 1973).

1t is also of interest thel Harden and Alexender (1967) found

1311 in mmens 0 be 2.1 x the salivary

the salivary cleavance of
clearance of 99mTc. This finding in conjunction with the author's
oun. date is compabible with & similay donic transport mechanism in
human thyroid and salivary glends and sgrees with other studies
(Wolff, 1964). Indeed it is likely that both 27™Tc and “2*I share
a common transport mechanism in these glands.

99mTc and inorgauic 1511 are distributed in the same anatbomical
compaxrtment in thyroid (i.e. follicular colloid) and appear to be
twansported into thyrold by the same mechanisms The close correlation

131

obtained between the exit-rate congtants of 99mTc and I, both before

(KTP) and after perchlorate injection (K'TP), indicates a further




NORMAL ®mTc TRANSPORT PERCHLORATE EFFECT

Tigure 213

Disgrammatic representation of the effect of
perchlorgte on follicular function. Perchloraie
firatly blocks the thyroid %rensport mechsnism (C)
for 29Mpc and YY1 by competitive inhibition and
aacondly, exaggerabes the 'lealk'! of unbound wadios
nuelide from the follicle. 'This latter effect,
demonstrated by an increase in KTP to K‘TP’ ney
result from o reduction in the follicunlar electro-

chemical gradient induced by perchlorate.



bagic gimilarity, namely in ionic diffusion, although 99mT0 wag clearly
more achbive in this vespect. In the anelysis graph, the slope (KTP)
of plot AT/at/P ngainst T/P was constant and independent of thywoid
content of radionuclide (Figure 16). This confirms that KTP ie due

to simple diffusion of radionuclide through thyrold follicular cells
and probably results from the concentration gradient between follicle

and interstitium, K'TP after perchlorate is larvger than KTP by a

of
factor/2 to 3, however, and appears to represent a different phenomenon,
The mono=-gxponentisl character of the 'washout! of both 99mTo and_lBll

suggeats a sudden ‘release! of thyrold redionuclide followed by
extremely rapid diffusion. Louivalent animal studies have both
confiirmed that perchlorate magunifies diffusion of ions from follicles
(Scranton et al, 1969) and suggested (Wolff, 1968) that the effect
results from depolarisation of thywroid cell membrane mediated by X
losss The author's results could be in keeping with this theory and
the hypothetical perchlorabe effect has heen depicled dlegrammatically
in Figuve 21.

99

The analogue computer wag found wnesatisfactory fox Mg rale
consbant measurement and a poor correlation (r = :86) with results
from graphic anelysis was obtained. In practice, pre<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>