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Whole=Body Honitoring and In Vivo Activation

Inalyvsis in Naclepr Medigino.

by
Lelth BQdC}}f; Tielcs

DUUMARY

The theals desoribes the development and application of two
new technigues in nuclear medicines The filrst involves a
fundamentally different approach to the attaliment of high
sensitivity wslng a wholesbody wonitore I represents a
significant advanca o oxizting wmethodss The second technique,
in vivo activabion analysis of iodine In the thyroid gland,
apparently has not beon repovted previcuslyve Ik may prove an
fmportant glinieal tool for diagnosis and regeardh since a
swowlaedge of the toval jlodine vontent of the thyroid will
provide a better wderstanding of the actilology of iis assoolated
digeases. Vo other ftevhnigue can evidenlhly provide this Jdataa

A pew deslon of wholeshody monitor has been developed
utilising a shadow shield welghing 7«8 tons compared wulih
gonventional shields of 30«50 tones Construction of the
prototvpe monitor and an assesgement of ihs perfoxmance lead
to the conclusion thalt seasltivity et least donparable with
that of the conventional monitor should be attainable.s The
gilonificant reduction in shield weight facilitates the ine
corporation of this design of monitor in a mobile laboratorye
Clinical studies of iron metabolien and of vitamin El" metabolism

&

have beeh carried oul uging the protohype monitor.

The award of o research grant by the Seohtish Hospital
brdowwents Research Trust enabled the ¢onstruction of a high
gengitivity nebile vhole=body mondtor (MERLIN). Tis



performance is shown to be hetter than most conventional monitors

and at least comparable with the remainder. fApart from the
advantage of mobility, the monitor can be used as an installed
monitor capable of incorporabtion dn almost any existing laboratorye
The senwitivity con be easily varied to meel individual requirements
while the cosl of an iustalled high sensitivity monitor, with a
100achannel pulse height analyser, wan be less than £6, 500, Conmercial
conventional nmonitors cost akout £20,000 » £30,000 excluding transport
and erection costs and the cost of a separate bullding if thig is
necessitaieds The mobille monitor is now being used for mediceal
rvesearch in collaborgbion with hospitals in Scotland.

A new fechnique has been developed to measure in vivo the ifotal
iodine content of the thyroid gland using activation analysiss The
principle of the method s Lo irradiate the patient's thyroild in vivo
uging a collimaked beam of neubrons frxom the UsTeRe 100 reacktore The
iodine~128 induced by the neukron ivradiation is then measured using a
suitably shielded geintillation counter and pulse helghl analysers
Following preliminary expeximents, including in vitro measureuents
on exgised glande, the technigues were adapted for clinical use.

A high sensitivity shedoweshielded thyroid monitor was designed
and gonstructed for clinical trials.

The results of the olinical trials have led o jmprovemenis
in the technigue in the light of this experlence. These modifications
are belng incorporated and further in viiro measurecuents macde before
the technigue is used as a dlagnostic and research tocle.
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PREFACE

This Tthesis contains an account of reseaxch conducted by
the authox at Tthe Scotitish Research Reactor Centre, East Kilbride
and at the University of Glasgow. The development and the presenti
situation and requirements of whole<body monitoring and of the need
to measure the total iodine content of the thyroid gland to achieve
a better understanding of the aeticlogy of associated diseases are
considered. Solutions for these separate problems are proposed.
(Chapter 1)« Experimental investigation of the proposed solutions
and their clinical application is the subject of the thesiss

The conception, design and responsgibility for the construction
and assessment of the performance of the prototype whole~body
monitor (Chapter 2) and of the mobile monitor (Chapter 3) are
entirely those of the present author. The clinical studies of
aspects of iron metabolism (Chapters 4 and 5) and of vitamin Bl2
metabolism (Chapters 6 and 7) were undertaken in collaboration
with Dr. G. Will, Roval Infimmary, Glasgow, and with Dr.J.F. Adams,
Southexn General Hospital, Glasgow, respectively. The analysis of
the results and their intexrpretation, as presented here, are those

of the present authox.

The possibility of measuring the total iodine content of the
thyroid gland by in vivo activation analysis was realised by the
author, Dr., W.D, Alexander and Sir Edward J. Wayne, Western
Infimazxy, GClasgow. Preliminary experiments and development of

the technigue (Chapter 8), including the design and construction




of the shadow=-shield thyroid monitor (Chapter @), were the author's
responsibility. Clinical trials {Chapter 10) were conducted in
collaboration with Dr. W.D. Alexandexr. The analysis of the results

and theixr present intexpretation are those of the authore.

(i4)
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CHAPTER I: Introduction:

Two techniques walch have been introduced into nuclear
medicine only in recent years are whole«body monitoring and
in vive activation analysis. The initial stimulus for the
development of whole=body monitors was. radiological protection
mneasuranents of internal contamination. The historical
development of the monitors and the improvements in sensitivity
are summarised in Table l.1l (after Spiers, 1962). Probably
the first intemmational symposium at which a collection of papers
dealing with the clinical application of whole~body monitors was
presented was held as recently as 1961 (I.A.E.A. Symposiun on
Whole=Body Counting, Vienna, 1961)s The fixst reports on in
vivo activation analysis were even more recent (Anderson et al.,
1964) by the present author (7th International Symposium on
Radioactive Isotopes in Clinical Medicine and Research, Bad
Gastein, January, 1966).

lel Whole=body monitorings:

The applications of whole~=body monitors in nuclear
medicine can be roughly classified into two groups, routine
clinical measurements, for example of absorption of labelled
iron orx vitamin B12 in the diagnosis and treatment of iron
deficiency anaemnia or of pexrnicious anaemia, and reseaxch
investigations which may require the measurement of body
potassium«40 to provide an estimate of total body potassium
or lean body mass or of the long~texm turnover of slower
metabolic compérﬁments of the bodye. Routine clinical measure-
ments usually reéuire a canparatively simple and inexpensive
monitor, (Veall, 1962, Hine et al., 1962, Warxner and Olivex, 1966).

i
L]



SUMTAGTTINDD 3@ si)onpoxd Iopybnep (IR YITh vy On = *atnba zy On

IOXX® PILPURIS = (%Y)
(q2) §°¢ (ZS)£000°0 ~ umi Y| AX8w0sD ITRYD - [RY UF GO X UT § (9661) TITPUTIRI]
w roTuebrour (g
{a8) S°T (I9) TC00"0 ~ utm G JOJRTTIuTOs oT3serd JTun-28IyL ! (886T) Uping pue pItg
(@s) 1 (IS) T000°0 >~ Ut G JZOFRTTTIULOS PIRDIT ¥ {gG6T) wosxapuy
“ DTuebig (©
_. :STOTETTTINTES
(&) 0T~ {¥s)t00°0 |- Uy~ punoibrspun - 8I10jeq Sy {9861) Fx248TS
(E3) o8~ {¥S)8007°0 e SRR 33O DU - "Op {gGeT) SIBTAZ puR yodIng

[N
{d<) 0S8~ {(F3)YS00°0 Uz ~-SIadqumEyyo HUOT QT FO ARIXR IRTROITD (TGBT) FroasTg
m SIediiey) UCTIRYTUO] oINSEal  ULTH o0IRT
1°0 *oxe exjeur T (4L8BT) suRAy
TeUnl X9 [N-LODTOY
£0°0 ~ "U4R T 3P SeX3Il ,m,m FO DI | (4P8T) FIFTNOH pue ssof
G0~ . °op (6€6T) T® 39 Jpmiues
G~ ASFOUDIIOVTS DUTAIS 4 e T e *D°] (6261) T® 32 Ipuniysg
) (SIBMWUD UOTIRSTUOT LLoug
[ £pog TRI01 o\..,o m satnbe B Hn SWEL,
) A ~  Purznop TN N bmﬁ oouexaIoy
(*7°g %0) 1TWIT uotieeieq | Ioofqug - o
°SXCITIUOL] LLOd~9TOU JO JUSWLOTPAS( ATICY

*T*T  dTdvdL




since the quantity of isotope administered is generally detemmined
by less sensitive measuremenis carried out simultaneously such as
those of serum, plasma or urine specific activities. These
monitors are very valuable since the losses, inconvenience and
inaccuracies of urine and faecal monitoring may be obviated as well
as the conseguent hospitalisation of the patient and its associated
expense. Conventional high sensitivity monitors, on the other
hand, are usually expensive and elaborate. Rooms of lead, steel
or excavated from chalk subsoil have been utilised to reduce the
background counting-rate. Commercial high sensitivity monitors
cost about £20, 000 = £30,000 excluding transport and erection of
the steel rooms These rocms are constructed from pre-1945 naval
steel and since their weight is from about 26-50 tons, a special
‘building may be necessitated to house the monitor.n Despite these
drawbacks, the temptation exists to consult a calhalogue without
careful consideration of the exact requirements of, or of the
justification for, such a monitore. Spiers (1962) asked "What
is the cheapest form of a total body potassium monitor for
clinical work ~ can it be obtained for the price of a high-duty
diagnostic X-ray set, say US $ 15,0002" and commented (Spilers,
1965) "The development (of whole~-body monitors) has been rapid
and today there are many more whole~body counters than there
are thorough and comparable analyses of thelr performance.
The choice of available apparatus is large and the cost variable
but considerable." Similar considerations were the stimulus
for the present studies which describe the development of a new
design of whole=body monitox, which can be adapted to meet a
prescribed sensitivity and the higher sensitivity of which is
at least as good as that of most steel room monitors. The cost
can be less than £6, SO0 which is camparable with the figure
suggested by Spiers. Clinical studies described show that



ultimate sensitivity is not an essential pre-requisite for the

prosecution of useful clinical research.

The present work began because no hospital in Scotland
(in 1963) possessed, or had easy access to, a whole-body monitor
of high sensitivity. The high capital cost of an installed
conventlonal unit and the difficulties of transferring patients
to a centralised facility argued against its estabiishment. It
was considered that with a new design of monitor, high sensitivity
might be attainable in a comparatively lightweight shield thus
enabling the monitor to be incorporated in a mobile laboratorye.
As many clinical applications can be dealt with adequately by
simple whole-body monitors, it was felt that if a high sensitivity
nonitor was available for the fewer investigations requiring such
sensitivity, a mobile whole~body monitor might fulfill this need.
While meeting the requirements of several hospitals as a mobile
unit, the monitor design would ideally be suitable also as an
installed monitor of high sensitivity and low cost.

1.2 Selection of design for investigation,.

The choice of design to ke investigated was limited in
view of the ultimate aim of providing a mobile monitor, It was
clear from the outset that significant reductions in shield weight
could be achieved by concentrating shielding around the detector(s).
" By its nature, the steel or lead room must be sufficiently large to
accommodate the patient so that although the total weight of shield-.
ing material is large, it can only reduce the background countinge
rate of the detectors to tﬂét which would be obtained if each

detector was surrounded by close fitting steel or lead of the same

thickness as the room walls etc.

It was also apparent that to shield a single detector of large
volune is simpler and more econamical in weight than to shield a
multiple~crystal system of the same total crystal volume, There

are, however, other advantages in the use of a single crystal rather



than multiple crystals, TFor example, Miller (1962) points to
greater ease and speed of operation since only one crystal needs

to be calibrated, while counting-rates are equal or higher in the
photopeak and considerably lower at lower energies than ihose
observed with multiple~crystal arrays of the same total crystal
volume, as shown in Fig. l.1 The multiple-crystal &rray requires
relatively complex nixing and gating electronic circuits either to
add the various crystal outputs into one composite spectrum or to
store the output of each crystal into different sections of the
nremory of the analyser. The possibility exilsts also of a shift

in energy calibration of one of the multiple crystals leading to
spectrum distertion, Probably the main advantage of the multiple-
crystal geometry is that something can be learned of the distribution
of the isotope in the body if the individual outputs of the crystals
are sorted and recorded separately using either single channel
analysers or separate sections of the analyser memory. If the
single crystal is used to scan the patient, say, by passing the
patient beneath the detector, this advantage no longer applies

only to the multiple-detector system.
1.3 In vivo activation analysis:

Measurement of the total body content in. vivo of a given
element such aé sodium or chloxine is usually not possible using
existing techniques. An obvious exception, as mehtioned earlier,
is the estimation of total body potassium by measuring the potassium-
40 content in a whole~body monitora Isoteope dilution studies provide
an estimate of only the exchangeable fraction of the element and depend
on the extent to which, and how rapidly, equilibrium between body
canpartments is established. In scnme cases the total body content
of an element and the exchangeable fraction are similar as shown,

for example, by comparison with analyses of cadavers.

Neutron activation analysis has found wide application in
vitro in medicine and biologye. Exposure of many elements to neutron

irradiation causes their transformation to radiocactive isctopes.
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Using appropriate techniques, the radioisotope(s) can be identified
and the guantity of the corresponding target element(s) estimated.
Chemical separation is a common first step after irradiation to
eliminate radiocactivity from irrelevant and unwanted radioisotopeé
produced incidentally. Howevey, separation is often neitherxr
feasible nor camplete. The principal interfering isotopes
following irradiation of biological material, whether seruw, urine
or tissue, are usually sodium-24 and chlorine=-38 which are difficult
to eliminate while lengthy separation procedures' cannot be used

when the isotope of interest (e.g. 23Mg, 1281, 49

Ca etc.) has a
comparatively short half-life. Two properties characteristic of

the isotope, its rate of decay and the type and energy of the
radiation it emits, nay make analysis possible even in these cases. .
Sequential measurement of the disintegration rate oxr radiation
spectrometry, such as gamma~ray spectranetry, can be used to estimate
separately but simultaneously the quantities of various elements
present in the same sarcple.

Several accidents resulting from unexpected criticality in
nuclear reactors or reactor assemblies have resulied in over-
exposure of humans to neutrons. Radiocactivity, particularly
sodium-24, was consequently induced in elements of which the body is
conposede These exposures, being accidental, involved neutron
{(and gamma) doses’in the lethal or LDSO ranges. Howevexr, using a
high sensitivity whole~body monitor to measure the induced activities
and a& contxolled exposure to neutrons, the nmeasurement of whole=-body
sodium and other elements can be achieved with doses of less than,
or similar to, those of accepted procedures such as an abdominal
radiograph (about 3 rem, I.C.R.P., 1960},

Vhole~body neutron activation analysis in man in vivo using
a neutron generator has been recently reported (Anderson J. et al.
{1964)) in the investigation of the normal body content of sodium,
chlorine and calcium involving total-body doses of about 1 rem,

The major experimental difficulty was to produce a uniform neutron

-5 =



flux throughout the body which represents a large hydrogenous
sample. A further problem which has not been over-emphasised

in this work is that of changes in the neutron spectryrum due to
noderation and capture of neutrons. This is of impoxrxtance as
the neutron capture cross-section of an element varies with
.neutron enexqgy . Both of these factors may prevent each nucleus
having an equal'piobability of transfoxmation, which, strictly,

is an essential criterion.

Interpretation of the resulis presented some difficulty
because of thelméhy different chemical elements of which the
body is composed. Each of these elements may produce one ox
nore radioactivé,isotopes as a result of neutron irradiation.
The relative amounts of the iscotopes produced depends upon the
guantity of the stable element in the bedy, Eross-section of
the element, etc., so that the resultant gamma specitra may
contain significant contributions from iscotopes which are not
pexrtinent to the investigation in hand. An example of this
intexference was the O.51 MeV peak in the spectra obtained for
the two human subjects reported, This peak was attributed to
the annihilation rxadiation due to positron emission by nitrogen=-
18 produced by. the 14N (n, 2n) 13N reaction, A computer programte
carrying out spectrum-stripping with least sguares fit analysis
simplified the interpretation in this study.

l.4 In viveo activation analysis of iodine in the thyroid gland:

Direct measurement in vivo of the intra-thyroidal icdine
stores has not, apparently, been made previously. Total thyroidal
iodine, up to the present, has been measurable only after excision
of the gland. Indirect methods in vivo, such as that described by
Nodine (1957) measure the intrathyroidal exchangeable iocdine and
have marked limitations., Nodine's method involves the administration.
of a tracer dose of iodine~l1381 followed nine days later by an injection
of thyroid stimulating hormone (TSH). The resulting increases in the

plasma~bound icdine (PBI) and PBI131 after twenty-four hours are



measured. The increase in the PBI and PBIisl corresponds %o

the newly released thyroid homone which is assumed to have the
same specific activity as the intrathyroidal exchangeable iodine
(IEI). If the thyroidal radiocactivity is measured immediately
before the injection of TSH, IEI can be estimated since,

thyroid 1131 activity = xise in PBIlSl and, hence,
JEI rise in PBI
= . . . .y L3 .
IET = yise in PBI x thyroid I activitye.

rise in PBITST

The difficulties in this technigue include:-

1. The method fails when injection of TSH produces no effect as
in thyrotoxicosis, endocrine exophthalmoslétc.

2 Only the "exchangeable" icdine is measured,

e Any iodine which has not equilibrated with the tracer dose in
nine days is not measured. This fraction may vary between
individuals,

4, The uptake by the gland of the tracer dose is influenced by
the level of the intrathyroidal stores as well as the metabolic
rate of the gland. For example, the test does not differentiate

" between high uptake due to "depleted" stores, in which case the
tracer does not, presumably, equilibrate with "exchangeable"
iodine, and that due to a high rate of metabolism. The converse

situation is open to corresponding misinterpretations.

Data on the intra-thyroidal iodine stores may throw some light
on the aetiology of non-toxic goitres Frmans (1961) found that in
goitrous patients from the Congo, the total iodine content of the
thyroid gland was noxmal. Values within the noxmal range have been
found also by Wayne et al (1964), However, Wilson (1963) reports
finding in patients with non-toxic goitre, that the iodine content of
the ¢land may greatly excoed that found in normal thyroids. This
latter observation, if confimmed, would support the concept of an intra-

thyroidal metabolic fault as opposed to dAietary iodine deficiency.

-7-



A knowledge of the intra-thyroidal iodine stores is also of
considerable practical importance since in its absence all radio-
iocdine tests giving an estimate of the release of thyroid hormone
from the thyroid gland (e.g. PBI-131) must remain on an empirical
basis. Estimation of the intra~thyroidal stores is clearly not
necessary in every case, but would be of particular value in those
cases (about 5010) where the radioiodine test was inconsistent with
the ¢linical findings. Patients with a small intra~thyreidal pool
could he distinguished from those with true over-secretion of thyroid
hormone, both of which give a similar patiern of radioiodine release
(Koutras et al., 1961).

In vivo activation analysis of iocdine in the thyroid gland
would estimate the total ledine content and not that of exchangeable
icdine. As the gland is close to the surface of the body, problems
of non~uniformity of a single irrxadiation should be less than in
irradiation of the total body. This is an important factor since
irradiation from both sides of the body was necessary to produce an
approximately uniform flux throughout the whole body (Smith, and
Osborne .1965 Private communication) and such a procedure might be
less appropriate for the thyroid. In particular, the flux of 14
MeV neutrons from a neutyron generatoxr, as used by Anderson et al.,
is presently Iess than 107 n/c:m2 sec, even at a distance of only
10 em fxom the target. The thermal neutron flux may be at least
an order of magnitude less and a simple calculation suggests that a
flux at least in the region of lO‘7 n/c::n2 sec is required., Such
fluxes are obtainable from nuclear veactors with the reservation
that the uncollided fission neutron enexgy spectxuil shows that the
maximum number of neutrons have energies of about 1 MeV. The
problexn of non-unifoxm irradiation may, therefore, be more acute

than with neutrons of higher initdal energies.

The method of irradiation, which implies the use of a
collimated beam of neutrons limited to the area of the gland, is
probably achieved more easily using a reactor beam ftube or stinger

since the biolcgical shield of the reactor should already be very
—8-



effective in confining emergent neutron and gamma radiation to these

regionse.

With these factors in mind, the feasibility of utilising the
UTR-100KW reactor at the Reactor Centre for in vivo activation
analysis of lodine the thyroid gland was examnined. Preliminary
experiments were conducted and a trial series of clinical measure-
ments were carried out. The resulis of these have been also
reported elsewhere (Boddy, 1966). Improvements have been made
in the techniques in the light of this experience and further

.celinical trials are imminent prior to the wider application of the
technigues.
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CHEPTER TIls The Prototvne Shadow Shield Vhole RBedy Monitor,

The ultimate aims in developing the prototype monitor were to
provide a design cepable of high sensitivity at low cost and which
could be incorporated in a mchile laboratory. As a static monitor,

it should be able Lo provide various degrees of sensitivity according

to individual reguirementss
The criteria adopted were:

a) A comparatively lightweight shield with a.limit of about 7 tons
for a commercial vehicle chassis.

b) High sensitivity viz. low background countlng-rauo and high
counting~rate rer unit activity or per gram of potassium.

c) Small variation of counting-rate dve to the redistribution of
isotopes in the bhody.

a) Reasonable coste

Several possible designs were considered, the most promising of
wnich seemed to be the use ¢f a suitably shielded single detector
beneath which the patient was passed. With this configuretion, the
shield weight could be greatly reduced and redigtribution effects

nmight be minimised.,
2.1 DBoquipment:

Mo direct financilsal assistance was available for this work,
so that materials and eguipment originelly acquired for othexr
purposes were used with some improvisationss

The largest available sodium iodide detector assenbly had a
3 inches diameter x 3 inches crystal. Lead was aveilable largely
as four~inches chevron bricks and was not of selected low:background
quelity. Initially, a remote Laben 512~channel pulse height
analyser was used until & 10O0-channel T.M.C. Gammascope became

available,
- 11 -



2«2 Developnent of the shadow shields

To obtain high sensitivity, the requirement was for a Low
background counting~rate. Miller (1958) and Kay and Merinelli (1s862),
during the construction of a steel rcom whole-bedy monitor, obtained
the baciground reductions shown in Fige 2.1. In the final shield,
commrising 20.3 ams. of iron and 3 mms. of lead, hﬁ backaround counting-
rate From 0.05 MeV to 1.5 MeV is reduced tc between ~ 1-4° [o of the
unshielded background counting-rate. These reductions depend to scme
extent on the initial cenditions in which the unshielded background was
determined as well as the poftassiwn-40 and impurities centained in the
crystal assenblys For these reasons, the beckground reductions
obtained by these authors could not be taken as an absoluvte ¢uide for
our different circunstances but, for a similar performance, Tthe re-
duction in hackground reguired of the shadow shield could be asbumcd

to be about 2 /c of the unshielded beckground.

The stages in the development of the preototype and Tthe average
background reductions attained are shown diagrammatically in Fig. 2.2.
The final stage is showm in Fig 2.3, The resulits are suwwrarised in

Table 2.1 for the four energy ranges censidered. These ranges were

chosen since they covered approximately the principal photeopeak

energies of wost of the ilsotopes of medical interest.

The unshielded and final shield background spectra are shown in
Fig 2.4,

he overall bac'grouﬂa reductions were very close to the target
suggeated from the data of iller and May and Marinelli. The
largest reduction is for the lcl - 1.5 MeV range which includes the
photopeak (1.46 M¥eV) of the naturally occurring potassium-40 isotopes
This nay be attributable to potassium~40 in the building naterials
ct the floor, walls elc. procducing a high unshielded counting-rate
whilst the lower energy ranges may appear to be less well shielded

because of scattered garma rays reaching the detector.

0-1‘2“-
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FIG 2.2

STAGES IN THE DEVELOPMENT OF THE PROTOTYPE
SHADOW SHIELD WHOLE BODY COUNTER

1" w
zaxn. 4 STEEL PLATE 2 4 LEAD BRICKS
TO PULSE HEIGHT H, AN
ANALYSER E»—z LEAD BRICKS _ E v
STEE|, TABLE N—H 3’3" SODIUM  1ODIDE
TOP\ "\ CRYSTAL
SURFACE
Iy s T i le—2 LEAD BRICKS L2332 >> 5]
STAGE | . STAGE 2 .
% OF UNSHIELDED BACKGROUND : 13:7% 7 OF UNSHIELDED BACKGROUND: 727
S5, 4 STEEL PLATE
N /] -
N M 3x3 SODIUM  I0DIDE
MM CRYSTAL
% N
M 1Y / 2" STEEL PLATE
d e+
MY w vv\
N SNV “
vy MY ™47 LEAD BRICKS
MM 3 SIS SSIMM
a b
STAGE 3
% OF UNSHIELDED BACKGROUND: 4:8 %
% OF PREVIOUS BACKGROUND: 67-47
FULL BASE % OF UNSHIELDED BACKGROUND: 2°5%
% OF PREVIOUS BACKGROUND: 5! 4 %
STAGE 4
% OF UNSHIELDED BACKGROUND : 2-3 %
% OF PREVIOUS BACKGROUND : 92:9 %,
FINAL .
% OF UNSHIELDED BACKGROUND: 22 %
% OF PREVIOUS BACKGROUND: 961 %
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2w3 Description of the prototype:

The shield is 12 ft« 8 ins. in length, 8 ft. 4 ins. maximum
width and 3 ft. 2 inches naximun height. The detector in the central
turret views the patient through a hole of 5% inches diameter cut
through the steel supporting plate. A bed, comprising a metal
stretcher covered with polythene foam and rexine and with wheels
attached beneath, was motorised by means of a rotating screw ¢ feet
in length driven by a two-speed 1/8th hepe motor. The scan speeds
are 2 ins per minute and 1 inch per minute. From the crystal

face Lo patient mid-line is 9 inches.

In operation, the bed is manually de~coupled and set at the
extreme limit of travel. The patient lying supine, and subseguently
prone, rests the top of the head against a fixed head~rest defining
the position with reasonable reproducibilitry. Countingvis started
automatically as a wheel passes cver a micro-switch fixed in the
rails on which the bed runs and is stopped by an adjustable micro-
switch set according to the patient's height. The patient's head
is beneath the centre ¢f the crystal when counting begins and the

feet when counting ends.

2«4 Performance of the prototype:

The perfommance of the prototype and its éensitivityy defined
as the quantity of the isotope giving three times the standard
deviation of the background in the same counting time (Trott, 1865),

are sumnarised in Table 2.2«

25 Redistribution effects:

In addition to sensitivity, the results of patient monitoring
may be influenced by redistribution of the isotope in the patient's
body. The extent of this influence has been examined using point
sources and water phantoms and also patients. A source of sodium-22
was placed comsecutively at points four inches apart along the long-

itudinal axis and at points three inches apart aslong the lateral axis

PN



TABLE 2.2

Summary of the Performance of the Prototvpe Monitor.

s otone Energy Counting~-rate_(ecpm/uc) | Background (cpm) | Sensitivity (uc)
. P Range with patient™ or with water foxr 30 min.
(MeV) tactive" phantom phantcom SCans
X ) -3
~ 89 1,0 = 1,38 550 18.4 4,1 x 10
Oud = 1.38 1670 103 3.4 % 1070
X : -3
- 08 074 « 0,89 490 13.7 4.0 x 10
0.3 = 1.0 - 1800 112 “ 3.2 x 1077
X -3
- 97 0.035~ 0,188 3430 330 2s9 x 10
- 40° | 1436 = 1.56 0.08™ 8.0 -
+ -3
- 22 1.18 ~ 1,38 5952 9«7 4,3 x 10
-+ -3

cpm/gm K



of the monitor at the height of the patient mid-lines  Sources of
caesium-137 and cobolt«~60 were also placed at various depths in a

water phantom directly below the crystals

- a) Longitudinal wvariation:

The results obtained in examining the longitudinal variation

are sumarised in Table 2.3

Mean values of both photopeak percentages are plotted against
source position in Fig 2.5 and symmetry is assumed. Graphical
integration gives the contribution over given distances of travel and
these results are also shown on the same figure. It is apparent that
counting along the longitudinal axis at this height is virtually

confined within about 16 inches on each side of the detector mid-line.

An estimate can be made of the variation in the whole-bedy count
and the differential count due to different sections of the body as a
function of the position of starting and stopping countings It is
assumed that the activity is uwnifonnly distributed at points four
inches apart along the body (of dimensions after Bush (1946))
commencing four inches from the top of the head to four inches from
the feel as shown in Fige 2.6« The integrated contributions of
each section before and after passing the crystal mid-line can then
be calculated using the data of Fig. 2.5. If 16 inches from the
mid-line is chosen as the starting-stopping distance, the total bhody
count can be expected to be constant for any longitudinal redistribution.
A loss of sensitivity, inevitsbly results. It can be seen that
cammencing and ending at 8 inches, 4 inches and directly below the
mid-line leads to variations of only ~ 0.4°/0, ~1.3%/0 and ~4%/o
respectively. Consequently, for the prototype; the mid-line was
chosen as the starting and ending peint giving maximum sensitivity.
The variation along the length of the body is then a maximum of

Al - 20°Io and, in practice, is unlikely to exceed ~ ~7°/o.

....14 -



TABLE 2.3

O.51 MeV photopeak. 1.28 MeV photopeak.
jource g
’osition. ots. in 4 minss| ®/o of maximum|cts. in 4 mins. /o of maximum
ieath Xtal centre 401697 100 91851 1CO
4 inches 281579 . 70.1 62456 | 6840
8 inches 119652 29.8 27738 3C.2
.2 inches 33446 8a3 8187 8.9
6 inches 8205 2.0 2056 202
0 inches 2773 0.7 631 0.7
4 inches 1426 0.4 244 0.3
8 inches 958 0.2 118 C.l
2 inches 780 | 0.2 102 0.1
6 inches 591 Cal 77 -




2.5 VARIATION OF COUNTING - RATE (AS PERCENTAGE OF MID-LINE COUNT - RATE.
WITH LONGITUDINAL DISTANCE

oiSTANCE | INTEGRATED
CONTRIBUTION
TRAVELLED | ARBITARY UNITS

O ~— 4 434
4 - g" 250
8 12" 80
12— 15 25
16 -~ 32" 10

O 132 ~ 800

PERCENTAGE OF MID-LINE COUNT

| i | 1
32 24 6 8 o 8 6 24 32

LONGITUDINAL DISTANCE FROM CENTRE OF CRYSTAL = inches




FIG 2.6 INTEGRATED COUNTING - RATES OF PHANTON SCAN - DISTRIBUTED POINT  SOURCES
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b} Lateral variation:

The results obtained in examining the lateral variation are
presented in Table 2.4. '

TABLE 2.4
Source 0.81 MeV photopeak | -1la28 MeV photopeak ;
Position ¢ts._in 4 mins. | cts. in 4 mins, ?
Below xtal centre 99587 22378 %
+ 3 ins. 94061, 22086 |
+ 6 ins. 78838 18999 !

If symmetxy is again assumed, it can be aaloulated that O (lateral)
=+ 9,7°/o. Part of this variation may be attributable to the small
diameter of the cxrysial.

¢) Vertical or depth variation:

Sources of cobalt-60 and caesiun-137 were placed successively
one inch above the bed to 7 inches above the bed in a water phanton

eight inches deep. The results obtained are sunmarised in Table 2.95.

The variation which might bhe observed in couﬁtinq a patient in
the supine and prone positions and suming the results may be simulated
by sumweing reciprocal results of Table 2.5. The effect of this
procedure is shown in Table 2.6+, Standard deviations of + 19%°/o and
e n 150/0 are obtained.

d) Redistribution effects in patients:

In studies of iron metabolism (Will, G and Boddy, XK., 1966)
(and see Chapter 4), five patients were measured at various times
up to six hours following oral administration of iron-S59. The
results are repeated in Table 2.7 along with percentage absorption
at 20 days calculated for each initial result.

15 -



TABLE 245

Source Position Co60 photopeak 00137 photopeak
cts. in 4 mins. cts. in 4 mins.
Under 7" water 6108 9453
Under 6" water 7191 11451
Under S" water 9678 14752
Under 4" watexr 12241 19585
Under 3" water 17612 26158
Under 2" watler 22149 34075 1
Under 1" water 31683 45055 2
TABLE 2.6
Positions surmed 0060 photopeak 00137 rhotopeak

sumied ots.

sutmmned cts.

Under 7"
Under 6"
Under S
Under 4

-

and 1" water
and 2" water
and 35 watexr
water“.x e

O =

37791
29340
27290
24482
19.3°%/0

54508
45526
40910
39170

14.68%/0
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The maximum variation cbsexrved did not exceed i 10 per cent.
This variation produces differences in the final absorption figures

which are trivial compared with the normal absorption range of 5.8~
19.3 per cent.

The redistribution effects in the prototype are slightly greater
than those described by Warner and Olive'r (1966) for a different design
of shadow shield monitor. These authors describe overall variations of
+ 15°/o for various distributions campared with a point source of the
same ‘activity in a phantom and for cobalt-58 in patients a maximum
variation of 3°/o. However, the distance from the crystal face to
patient mid-line is greater (18 inches) in the latter monitor than in
the prototype (9 inches), while the prototype is about six times hetter
in sensitivity for the same crystal volume and counting-time, when using

the wide energy band technique described by these authors.
2«6 Sensitivity as a function of shield and of crystal volume.

It can be shown (esge« Watt and Ramsden, 1964) that the
coefficient of variation C is a minimum with an optimwn division of

total available counting=-time T between subject and backgreound and

. L
- T 2
C = %— + 2%% + %% where B is the background counting-
- rate D is the subject counting-rate
T2 and C = O |
D

Thus, approximately, the percentage standard error (1COXC) a§d

the sensitivity, asg defined in section 2.4, are proportional to EE.

D
If D is constant, as will be the case for a fixed crystal/patient

geometry and crystal volume, then the standard error and sensitivity

are directly proportional to the square root of the background counting-
rate. TFor example, the Stagel shield (13.7 per cent of unshielded
background counting-rate) will be J13.7/2.2 = 2.5 times less sensitive
or have a standard error 2.5 times greater than the final prototype (2.2

per cent of unshielded background)., This sinmpler design may, thercfore,

16 -




have adequate sensitivity for many clinical applicationses

Further, both background and subject counting-rates are roughly

proportional to the crystal volume (Eiller,llgsz) sowthat the standard

error and sensitivity are proportional to B¢ and E§‘= 17 1. e
D : v Ve

they are roughly inversely proportional to the square-rcot of the
crystal volume. Thus, 1f a total cdunting time of 1C0 mins. is
optimally divided between patient and background measurements, the
standard error in measuring 140 gm. of body potassium in the prototype
is about 15 per cent, (from the data of Table 2.2), which is of course
too great for clinical studies. Using an ll% inches diameter x 4
inches detector instead of the 3 inches diameter x 8 inches currently
used will reduce the sﬁandard error to about 3 per cent which is
comparable with that of steel room monitors {Boddy, 1965} and similar
to that obtained in a mobile monitor at Hanforxrd, U.S.A. described
recently by Palmer and Roesch (1965).

2.7 Conclusions:

The prototype has sufficient sensitivity for many clinical
investigations and is being used for this purpose. On average,
about 14 patients from hospitals in Glasgow and Greenock are

examined each week and some of these studies are described later.

It has been shown that, with a detector 11% inches x 4 inches,
sensitivity comparable with steel-room monitors can be expected.
By suitable choice of shield design {as in Fig. 2.2) and of crystal

volume, sensitivity can be varied according to individual requirements
and the depth of the pocketk.



CHAPTER IIT: The Mobile Vhole=Body Monitor (MERLIN)®

On the basis of the performance of the prototype, (Boddy, 1965
and Chapter 2), an application (Boddy, 1964) was made to the Scottish
Hospital Endowments Research Trust for financial support in construct-
ing a mobile whole-body monitor of high sensitivity. A capital grant
of &19,745 was awarded by the Trust in May, 1965.

3.1 Special requirements:

Three special recuirements for the mobile whole=body monitor
required consideration,' to reduce the weight of shielding and to
increase sensitivity. The third requirement was to measure body
potassium in patients who could not lie flat, such as those suffering

from osteoporosis or heaxrt complaints.
a) Reduction of shield weight:

The prototype shield weighs approximatel& 8 tons, while a
reduction to 7 tons was desirable for incorporation in a mobile

laboratory on a standaxrd vehicle chassise

* The prototype shielding studies showed that the final stages
of the shield contributed comparatively little in reducing the |
background counting-rate.” This may be explained by the small
geometrical probability of a gamma-ray originating in this vicinity
reaching the detectorx. Further, if the damma=~-ray travelled in a
straight line to the detector its oblique path length through a
base or wall of constant thickness would, for geqmetrical reasons,
be much greater than that of a gamma-ray passing perpendicularly
through the base or wall i.e. from directly below the detector.

It may be inferred, therefore, that the limits of the base and
walls are "over-shielded" compared with the area directly around

the crystal.  Elementary calculations were carried out to ascertain

:: S . . . -
Monitoring Equipment dbr Radiocactivity at Low-levels I¥ vivo.



the distances and heights of shield at which fthe centre of the
crystal could not Tsee" the surrounding walls or floor or through
which a gamma-iay'mnst‘travel at least six inches. The calculations

are presented in Appendix 1 and the calculated design is shown in Fige.
3ale |

bse Choice of crystal siée:

From the discussion of 2.6 it may be anticipated. that a crystai
volume about twenty-five times greater than that of the 3 inches
diameter x 3 inches detector of the prototype is required to provide
sensitivity comparable with steel~rocm monitors. The choice of
detection system seemed to be between a single detector ll% inches
dianeter x 4 inches, the largest detector available at that time at
reasonable cost, or four crystals 6 inches diameter x 4 inches. The
advantages of a single crystal (scanning) system over the multiple-
detector system and the comparative simplicity of shielding have
already been discussed. A single detector of ll% inches diameter
x 4 inches was consequently selected. May and Marinelli (1962} have
described the advantages of multiple photamultipliers over a single
large photoamultiplier for a crystal of these dimensions and the
formex arrangement was chosens

¢« Monitoring of patients unable to lie flat:

A cxitieism offered of the prototype was the difficulties
which would be presented in monitoring patients who were unable
to lie flate. In particular, one group of workers wished to measure
body poltassium in patients suffering from heart conditions. As
potassium is distributed fairly uniformly throughout the body,
redistribution or geometrical effects are of lesser importance and
a tilting«chair geometry should be completely satisfactory (Miller,
1862)+ The shield could be modified appropriately by mounting the
central turret on trunnions, allowing it to be rotated, and raising
a section of the base behind the seated patient. Alternatively,
when this geometry was required, the turret could be raised by
jacks or a gantry to an appropriate height and supplementary lead
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side walls added beneath the steel plates Both arrangements requizre
a wall across the monitor on the side opposite to the patient and the
latter arrangement requires a wall which can be moved into position
behind the patient. However, the engineering aspects of the latter
arrangement are simplexr to achieve and the weight limitation on the
mobile laboratory means that in either case the supplementary lead
must be transported separately. DMock-ups showed that the minimun
satisfactory clearance from the ménitor base to the base plate of

the turret was approximately 28 inches. With a tilting chair of
which the back and base are both at 45° to the wertical, the top of
the patient's head and the eyes are then outwith the stesl plate.

The geometrical error involved in this procedure is likely to be
small and is off-set in practice by the elimination of claustrophobic
effects which 1s of particular importance forxr patients with heart

conditionse

The depth of the steel plate supporting the turret is 2% inches
so that the crystal protrudes by some 1 3/4 inches below the plate.
The geametry is shown diagrammatically in Fige 3.2 and in Fig 3.3
the actual arrangement. A simllar geometry is used, for exauple,

in the monitors at Los Alamos, Oak Ridge and Vanderbilt Universitys.

Experienée showed that to raise the turret while keeping it
horizontal was extremely tedious, difficult and, with the detector
in the turret, nerve-racking when three or four separate jacks were
used, Hydraulic jacks coupled to a ccamnon cylinder were considered
since a horizontal lift should be more easily attainable. Failure,
for example, through leakage, could not be ruled out, however, and,
during the lowering of ﬁhe turret, simultaneous control of the jacks
is less adequate. As é 1ift of 16 inches is required with an initial
clearance from base to steel plate of only 14 inches, two or three
stages of lift are required. The cost of the best system was quoted
as between £250 « £500 as a preliminary estimate. A fixm tender was
not requested! A gantry with pulley, capable of lifting 3 tons and
tested to 4% tons, was kindly designed and constructed by members of
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Fig. 303. MERLIN Chair Geometry
with Lifting Gantry



the National Engineering Laboratory, East XKilbride. The gantry
in use is shown in Figs 3.8 from which it may be seen that the
structure can be completely assembled and disassembled in the
mobile 1aboratory. The lift is inevitably slow and is well
controlled by the lifting assembly. To maintain the plate and
turret horizontal presents no problem and small adjustwments of
the suspended turret are simply achieved whereas with jacks

such adjustments were virtually impossiblee.

It was anticipated that a need might arise to make lateral
scans or to count over individual organs. A tapered slot cut
across one half of the steel plate supporting the turret could
accommodate a smaller supplementary detector with a collimator,
if necessarys The slot would nomally be filled with a lead
block made specifically for this purpose. This facility was
not difficult to arrange and it seemed worthwhile to incorporates

Se2 Selection of materials and eguipment.

Of necessity, the prototype monitor was:constructed from
available materials. For MERLIN, on the other hand, some
selection of materials and equipment could be made bearing in

mind the limitations of finance and time.
a) The detector:

Two tenders were received for the supply of the ll% inches
diameter x 4 inches sodiun iodide detectore. Surprisingly, the
lower tendex (£2,600) fram Quartz et Silice, Paris, was less than
half of the higher tender(£5,800), The specification and
performance guarantees were ildenticale. At this time, however,
it appeared that the Quartz et Silice detectors were less widely-
known than those of their competitors. It, therefore, seamed
prudent, hefore accepting this fender, to survey the experience
of other workers. Information was sought on the ability to

produce crystals of this size and their perfommance in temms of

- 2] -




low inherent background ( 1 p.p.m. of potassiim) and resolution of
11 o/o or better guaranteed for the Cs~-137 photopeaks)

Nuclear-Chicago Corporation (Shevick, 1965) examined a Quartz
et Silice detector 11% inches dianmeter x‘% inch and found this
extremely well made. Other crystals used for conventional gamma
ray analysis were also examined and Shevick intimated "they appear
excellent with regard to resolution and background, cet{ainly as
good as those made by Harshaw'". The University of Helsinki
(Kantele, 1965) employs an anticoincidence annulus in two "pineapple
slices" each 12 inches long x 8 inches diameter with a 8 inches
tunnels The resclution of this unit is gpparently better than
13 o/o while the best reported in the literature was quoted as 14.20/0.
It was also shown by Hill (1965) that, at least, for smaller detectors,
the resolution of Quartz et Silice detectors compares very favourably

with that of any of their competitors.

An examination of the background countinge~rate of a Quartz and
Silice 4 inches.diameter x 4 inches detector and a Harshaw 3 inches
diameter x S.inches detector was made at Argénne National Laboratory
(May, 1965)«. ' In the energy range 0.3 = 1.5 MeV, the Quartz and
Silice backg;oﬁnd was 19 o/o greatexr but the crysﬁgl volume was

42 o/o greater. 'A detailed examination was not made but it would
' seem that the background performances are at least camparable and
May cammented "the basic crystal was certainly as clean as anything

I've ever seen',

The most detailed camparison has been made by Grinberg and
Gallic at thé Centre d'Etudes Nucleaires de Saclay of the French
Atomic Energy Commission. Table 3.1 summaries the results

(Gallic, 1965), and gamma ray spectra obtained are shown in Fig.
3e4 Table 3.l.

The measurements were made in the Low Activity Laboratory of

the Laboratoire de Mesure des Radicelements in a cave of 4 inches of




TABLE 8.1

Cs -~ 187 : Background
PETECTOR Resolution | Ol - 3.3 eV .
of/o Gl
{
Harshaw ~ 8" x 4" with unactivated slab 8.6 685
Qs and S. 8% x 49 with unactivated slab 8.6 456
Qe and Sa. 8" x 4% without unactivated Bud 670
" slabs
TABLE 3.2
Counting N . .
T ENERGY RANGE (MeV)
SOURCE ime
(}IinS) o-ll Ld 0141 0'41 - 0070 0957 - Oc?o
Counts CPMe Counts. ; CPM o j!Cour-.‘c:se orm
lirgin Lead 1363.8 201448 147.7 | 76693 56,24 | 27066 19,85
iged Lead 1768,1 265507 150.2 |103528 58.55 86275 | 20,52
Jackground 656.7 140873 215.2 l403035 65.53 14838 ? 22:59
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lead. Three significant conclusions can be drawne The resclution
of the large Quartz and Silice detectors is as good as those of
Harshaw and the inherent background seeans rather better. Clese
examination of the spectra of Figs. 3.4 suggests that the contaminants
of the crystals are different, the thorium=-232 chain in the foxmer and
the uraniuwm~238 chain in the lattex.

The Quartz-énd Silice tender was accepted. The crystal assembly

is shown in Tig. 3e5« Its resolution for caesium=137 is lOO/o.

b) Lead: :

The lowest tender for the lead shield and also the most flexible
arrangement was received from Associated Leadéﬁl,?SO). Lead without
antimony was specified as it has been suggested (Rundo, 1965) that
scme contamination was attributable to its conclusign. Samples of
virgin lead and agéd lead,  which would be used for the shield, were
obtained and monitored in the prototype monitor. An investigation
of the radiocactive contamination of lead (Weller et al., 1965) showed
that the principal contaminant was 21l.4 = year lead = 210. The energy
bands chosen were consequently, 110-410 KeV covering the bremmstrahlung
continuum peaking at about 170 KeV and 410 - 700 KeV covering the most
prominent structure of the radium daughter spectrum. Fall-out
caesium=137 was a possible further contaminant and a range of 0.57 -
0«70 MeV was also examined. Fige 3+6, shows the spectra obtained
and the results are sumarised in Table 3.2

The specimen slabs wexe of the same area and thickness and both
reduced the background counting-rate in each energy range. However,
the virgin lead was marginally better throughout. The spectra showed no
differxences in structure compared with the background spectrum. Both
samples appeared free of contaminants and the final choice of virgin

lead was influenced by knowledge of its sources
The virgin lead (TADANAC - the reverse of CANADA. T) originated
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Figo 3050 Sodium Iodide Detector Assembly
11g inches diameter x K inches
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from Trail in Canada. The geological distribution of uranium-
bearing ores was described by Van Wambeke, (1965), and it could
be seen that theé nearest deposits (mainly near Lake Elliot) were
an gppreciable distance from Trail. Uranium oxes are of primary
importance since lead=210 is a mamnber of the uranium-238 series
while the thorium and actinium series contain no long=lived

isotopes of lead. ' .

¢c) Steel:

' It has Beep reported (for example Spiers (1962)) that modern
. steels may contain contamination in the nature of cobalt~60,
occagsionally used as a tracer for wear in furnace linings, and
caesium=-137 as a long=lined fission product. Vennart (1965), on
the other hand, suggests that in Britain the use of cobalt=60 was
limited to only a few foundries as was also the practice of in-
corporating large amounts of sorap, which might be contaminateds

A limited amount of steel was reguired for MERLIN as a base plate,
distributing the load evenly on the vehicle chassis, as a supporting
plate for the turret and also for the lid of the turret. In view
of the high cost of pre~l945 naval steel and the difficulties of

obtaining the required differing thicknesses, local steelﬁlwas
monitored.

Three enexgy ranges were chosen, 0,60 = 0,72 MeV, l.l = 1.4 MeV,
and 1.36, ~ l.56 MeV, corresponding to the photopeaks of caesium=~137,
cobalt-60 and potassium~40 respectively. Monitoring was carried out
using the prototype and the results, presented in Table 3.3, show no

significant effecis upon the background countingerate and no significant
contaminations

d) Foxmica, etce

To create the impression of lighiness of weight and to

facilitate cleaning of the monitor, formica was chosen to cover

b2

Sanples kindly provided by Colvilles Ltd., Glasgow.
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TABLE 3.3

RESULTS OF MONITORING PLATES OF LOCAL

STEEL

Gross Plate (cpm) Background (cpm) Net Plate (cpm)
eel 0.60 1.10 1.36 0.60 1.10 1.36 0.60! 1.10 | 1.36
ate =0.72 | =1.40 | =L1.56 “0,72 | =1.40 |=1.56 ~0.72| =1.40 ! -1.56
No. MeV | MeV | MeV MeV | MeV | MeV MeV | MeV % Me¥
1. 17.8 | 14.2 | 8.5 17.6 | 14.3 | 8.9 0.2] - i -
2, 15.7 | 12.6 7.1 15.8 | 13.7 T - - -
3 174 | 1347 8.0 16,9 | 13.7 8.8 0.5 - -
4e 1848 | 1%.7 748 18.5 | 13.9 Te% 0.3 - ] 0.5
5 16.1 | 12.7 Ted 15.8 | 12.7 Ted 0.37 = =
6. 16,0 | 1%.3 Te3 16,2 | 11.9 707 | - 1.4 =
Ts 17.8 | 12.7 | ‘7.2 1.2 | 151 | 7.2 | 061 - =
8. 16,8 | 15.3 | 7.2 7.2 | 41 | 7.0 | - - 0.2




the shield. Samples were pre-monitored with the resulis shown in
Table 3.4. Potassiuwn~40 and caesium=137 seened the most prokable
of possible contaminants but the differences in counting-rate are

not statistically significant and no extraordinary peaks were
observed in the spectrum.

The materials of vhich the bed and chalr were to be constructed

were also monitored and shown to have no significant contamination,

e) Electronic eguipment:

The most expensive items of the electronic equipment are
clearly the multichannel analyser and peripheral units. The large
number of analysers currenitly manufactured generally results in a
marginal preference for one analyser compared with competitive mcdels.
Following demonstrations of several makes of analyser, however, the
THMeCua 404 analyser was selected for its compactness, simplicity of
manipulation, and its versatility included resolution and integration
the only analyser at that time with such a facility. The peripheral
equipment chosen included a built~in H.Te supply, typewriter and tape
output and tape reader. The H.T. and L.T. supply (Farnell) were
chosen for thelr stability and low ripple specifications. A mains
filter wnit (reconmmended by J. Rundo) and a mains stabiliser unit were
incorporated -and a change~over unit was home-built (J. Rowan) to
avoid switching-off the electronic equipment when changing from the

generator to a mains supply and vice versa.

The electronic lay~out is shown schematically in Fig. 3.7.

f)  The Mobile Laboratory:

The principal requirements for the mobile laboratory were as
follows:

i)  Ability to carry at least 7 - 75 tons weight.
ii) Integral chassis to prevent possibility of "jack-knifing"
as could occur with an articulated vehicle on, for exampie,
icy roads.




TABLE

Sa4

Examination of Foﬁnica
Energy Fomica -+ Bgde Net
Range Bgde
(MeV) cpm. Opiite P
O-G - 0-72 14-8 14-6 0-2
lt36"1-56 7-30 7.23 0-07
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iii) Laboratory length of approximately 24% feet with recessed
instrument compartment behind the driver's cab.
iv}) Generator to provide electricity, making the laboratory self-
contained.
v) Heating and air conditioning unit, with themostatic control,
to provide tewperature stability and improve gain stability of

the electronic equipment as well as ensuring patient comfort.

The tender from So.T., Glasgow best met these recuirenents.
The intericr of the vehicle and the scanning-bed geometry are

shown in Fig 3.8.

3.8 Shielding studies with S" x &% and 3" x 3" detectors:

- hal

To allow the shielding stﬁdies to proceed before delivery of
the 11% inches diameter x 4 inches detector, Quartz ana Silice
kindly loaned a S inches diameter x 5 inches detector. Additionally,
the 8 inches diameter x 3 inches detector selected for counting over
specific organs was delivered promptly. The &Y x 5% detector was
used throughout because of its larger volume but measurements were

also made with fthe 3" x 3" detector for comparison.

The shicld was built up in the stages indicated in Fig 3.1.
Background measurenents were made at each stage with the detector
at fthe height calculated in Appendix 1, (l.22 inches above lower
face of the base plate, the "high" position, and with the crystal
face level with the lower fate of the base plate (the "low position').

The results are sumarised in Table 3.5 and Table 3,6.° )

With the cdmplete shleld, the low position background is about
3 - 10 o/o greater than in the high position for the high enerxgy
range The high position is aboult 20 of/c lower in the lower enexgy
ranges . The z‘inch stages are more effective with the crystal in

the low position, as might be expected, but the back ground reductions

compared with the previous stadges are small, confirming the fiadings

"26"‘ °




Figo 3080 MERLIN - Scanning-bed Geometry
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with the prototype. The background counting-rate with the calculated

shield was less than Zolo of the unshielded backgrounde.

The shield was modified empirically, bearing in mind the requirements
of the tilting-chair geometry, to detemine if the background counting-
rate could be further reduced. The results are shown in Table 3.7.

Using the bricks which comprised the 2 inches thick walls and base,
the walls supporting the turret were increased to 8 inches and the
height of the remaining walls were increased by about 6 inches in a
configuration more suitable for the tiltingechair geametry (shield
condition 2)« The overall background was reduced by about 100/0

compared with that of the calculated shield.

Cadmium has been used as the lining of lead rooms (I.A.E.A.,
1964) laxgely to absorb lead X-rays of about 75 KeV. A shield of
cadminm, 0.5 mms. thickness, was placed around the detector (shield
condition 8) and produced no statistically significant difference in
any of the energy ranges of Table 3.7, The energy range 0,05 - 0.15

MeV was also examined and no significant reduction could be established.

The effects of an inext waler phantom are shown in shield condition
4, In the lowest energy range, the background was increased by about
70/0 and reduced by roughly the same amount in' the higher energy ranges.
These changes are of similar magnitude to those described by Rundo,
(1962), Venmart, (1962) and Buxch (1962), and smaller than those
observed by Liden, (1962).

To investigate the effect of additional lead close to the crystal
without increasing the shield weight, the bricks comprising the last
layer of the 8 inches wall were removed. One layer, 4 inches high
and 2 inches thickness, was then placed close to the detector inside
the turret. As may be seen in shield conditioen 5, the backgrounds-
are then about 15°/0 less than those of the calculated shield.

Three layers high were then constructed, further reducing the background
by about 7°/o on averages
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The shield configuration of condition 6 seemed to produce lower
background counting-rates while being quite suitable foxr the tiltinge

chair geometiry.

34 OShielding studies with the ll% inches x 4 inches detector.

The shielding studies with the 5 inches diameter by S inches
detector were repeated with the ll% inches x 4 inches detector as
far as the complete caleculated shield. The modified shield was
then constructed. There were two reasons for this procedure,
firstly the difficulties of extrapolation from crystals of smaller
volume and face area and, secondly, it is of possible interest to
be able to estimate the sensitivities which can be achieved at the
various stages of the shield construction. The results of the
background measurements, with the crystal in the high and low

positions, are presented in Tables 3.8 and 3.9 respectively.

Camparison of the present results with those obtained using
the 5 inches diameter x 5 inches detector shows that the initial
shielding stages are less effective with the larger detectors
This may be explained by the larger suxface area and face area of
this detectcr, whose diameter is almost half the length of the
6 inches thick base directly beneath the detectors, The complete
calculated shield, however, appears to be equally effective and the
background reductions are similar to those obtained by Miller, (1958),
and May and Marinelli (1962), (see section 2.2) vize 1 = 2°/c.

The modified shield was marginally better than the calculated
shield but the ilmprovement was less than with the § inches x 5 inches
detector. In view of its additional advantages for the tilting=~chair
gecmetry, the modified shield design was adopted. It is showm in Figs
3.8 and diagrammatically in Fig. 3.9

3«8 Comparison of background counting~rate with other monitors in
Britain.
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To put the effectiveness of the shield of MERLIN into
perspective, a camparison has been made of the background counting=
rate per unilt crystal volume (High position) with whole~body monitors
in Britain usiyg the data of the I.A.E«d: Directory of Whole-Body
Radicactivity Monitors (1964) or of a comparison conducted by Glass
(1965). Table 3,10 sunmarises the results for the higher energy
range and Table 3«11 those for the lowef enexyy range.

In the higher energy range, it can be seen that the Background
Index for MERLIN is smaller, and therefore better, than those of the
steel~room monitors of the U.K.A.E.A. and Addenbrocke's Hospital,
Cambridge and those of the monitors at Sution and the Radcliffe
Infimary, Oxford. It would appear to be similar to the Background
Indices of the Harwell lead room and the steel~room monitor at the
University of Bimmingham. The Monitor at the General Infimmary, Leeds,
is significently better than MERLIN with respect to the background
counting-rate. Direct comparison, however, is slightly misleadinge.
The Leeds monitor is situated in a basement with a 30" slab of conarete
and a four~storey concrete building above it equiValeﬁt to at least S fte«
of concrete shielding. A difficulty in making such intercomparisons
in temms of counting~rate/unit volume, is thus illustrated and this
critigism applies egually to the cases favourable to MERLIN, It was
for this reason that the MERLIN shield performance at each stage was
described as the percentage reduction of background countinge-rate,
vhich has more significance regardless of the initial unshielded

counting-rate.

Table 3,11 shows thaﬁ, even in the lower energy range where
scattered radiation may be significant in an open system such as
MERLIN, its performance relative to the other monitors is genexrally
not worsened, The ratio Monitor Background Index/MERLIN Background
Index is actually greater for the lower energy region than the higher
energy region for all monitors but the Leeds monitor and, possibly,
the Harwell monitoxr in the range 0427 = 0,45 MeV.
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TABLE  3.10

Comparison of Backeground Indices (cpm/cc) in Higher Enerey Resion

Monitoxr Background

MERLIN Background

Monitor location Energy range Index -2 Index -
MeV (cpm/cc) x 10 (epm/ec) x 107°~
CoLe ~
v Sutton 1le37 = Luo55 4499 1.52
. Windscale “° 10295 = 1.625 2,99 f 2,48
. Winfrith °° 1.28 = 1.78 3,71 3,21
) Do'llnreay 1027 o 1065 4.66 2,75
of Birmingham Be 1,27 = 1.61 2,60 % 2.58 i
EB. Harwelan multiple 1.0 = 1.4 3435 i 5433 Q
- gingle 579 ;
rooke's Hosp., Cambridge Se 0.95 = le4 5.03 % 3,87
ffe Inf. Oxford™ Oud = 1.5 28.0 L 17.0
Marsden Hospe Sutton 7645 |
[
1 Inf. Leeds “*L* 0ul = 2.0 13.9 380

Enclosure key:

Ce Underground chalk
C* Chalk in bags

L. Lead room

L* Lead shadow=-shield

Se  Steel room.



TABLE 3,11

Canparison of Background Indices (cpm/ce) in Lower Energy Region.

. Monitor Background [MERLIF Background
nitor Eflergy range N
cation MeV Index -2 Index -2
(cpm/ce) x 10 (cpm/cc) % 10
CL

.S. Su‘tton 0-6 hd 0173 18.10 2968
E. Winfrith" 0.58 = 0.81 6436 4.16
aral Inf., Leeds 3eld
L. Windscale" 0.52 = 0.80 7.88 5477
v. of Birmingham® 0.44 - 0458 5.28 4,91
1 RaE o HarwellE multiple 348

single. = 0.32 = Ou4 2494 3.22
1l Marsden Hosp, Sutton 1547
snbrocke's Hosp, Cambridge | 0,27 = 0,45 1249 7.25
aral Inf.  Leeds.. ' - . 240
sliffe Inf.L Oxford 0,17 ~ 0,44 3249 12.9
1l Marsden Hosp. Sutﬁon = 58.9

Enclosure Key:

C TUnderground chalk

c® Chalk in bags

L Lead xoom

L® Lead shadow-shield

S Steel Roam




MERLIN's favourable performance compared with, for example, the
steel-room monitors may be surprising at the first impression,
particularly in view of the much smallex shield weightl. It rust be
realised, however, that the 30 = 50 tons of 6 inches thick steel
rocm represents no better shield than if this thickness of steel
was limited to and completely surrounded the detector(s) only. The
4 - 6 inches of lead used in MERLIN is, therefore, equivalent to a
cemplete rocm of these thicknesses except that the system is “open'

and may be susceptible to scattered radiation. : A

However, the detector(s) inside the steel or lead rowm are
also susceptible to scattered radiation since a gamma ray having

entered the room may have equal difficulty in leaving it

This may be illustrated by the reduction in residual background
in the steel/lead rocm at Leeds when a close-fitting lead shield was
placed around the detectors (Wilson, 1964). The scattering area
and volume of heavy elements is less with the shadow shield and only
the crystal face area is "exposed! while a close shield on the crystal
walls might be considered unnecessdary inside a steel room. The effects
of atmospheric radon, thoron and their daughter products and the
variation in their concentration may similarly be reduced because
of the proximal shielding, the smaller exposed area of the detector

and the smaller volume of air between the detector and shield.

3¢6 Redistribution effects in scanning bed geometry:

The variation of counting-rate with distribution of the isotope
in the body was again investigated using point sources and water phantoms

and also patients (see section 2.5).
a) Longitudinal variation:

The results for the 0,81 MeV and 1.28 MeV photopesks of a
sodiuwm~22 source, placed centrally and consecutively at points six inches
apart along the longitudinal axis, are summarised in Table 3.12 for the
crystal in the high position.

The results for the crystal in the low position are presented




TABLE 3.12

Table 3412 for the crystal in the high position.

JRCE 0451 MeV photopeak 1.28 MeV photopeak

3ITION cts in 4 mins | of/o of maximum |cts in 4 mins o/o of maximum
vkh xtal centre 632800 100 202300 100
nches 505C00 80 166000 82
inches 230000 36 81500 40
inches 72800 11 27000 | 13
inches 24000 3a8 8200 4,1
inches 8800 l.4 1700 1.4
inches 3800 0.6 900 (O




in Table 3.13.

Tables 3.12 and 3,13 show that the longitudinal variation is very
similag for both crystal positions and photopeak energies. Mean values
are plotted against source position in Fig. 3,10, Symmetry is assumed.
The results of graphical integration over given distances of travel are
presented on the same figure. Assuming again the source distribution
of section 2.5, the integrated contribution of ecach section before and
after passing the crystal mid-line has been calculated for various
positions of starting and stopping counting. The results are showm
in FPigs. 3.11l.

Fige 3.10 shows that the counting-rate falls to 10°/o of the
maximum value at about 20 inches from the crystal mid-line and is
virtually confined to 32 inches on either side of the crystal mid-
lines The counfing region is about twice the size of that found
with the 8 inches x 38 inches detector in the prototype monitor.
Sensitivity will be improved consequently while redistribution effects
are marginally worseneds Fige 3.11 shows that camencing and ending
the scan 12, B'éndlé inches at each side of the crystal centre line
and directly beneath the crystal centre would produce variations of
0.8010, 1.90/0,-4920/0 and 8.4%/0 respectively.

The exltreme oﬁposite-of this case is that in wﬁich the total
actlvity is concentrated at one point, and the worst gecmetrical
position is cleaxly if the activity is four inches from either
extrenity of the body. In this case, with the scan again commencing
and ending 12, 8 and 4 inches at each side of the crystal centre-
line and directly beneath the crystal centre, the retention, compared
with that when the source is centrally positioned as when in the
intestine following an oral dose, is underestimeted by 100{1L-2700/
2800) “fo = 8.5%/0, 100 (1 - 2560/28C0) =8 ®/o 100(1-2300/2800) =
186°/0 and 100(1-1900/2800)= 32°/0. Such an extreme case is unlikely
to arise in practice; the concentrgtion of iodine in the thyroid

gland may be the closest approximation, when the source is, largely,




TABLE 8,13

RCE
ITION

0.51 MeV photopeak

1.28 MeV photopeak

cts in 4 nins

o/o of maximum

cts in 4 mins

o/o of maxirmum

ath xtal centre

inches
inches
inches
inches
inches

inches

856000
640000
300000
114000
48000
23400

13000

100
75
35 -
13

S«7
248

1.5

30COC0

232000

111000

45500
19CC0O
9100

49C0

100
76
37
15

603




IG 3.10  VARIATION OF COUNTING -RATE (AS PERCENTAGE OF MID-LINE COUNT - RATE)
WITH LONGITUDINAL DISTANCE
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TRAVELLED | CONTRIBUTION
100 AVELLED | \ppiTary UNITS
O — & 488
4" o 8" 403
o g - 12 265
4o 12— 1 131
16 - 20 63
20" «— 24 32
slo 24" — 32“ 2
O =~ 32 ~ (403
70
-
Z b0
o
(V)
ad
E .
7 20
2]
z
W
o
w A0
(& ]
=
Z
(9
[+
a 3o
240
Lo
1 } ] | | ]
n 24 16 8 IS} 8 16 24 32

LONGITUDINAL DISTANCE FROM CENTRE OF CRVSTAL = inches




3.1 INTEGRATED COUNTING - RATES OF - PHANTOM SCAN - DISTRIBUTED POINT SOURCES
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about twelve inches from the top of the head. The corresponding
maximan wnderestimates would then be Cu7, 1.7, 3.5 and 8°/o
respectively if all of the iodine was in the gland, compared with

. the nomnaal fraction of 0u2 (I.C.R.P., 1960}, It may be implied,
thexefore, that the probable distribution of a given isotope should
be considered in order to detexmine at what position a scan should
commence and finish. In genexal, howevex, the erroxr involved in
taking the crystal centre~line as the start-stop point is unlikely

o
to exceed ™~ 1~2 /0.

The micro=-switch system devised for MERLIN allows counting to
start and stop at any distance within 18 inches on either side of
the crystai centre~line. At 18 inches start-stop, the longitudinal
variation is unlikely to exceed’““lgBO/o in the most extrane cases
This flexibility is achieved simply by fixing two microswitches,
one at each side of the crystal centre-line and at 18 ianches from
the centre-~line. The switches are placed on the base outside the
rail on the opposite side from the driving screw. They are off-set
transversely so that each switch is operated by only its own actuators
The actuators are adjustable each wilth a pointer to a steel-tape
measure fixed to the bed and they may be fimmly located by a screwed
clamp over theé side of the bede With the actuator-pointers set at
the head of the bed and at the patient's height, counting begins and
ends 18 inches before and after the crystal respectively. The scan
is begun and ended beneath the crystal centre-line by setting the
actuator pointers at 18 inches from the head of the hed at the

patient's height minus 18 inches.

None of the monitors using the scanning technique and listed
in the I.AE.A. Directory of Whole-Body Radiocactivity Monitors, 1964,
(Tables XIII and XIV) axe as flexible as MERLIN in this respecta .
Only two would appear to have adjustment of either the distance
from the shoulder at which the scan commences or the overall length
of the scan. Turthemore, the total scan length in MERLIN can exceed

278 cms whereas the maximun scan lendth of the single detector monitors
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235 cmas (T.A.E.As. monitor, Vienna) and of the two-detector nmonit

is 175 cms. (University of Lund, Sweden).

Cf the monitors using the multi~detector stretcnef techniagn
listed in Tables X and XI (loc. cit.) none would appear to use the
detectors outside the extreme lengihs of the body. It would also
be more difficult and cumbersome to adjust the detectors compared
with the simplicity of adjusting the micro-switch actuators in
MERLIN,

b) Lateral Variations

The lateral variation was investigated with a sodiwa-22 source

placed on the phantom mid~line directly below the cxystel centre,

and displaced horizontally across the monitor at 8 inches and © inches

on either side of the central position. High and low crystal pos
were invesltigated. The results for the 1.28 ¥eV photcopeak are

sumrnarised in Table 3.14. Counts are corrected for background. .

The standard deviations for these data are~ 6.70/

O
Fh

position and~9%.80f/0 for the low positions These estimates are
pessirigtic as they renresent the differences obtained wit
sources at discrete dishancess In the high crystal positicn, a

peoint source at the "centre" of the patient and "redistributedh

beconing a point soulce six inches off the midmline would he udder-

estimated by about 150/0. Sinidlarly, for the low crystal position,

the underestimate would bhe about 20 o/os

tany)

LOE T

tter estimates recuires emphasi

o]

extremity of these 1 Sa
The source used and the positidnal limits were not representative
of conditions likely to arise in practice. Complete transfer oI

an isotope from the ¢ult to the kidneys or spleen 1z probably the

closest approximation, bult such a situation is highly improbable.

itions

or the high

The kidneys usually lie closer to 3 inches on either side of the hody

~

nid=line than the

inches assumed in the extreme case of the phanton.

At § inches, the underestimates would be about So/o and 6 o/o for the

high and low positions respectively.




TABLE 3,14

Crystal Position.

Source
osition from centre HIGH LOW
Q/o | ol/o

Cpm Centre . Cpom, Cenirxe
6 inches 172,800 % 85 230, 900 79
3 inches 196,400 a7 271,100 93
antre 202, 200 100 292,400 160
3 inches 196,200 97 273,800 94
6 inches 173,200 85 231,200 79




The standard deviation is smaller with the larger crystal than
vith the 3 inches x 8 inches detector of the prototype at the same
patient-detector distance. It seems likely, therefore, thal the
lateral variation will be less in monitors using a single large
detector or with two or more crystals across the body. No monitor
listed in the I.8.E.A. Directory of Whole-Body Radiocactivity Honitors
(1964) utilises a detector of this diameter in scanning-bed or multiple-
detector stretcher geometries. However, the Hanford lobile Monitor
uses an 11% inches x 4 inches detector (Brady, 19864 Private
communication), and the latest monitor at Leeds is particulaxly
flexible since, when completed, it will be possible to use the
scanning-bed geometry with 2 crystals, each 6 inches x 4 inches;

across the body as well as in a multi-detector stretcher geometrys
c) Depth wvariation:

In view of the similarity between the depth variations observed
for caesium~137 and cobalt~60 with the prototype, (Section 2-5), this
investigation was limited to cobalt~60. Measurements were made,

however, in the photopeak region and also using a wide energy band
of 0.4 - 1la4 MeV,

The source was placed one inch above the bed beneath 7 inches
of water and lifted one inch successively until it was beneath only
one inch of water, representing variation over the depth of the body

to one inch below either surfaces The results are presented in
Table 8.15. ‘

These counting-rates may represent those in a patient measured
in either the supine or prone positionss The standard error is
that which might be obtained if the depth of the source varied in
a regular mannexr in successive measurenents. Such a situation may
be unrealistic but, at worst, a basis for comparison is provided
showing, as night be anticipated from experience with the prototypé
nonitoxr, that the crystal high and using the wide band counting
technique (Warner and Oliver, 1966) reduces the standard errore
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TABLE 3,185

ouxce

;cpm. in wide enexrgy band

cpm in photopeak

osition Crystal high | Cxystal Low Crystal High Crystal Low
er 7" vater 44411 49509 21651 | 27887

er 6" water 54491 63085 27086 - 36071

er 5" water 66294 81100 34071 46549

or 4% water 81825 105165 43459 61449

er 3" watex 101295 134207 55945 81058

er 28 water 126695 178748 78112 108737

or 1" water 153734 218422 94024 141970

0 = 44,30/0 52.20/0 52+50/0 57«70/0




The errer is, nevertheless, appreciables

The counting-rates equivalent to measuring a patient in the
supine and prcne positions may be obtained by surming results,
under 7% water + under 1" water, wnder 6% water -+ under 2% watex,
etCe The corresponding values are showﬁ in Table 3.16. ~ The

standard errors are reduced by factors of 4 =~ S«

With the detector raised to the maximum height, {(ecrystal
face to patient mid~line = 29.8 aus); the depth variation was
again investigated with the results given in Table 3.17. The
standard erroré are further reduced. The lateral variations

were very similaxr to those with the crystal in the high posit

-

Oy

The worst case, counting supine and prone, is approached by
‘assuting a source close té the centre line moves entirely to the
surface of the bodys Overestimates of 27010, 210/0 and 17010
might result with wide band counting with the crystal in the low,
high and nraximun positions respectively. The results, hoviever,
are for a point source at these depths whereas in reality all
sources withiﬁ the body are of finite depth and would "overlap®
successive positions of the point source. For examplé, if ®
initially the -source within the body overlapped the "under 4%
water positions -+ "under 3" and 5" water" the aggregate counting-
rate represents thé mid~tile valud. Thé sum of Yunder 1% and 79
watexr® + "undexr 2" and 6" water" approximates to the counting-rate
at the suilface o;;the bedy. The corresponding over-estimates are

reduced Lo approximately 18950/0, 1495070 and 110/0.
d) Variation of the initial counting-%ate in patients:

In a study of the effects of various proprietary phamaceuticals
on the absorxption of iron, (Boddy and Will, 1967), tablets of iron-59
ascorpate were adninistered to normal and anaemic suvbjects. Several
patients were measured immediately after taking the tablet and
successively at intervals of about one hour during the working days

Measurements were made with the detector in the low position and at
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TABLE 3,16

Positions summed

summed cpm. = wide band

summed cpm. = photopeak

Crystal high

Crystal low

Crystal high

Crystal low

der 1" + 7" water
der 2" + 6" water
der 3" + 5" water

der 4" + 4" water

O‘ E-

198145
181186
167589
163650

94 2%

267931
236833
215307
210330

11.3%

115675
100198
90016
86918

13,1%

169857
144808
127607
122898

14 .8%




TABLE 3,17

nurce ; Cpe Maxe hie Positions ] summed ¢fkie
ysition sunmed i i
Wide band photopeak | Wide band ' photopesk
i e
lexr 7" water | 37042 18034 Under 1" + 7" water | 156467 | 90463
ler 6" water | 44761 22227 Under 2" + 6" water | 143640 | 78632
lex 5% water | 54469 27793 Under 3% + 5% water § 135071 ‘l 71910
ler 4™ water | 66923 35411 Under 4"‘ -+ 4“‘ water % 133846 E 70822
er 3" water | 80602 44117 - f 1
er 2% water | 98879 56405
er 1" water | 119425 72429 ‘
0= 41.6 oflo 49.6 ofo 0= § 7.3 o/o 11.5 o/c




the maxinum height. Typical results are presented in Table 3.18.

The standaxrd error is lower using the wide bhand counting technicue

compared with measuring only over the photopealk and lower with the

detector at the maxinun height. These findings are in geod agree-
rment with the pheanton studies. Overall variaticns, defired as

100 (Highest count~rate/Lowest counterate ~1), are 12, 1Co/o and

9 ofo, 7.5 ofo respectively,
3.7 Corparison with redistribution effects in other monito

It 1s perhaps pertinent to ask, in assessing the perfornance
of this new deaign of monitor, whethexr depth variations of this
nagnitude are likely to be greater or smaller than with other vhole-
body monitors. The principal factor is clearly the patiente-crystal”

distance. In the maxinmum position, tnis distanc

iy

[

ram

[}

rystel face

patient mid-line is 29.8 cms. and in the hich position

3N

S5«4 crise

(=5

s
and low position 20.3 ams, The T.A.U.As Directory indicates that
monitors using scanning-bed techaiques and a single detector use
similar distences whilst the two~detector scanning monitors at Lund,
Sweden, operate with one detector 45 cms. above the bed but with
the other cnly 25 cms. bereath the bed, On the other hand, most
nonitors using the multi-detector stretcher technicues operate at
Alstances smaller than those in MERLIN, partictlarly in the case of

detectors beneath the bhed.

The tilting~chair geometry

4

[t

s almost inevi
other geometries. Cver the Tirst few hours after administration of
iron~39, Price et al. (1962) obtained variztions in the counting-rate
between O and 20 ofo. laversten (1964) has showm that variations in
response of 0.8 fo 2.0 for the same activity in different ‘orcans' of
a phantom and using a tiltingwchair gecmetry were reduced to 0.95

to 1215 using a scanning-bed geometryva Tt may be inferred that the
tilting~chalr geometry will be most useful for isotcpes which are
distributed fiarly urifomly throughout the body at low-levels of
activity such as in measuring body potassivmn' For cther isotcwes
the inprovement in sensitivity may be off-set by the geometrical

efrors. Consecuently, MERLIL's tilting-chair geometry will

-
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TEBLE 3,18
Jetector in low position. Detector at maximum height
Retention (Supine and Prone) I Retention (Supine and Prone)
Narrow Band Wide Band Time Narrow Band Wide I;and
cpm o/o opm o/o Hrs: cp o/o CRm olc
21,816 100 |57,073 | 100 0 13,028 | 100 { 28, 554 ? 160
26, 482 98.7 |55,758 | 97.7 1 12, 647 07.1 | 28,124 | 9.5
26, 969 100.6  [55,709 | 97.6 2 13,506 | 103.7 | 29,446 11021
27,918 | 104,1 [58;220 (102.0 || 3 13,811 | 106.0 | 30,249 11059
26, 545 98.9 |56,055 | 98.2 ak 13,795 | 105.9 ' 29,873 '10%.¢
25,880 96.5 54,802 | 96,0 || &  |13,707 | 105.2 29,577 108.5
24, 936 92.9 [53,011 | 92.9 | 6% 13,648 | 104,7 29,568 (103.5
858 3.24 | 1,527 | 2474 .O'= 411 8. 600 | 2.35




largely be confined to measurement of potassium=-40 in patients who
are unable to lie flate

In a canparison of the perfommance of sane whole-body monitors
in Britain, Glass (1965) showed that the depth variation using a 1.75
metre arc geometry was surprisingly larges Sources were placed on
the top of the phantom and then below the phantom, which is more
pessimistic than the measurements in MERLIN. Using the wide energy
range for iron-59, the top position over~estimated by about 230/0
compared with the sources unifomly distributed and the boticm position
underestimated by about 360/0. Counting prone and supine would
apparently reduce the error to about 6.4010 compared with llolo in

MERLIN. Sensitivity with the arc, however, is comparatively poor.

Yarner and Oliver (1966) have described a shadow~shield monitor
in which shielding is confined to two detectors 18 inches on each
side of a motorised bed. Collimation is also used to reduce re-
distribution effects. Sensitivity is scrified since the prototype
with only a quarter of the crystal volume is about three times more
sensitive. The redistribution perfomance, however, is remarkably
good e The depth variation compared with a small central source was
quoted as nol exceeding -60/0 to + 10°/o which would be eguivalent to
an overall variation of about 120/0. The corresponding variation for
MERLIN with the detector at the maximum height is about 17°%/o. In *wo
. patients on whom successive measurements were made withoult faecal loss
between measurements, Warner and Oliver observed a maximum variation: of
only about Solo conpared with overal variations of about 7 =~ 120/0 in
FERLIN. The better perxrfomiance of the formexr monitor with respect to
redistribution is understandable in view of the greater crystal-patient
mid~line and the findings described in section 3.6c. On the other hand,
the sensitivities of this monitor, as mentioned earlier, is very much
less than MERLIN ox the protoltype monitor. Naversten (1964), using a
scanning-bed monitor of high sensitivity with detectors above and below

the bed and 70 cam. apart, ohserved overall variations in phentom studies
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of wp to 210/0 MERLIN's pefformance compares not unfavourably,

therefore.

348 Performance of MERLIN and a camparison with some other Monitors

in Britain:

The counting=rates per unit activity have been measured in MERLIN
for cobalt~58 and iron=-59 in patients to whom these isotopes had been
administered. A polythene phantom containing 140 gm of potassium
in water was also monitored. The results are summarised in Table
3.19.

-

Data for potassiun-40 measurements in other monitors in Britain
are included in the T:A.E.A. Directory of Whole-Body Monitors (1964).
Using the equatién described in section 2.6 and assyming a total body
content of 140 gm. of potassium and a total counting time (background
time and subject time) of 100 mins., these data have compared with
those of MERLIN in Table 3.20. |

The scanning~bed geometry is, apparently, several times more
sensitive than the chalk room monitors and virtually identical in
sensitivity with the steel room monitors. The tilting-chair geametry

is more sensitive.

A comparison in texms of cost shows a startling contrast. As an

installed monitor, MERLIN could be established for about £6,500 including

the shield (£1,700), an 1l% inches x 4 inches detector £2,600), 100~

channel analyser with printer and H.T. supply (about £2,0CQ). The steel

room of a commercial monitor costs fram about £5,500 to £9,0C0 and the
camplete system fram £20,000 - £30,0C0 excluding transport and erection

costs and the cost of a special building if this is required to house
the monitor.
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TABLE 38,19

Isotope Fnergy range ' ocpm/uc Background

MeV ’- cpm

1. Detector at maximun heigh’c:i
K=40™ 1.36 = 1.56 0.66 126
Fe-59 Osd = 1.38 14,800 1065
1.0 - 1.38 6, 900 238
Co-58  0u3 = 1.0 28, COO 1104
, 0u74 - 0.89 . 8,500 153

! |

2. Detector in low positionz |
K~-40" | 1436 - 1,56 | 0.82 187
Fe-59 © 0ut - 1,38 27, 900 1150
| 1.0 - 1.38 13,300 260

3a Til‘cing«:chair geonetyy:

= 3 '
K~40" | 1,36 - 1,56 1.17 133

==

cpm/ gk




TABLL  3.20

Monitor Background cpm Subject Standaxd

Logation cpm per gn K | cpm pex I‘ error

140 ¢gm Ko i ofo

R.PuS«, Sutton 90 020 28 ( 73

Royal Marsden Hospe, Sutton 83 011 15.4 12.4
D.E.R.E., Dounreay 220 0.95 133 2.53
A.EE., Winfrith 175 0,80 126 2443
AE.E., Windscale 141 0.872 122 2.30
General Infimmary, Leeds. 80 1.33 186 - 1.36
A'E-R.E.' Harwell 138 1-36 190 ln57
MERLIN - scanning 187 082 115 | 2440
- chair 133 1.17 164 ! 1,75




CHEPTER 4: The detemmination of Iron Absorption and Turnover Rates

in noxmal Adult Males.

troduction:

The earliest method used fto measure the retention of iron taken
orally was by chemical iron balance studies« Such investigations are
both difficult and time consuming, and in chemical measurement procedures,
especially with faeces, there is a tendency to lose iron, so that the

absorption figures appear greater than they actually are (JOSEPHS, 1998).

Since the introduction of methods based on the use of radiocactive
ixen, balance studies have largely lost favour and iron absorption has
been followed eithex by measuring the percentage of the administexred
radioactive irén which subsequently appears in the circulating blood
as newly synthesised haemoglobin (HAHN et al, 1939) or by determining
the amount of radiocactive iron which can be recovered in the fasces
(DUBACH et al 1948, SMITH and MALLETT 1957, BOWNET et al, 1960).

These newer methods are not entirely satisfactory, however. The
first requires the assumption that a particular fraction of the absorked
iron ﬁas been used for haemoglobin synthesis and also includes the errox
involved in detemmining oxr estimating total blood volume. The seccnd
method relies completely on the co~operation of the subject in under-
taking accurate stool collection over a prolonged period, and in any
event the per cent absorption of iron is often so small that technical
exrors are magnifieda There is also the additional factor of the‘cost
involved in keeping the -patient in hospital during the period of the
faecal collections

Moxe recently a limited number of investigations have been reported
using whole body monitoxs (SARGENT 1962, LUSHBAUGH and HALE 1965, McKEER
et al, 1965, PRICE et al, 1965, REIZENSTEIN and BRANN 1868). This
chapter describes the use of the shadow shield whole body counter to




investigate iron absorption and turnover in a group of normal adult

male subjeciss

MATERTALS AND METHODS.

The protolype whole body monitor was uwkilised. The patients

were monitored in the supine and prone positions as far as possibles

Care is regquired in the selection of noxrmal subjects, to avoid
the inclusion of non-anaemic but sideropenic individualse Those
accepted as normél subjects were symptom—free adult males in whom
there was no clinicél evidence of disease or of alimentry blood loss
and whose peripheral blood findings fell within the acceplted noxrmal
range for haemoglobin, packed cell volume (P.C.V.) and mean
corpuscular haemoglobin concentration (M.C.H.C.) and whose serum
iron, total iron binding capacity and percentage iron saturation
levels were also noxmal. The haemoglobin was estimated by the
cyanmethaemoglobin method, the P«.CeVe using a microhaematocrit, and
the serum iron and total iron binding by the method of RLISAY (1957).
The haematological daka for the eight nomal subjects selected are

suamarised in TABLE 4.1,

After fasting overnight, the subject was given an oral dose of
S micro C. Fesg, in the ferric state, in 5 mg. carrier iron, made
up with water to a total volume of 150 ml. After taking the.dose
the subject continued to fast for a furthexr hour« DMeasurement of
the whole body Fssg radiocactivity was made four hours afier the
administration of the oral doses Further whole body iron radio-
activity measurements were made at intexrvals of a few days up to the
twentieth day after ingestion. The four hour count and the twenty

day count were used to estimate the percentage iron absorption.

In five subjects further whole body counts were made at intervals,
up to the 159th day post ingestion and the body iron turnover measureda

In five subjects, to measure the effect {on the whole body counting

rate) of redistribution of Fesg within the body, measurements were made
immediately afiter the administration of the oral dose and subsequently
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TABLE 4,1

HARMATOLOGICAL DATA FOR THE NOR{AL SUBJECTS

ase - Hb PCV | MCHC Serumr Fe ~ T.I:B.Ce Saturation
G/100 ml. o/o ofo ug/10Cal. ug /100 ml. olo
1. 15.0 44 34 170 330 o1
2 1547 46 34 120 360 34
3 16.1 48 34 140 345 41
da 1643 47 35 115 345 33
Se 15a.1 43 39 148 381 38
Os 1449 44 33 © 170 405 42
7a 18.6 46 34 112 381 29
a 14.2 42 34 106 285 37




at intervals uwp to six hours post ingestion.
RESULTS

The variation in vhole body counting rate in the immediate post
ingestion peried (and the effects of these changes on percentage iron
absorption) are shown in Table 4.2. A general trend to lower steady
counting rates can be seen. This can be atiributed to the small
size of the detector which is less efficient when the radioactive
material is some inches off the centre line and also to variations of
response due to depths The uncertainty in the percentage absoxption
values due to the initial variation is trivial, however, compared with
the biological variation. The percentage absorption has been
calculated for each subject using each initial valuce. The mean value
and spread are given in TABLE 4.2 A maximum spread of + 1.9 per cent
was observed coampared with a range of 4.3 ~ 19¢4 per cent in the absorp-

ftion values for these five nommal subjecisa

The pattexn of radio=iron elimination is shown in Table 4.3 in which
are listed the serial whole-body radio-iron measurements and percentage
Fes9 retention values fram day O to day 20, in five subjects. The major
part of the radio-iron excretion occurs between day O and day 7. However,
from day 8 or day 10 to day 20 the rate of loss iron expressed as a
percentage (of day 8 or day 10 value) perfday is respectively 1.7, 1.1,
3.7, 149, 2.1 per cent per davse These values are an oxder of magnitude
greater than the long-tem turnover values shown in Fig. 4:1 and pre-
sumably indicate that significanlt losses are occurring. In particular,
the retention between days 4 to 10 is still changing appreciablys
Because of these factors, day 20 was selected as the second reference
point ‘for calculating iron absorption. The whole~body radio=iron

count at day 20, corrected for radicactive decay and expressed as a

percentage of the four hour count is teken as the measure of iron uptake.

The resulis obtained in the eight noxmal subjects are shovm in Taeble 4.4

- &

The mean iren absorption is 12«0 per cent, the range being S.8 per cent
to 19.3 per cent.
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IRGH ABSORPTION

¢ NOR<SAL ADULT MALES

Case Thole Body  Fe°° Activity Cron
| & 4 hours At 20 days Absorption
CeDollle CeDsllg | o/o
Lo 30480 4364 14,5
n 33377 5148 i 15.4
b 10047 1408 % 1209
o | 31481 i 2920 : 943
e i 5777 | 1115 § 19.3
o L 1323 116.4 | 8.8
‘o i 24768 1443 § 5.8
. | 20920 2005 i 9.6




TABLE 4.5 illustrates the difficulty in cbtaining even a short
term total faecal collection in ambulant subjectss In this group,
five day stool collections were made and the faecal radio iron
content measured. The figure for iron absorption obtained by
subtracting the radio iron excreted from the dose adrinistered was
canpared with the percentage absorption calculated from the day 5
whole body count. It should be stressed that the patients vwere
in a general medical ward, not a special metabolic studies unii,
that all of them were freely ambulant and that no special effort

was made by the nursing staff to supervise stool collections.

The results of the five long term studies are shown in FIGURE
4,1. The whole body iron counts for each patient from day 20 onwards
are shown plotted on a semilogarithmic scale. - The total body radio
iron loss expressed in this way appears to be linear and the best
straight line forxr each set of readings was camputed by least squares
fit uwsing a DEUCE computer. The radio iron loss in the five subjects
ranged from 0.04 per cent per day to 0.26 per ceht per day, with a
mean of 0.1§ per cent per daye. |

DISCUSSION

Féotors which influence the percentage absorption of radio iron
are the presence of food in the stomach, the amount of carrier iron
present, the total volume of the administered dose and, possibly, the
nature of the iron ion, i.e. ferrous or ferric. In an endeavour to
avoid such induced variations an oral dose vhich is standard in
respect of ionic state, carrier iron content and total volume was
used, and which is given with the subject in the fasting state. A
dose of iron comparable with the amount of iron avallable in the
normal diet was given. The estimated iron content of a full meal
is about 5 milligrams (PIRZIO-BIRCLI et al, 1958). The ferric ion
has been used as most food iron is in this form (SORENSEN, 1964).
The absorption figures obtained are similar to those obtained by
other workers using whole body counting technigues (VAN HOEK and
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and CONRAD 1961, LUSHBAUGH and HALE 1965, McKEE et al, 1965, PRICE
et al, 1965). These results are shown in Table 4.6. The practice
of these wozrkers has been followed in using the four hours post
ingestion count as the 100 per cent value. IHowever, ithe changes
obtained in the present counting system from early redistribution
effects did not exceed 16 per cent in any of the subjects studied.
This degree of change does not cause a-significant alteration in

the ultimate iron absorption result so that the 1C0 per cent value

could equally well have been obtailned from the immediate count.

If, as suggested by the result; reported here, there is a
significant continuing loss of iron up to day 20 this may be of
considerable practical importance. In particulax, the high
retention values (Table 4.3) on day 4 compared with those on day 6
would seem to indicalte that methods based on a 5 day stool collectior,
and possibly a 7 day stool collection, may produce over-estimates of
the percentage absorption. - In view of the limited data obtained,
since these werée almost incidental to the object of this study,
further investigation is being made in measureﬁents currently in

Progress«

The body turnovexr results obtained correspond well with those
of other workers using whole body counting (McKEE et al, 1965, PRICE
et al, 1965, REIZENSTEIN and BRAEN 1865). These results are shown
in TABLE 4.7. DMost workers using whole body counting technidues
have expressed radio iron loss as a single exponential function, as
we have dones This mede of expression, implying as it deoes, a single
completely miscible total iron pool with a constant rate of absorption
and excretion is not strictly correct. It i=s howevex, the best
approximation which can be made, as accurate mathematical representation
of the complex multiple pool system whioch actually exists, would
require observation of totel bedy activity over a pericd of several
years to eliminate the influence of pool shifts on bedy radio iren
lossa This is, .of course, impossible because of the short half-life

of Fesgu
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The development of the whole bedy monitor has provided a simple
arnd accurate method of measuring the bedy retention of an administered
tracer dcse of Fesg naking absorption and subsequent long term iron
tumover estimations pogsible in a single c¢linical stucy. The
investigation makes no great demands on the subject, neither reguiring
frequent venepunctures nor the collection of excreta and we feel that
whole body counting is now the method of choice for studying gastro-

intestinal absorxption of iron and body iron excretion.

SUMMARY

Oral iron absorption and iron tuinover rates have been determined
in nommal aduli males using a shadow shield vhole body counter. The

§ + 59 i + 1 A
ferric ion was used, a dose of five juc Fe ~ being given in 5 mg. carrier

ilxon.

The four hour and twenty day counts were used to estimate the
percentage iron absorption. The reasons for selecting these counts
are discussede In the 8 subjects studied iron absoxption ranged from

5.8 per cent to 19.3 pexr cent with a mean of 12.0.

Iron twrnover studies were carried out in 5 subjects, the pericds
of observation extending from 80 to 156 dayse. Iron losses ranged

fram 0,04 to 0e26 por cent per day with a mean of 0.15 per cents
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HADTER 5 SUCCINIC ACID  and IRGH ABSORPTICH

In a stuwdy of oral iron uptake using solutions of fourteen iron
preparations BRISE and HALLBERG demonstrated that there were great
differences in the absorbability of different iron compounds (BRISE
and HALLBERG 1962:8.)4 More iron was absorbed from a solution of
ferrous succinate than from any other compound, including ferrous
sulphate. The absorption of iron from taeblets containing ferrous

succinate was net greater than from ferrous sulphate teblets, however.

Because of these findings it was suggested that succinic ions
per se influvenced the absoxption of iron and further experiments
were carried out to test this hypothesis. (BRISE and HALLBERG,
1962, be)e In these studies the addition of succinic acid to
solutions of ferrous succinate was shown Lo increase iron absorption,
the increase being proportional to the amount of succinic acid added.
Intravenously administered succinic acid was also shovm to increase

the absoxption of iron from ferrous sulphate solutions given orallye

In an attempt to wtilise these observations in practical
therapy a commercial preparation, Ferranyn-3, containing ferrous
succinate and succinic acid in tablet form has recently becone
available.

This chapter describes an investigation of the effect of
- . , . . o o8
succinic acid on the oral uptake of iron, using Fe labelled

ferrous succinate and the prototvpe whole body monitor to measure
iron absoxpiion.

5.1 Materials and Methods.

Liguid preparations of ferrous succinate were used to avoid
the possible effect on iron absorption of variable disintegration

. , . . 59
of a pill coating. The ferrous succinate was labelled with Fe

so that each dose contained 10 micro C. radiocactivity.




Absorption was studied at two levels of iron dosage, S mg
glemental iron {20 mg ferrous succinate) and 37 mg elemental |
iron (150 mg ferrous succinatel, To one half of the doses of
ferrous succinate, free succinic acid was added in amounts
based on the optimin ratios (BRISE and HALLBERG, 1962, b) so

that there were in all four separate preparations containing:-

1) 20 mg Ferrous succinate

2) 20 mg Ferrous succinate with 15 mg succinic acid.
3) 150 mg Ferrous succinate

4) 150 mg Ferrous succinate with 110 ng succinic acide

A small quantity of ascorbic acid was added to each dose to prevent
oxidation of the ferrous ione
Non~anaenic, symptomless, adult subjects were selected for the

invastigationa

The doses of iron were given in the early morning after an
overnight fast. The iron solution was taken directly from a
small beaker which was then rinsed with tap water and the rinse
water also taken. The rinsing procedure was repeated so that
the ftoltal volume ingested was 150 nl. No food or drink was iekern

for two hours afterwards. The percentage absorntion of ir

(o]

0 was
S

ol

caleulated frcm the four hour and iwenty day whole body Fe
radioactivity counts as previously descrilbed (WILL and EODDY, 196€

and chapter 4).

Each subject was first given a solution conteining ferrous
succeinate only and the iron uptake measured. Afler an irterval
of about two months the uptake study was repeated, the subject
being gilven on the second occasion a solution containing the same
guantity of ferrous succinate as before but with the appronriate
amount of free succinate acid added. The two iron upteke results

were then compareds

To study the effect of intravenous succinic acid on oral

iron absorption a sterile solution of pHY containing in cach
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millilitre 30 mg of succinic acid and 6 mg of solium chloride was
usedq The subject was First gilven an oral dose of & ng ferric
iren labelled with 10uc of Fe59 and the percentage ircn aksorption
neasured by whole body countinge. Two months later a similar oral
dose of Fesg labelled iron was given but on this occasion it was

preceded by the slow intravenous injection of § ml of the succinic

acid solution, the injection starting five minuites before the

administration of the oral iron doses

5«2 Results.

The absorption figures of the five subjects who were given
the 20 mg doses of fexrous succinate are shown in Table 5:1. In
four subjects iron absorption was increased by the addition of
succinic acid. The mean aksorption from the doses containing
ferrous succinate only was 8.5 per cent (range 3.0 to 18:1 per cent)
and the mean absorption from the doses containing 15 mg of added
stceinic acid was 13.0 per cent (range 5.9 to 17.2 per cent).
Statistical analysis of the two sets of resulits using the STUDENT ¢
test gave a value for T of 1.82, which indicates that the differences

are not statistically significant.

In six subjects iron absoxrption frem solutions containing 150 mg
ferrous succinate was studied. Only two showed increased absorption
from the doses containing the added succinic acid. In the rexaining
four the percentage iron absorption fell. The mean ircn absorption
froam the solutions containing 15C mg feryous succinate only was 7.2
per cent. (range 0.2 to 15.0 per cent} and the mean absorption fram
the doses containing 150 mg ferrous succinate plus 110 myg succinic
acid was 6.0 per cent {range 2.C to 8.2 per cent). The results are
shovn in Table 5.2. The STUDENT 1 test gave a value for t of ~0.46

showing that no statistically significant difference was observed.

The results obtained from the six subjects who took part in
the intravenocus succinic acid absorption test are shown in Table

S5u3 The mean absorption from the 5 mg doses of ferric iron was




TABLE 9.1

r—.

The Effect of 15 mg Suecinic Acid on the Absorption

of 20 mg Ferrous Succinate.

CASE PERCENTAGE IRGY ABSORPTICN
20 mg Ferrous Succinate | 20 g Ferrous Succeinate
+ 15 mg succinic acid.
1 12.0 , 17.2
2 1044 8a7
3 3.0 PR
4 4.1 16,6
5 13,1 ; 1645




TABLE 5.2

The bBffect of 110 mg Succinic Acid on the Absorption

of 150 mg Ferrous Succinate.

PERCENTAGE IRCN ABSORPTION

Case
150 mg Ferrous Succinate 150 mg Ferrous Succinatei
+ 110 mg Succinde Acid,

{ 1 5,2 2.0
|2 245 | 743 :
|3 0u2 8.2
4 10.7 8.0 /
s 9.8 | 3.9
.6 15 607




The Effect of Intravenous Sucainic Acid

on Oral Tron Absorption.

PERCENTAGE TRON ZBSORPTICN

CASE :

+ § ng Ferric Iron 150 mg Succinic Acid I.V.
i followed orally by
? . S mg Ferric Tron.

1 9.0 13.2

2 14,5 : 13.4

3 3.3 14,4

4 12.5 2e4

5 19:,3 740

6 12.1 ; 7.0




12:8 per cent (range 9.8 to 19.3 per cent). Uthen the oral dose

of iron was preceded by the intravenous injection of 150 mg succinic
acid the subjects showing a decreased iron abscrption, The STUDENT t
test gave a value for L of ~1.12, indicating that any effect was

statistically insignificant.

Two patients with rheumatoid arthritis were given oral doses of
5 g labelled ferric iron both with and without intravenous succinic
acide In one the iron absorption remained virtually unchanged, 1.7
ver cent without succinic acid and 1.8 per cent following intravenous
sucecinic acids The second patient had 10.7 per cent iron absorption
from the S mg ferric iron alone falling to 0.6 per cent when the oral

dose was preceded by intravenous succinic acid.
5.3 Digcussion.

The investigation was designed to assess the influence of
free succinic acid on the oral absorption of iron at both physiological

and phameacelogical dosage levels.

Five milligranrtes was chosen as the physiclogical dose because
this is roughly the iron content of a nomal full meal (PIRZIO =~
BIRCLI et al) while 37 mg was regarded as a satisfactory therapeutic
dose of iron (KERR and DAVIDSCN, 1958).

All doses were of uniform volune and were given to the fasting
subject to eliminate as far as possible the influence of local

x

gastro-intestinal factors on ixon absorpiion.

Earlier comparative studies of iron absorption have uéually

been based on the detemination of haemoglobin régeneration in iron
deficient patients during iron therapy (FULLERTGH 1934, KALER 1952,
WILL and VILTER 1954). The haemoglobin regeneration rate is however
influenced by many factors, including the severity of anaemia, state of
the iron stores, continued bleeding, the presence of infection, which
make interpretation of the results difficult. By using & whole body
monitor to obtain a direct estimate of lron absorption in non-anaemic

subjects these main sources of error have been avoided.



While the present resulis would appedr to contradict those of

BRISE and HALLBERG, attention should be dravn to the difference in
the methods used to measure iron "absorption'.  The measurement

of iron uptake with the whole-body monitor xepresents total body
uptake. . As BRISE and HALLBERG emphasise, thelr method does not
estimate total abscrption bul measures only the fraction of absoxbed
iron utilised in haemoglobin formation. In this differcnce may lie
the apparent conflict of the Ffindings. BRISE and HALLBERG'S obsexved
Increase in iron utilisation could be explained by succinic acid
increasing either the availability of iron to the marrow or the

rate of utilisation of izon by the marrows Their findings that
intravenous succinic acid increases the utilisation of orally
administered ixon also suggests that the effect of succinic acld

is not a local one on the gastro-intestinal tracte

The administration of a single fracer dose as in the present
studies may require comparisorn with the ten doses each given on
successive days as reported by BRISE and HALLBERG. The possibility
that successive doses of succinic acid may have an increasing effech
cannot be excludeds TFurthex, these authors showed that individuel
variations in utilisation may be about + 16 o/o with successive doses
and they estimated that with single doses the variations may be about
4 35 o/o. If similar conclusions apply to absorption, the effects
of succinie acvid may not bs sufficiently large comparcd with the
biological variation to be readily detectede. To test fthese hypotheses,
a new series of investigations is in progress which will involve the
administration of successive daily doses of iron and the simultancous

neasuraadent of utilisation and absorption.

Sed Sumarye

The effects of succinic acid on iron absorption in none-
anaemic, symptoanless, adult subjects have been exanined using a

whole body monitoxe Two levels of iron dosage, § mg. elemental




iron (20 mg. ferrous succinate) and 37 mg. elemental iron (150 mg.
ferrous succinate) were studied with oral succinic acid doses of

15 nge and 110 mg. respectively. The effect on absoixption of a

slow intravenous injection of 5 ml. of succinic acid solution (30 mg.
succinic acid and 6 mge. sodiwn chloride per millilitre) preceding
oral administ:atibn of .5 nmy. ferric iron was also examined. It is
showm thalt the effect of succinic acid was not sufficiently larxge
compared with the individual biclogical variation to be statistically
significant.
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CHAPTER 6: The Retenltion and Rate of Excretion of Vitamin
B in Patients with Pexniciocus Anacmia and in
a noxmal subject following Intravenous

Admindistration of Radlo-Vitamin Bj?

6al Intxroduchion:

Administ;ation of radio~vitamin Blzp labelled with one of
the radicactive isotopes of ccobalt, enebles the retontion and rata
of loss of vitamin-BlZ to be measured forx example by urine ox faecal
monitoring or by whole~body monitoxing. VWhen knowledge of the
excretion route is irvrelevanit, wholeebody monitoring is the method
of cholce since the collection of urine and faeces over prolonged
pericds of fLime is usually iwpracticable whlle, using the wholew=
body monitor, the patient does not require hospitalisation and can

be examined as an oub-patient.

The total body conient of vitamin Bl2 in nomal subjeclts is
about 2000 - 5000 ug (Adams, 1962 and Grasbeck, 1959), while in
anaenic subjects the coxxesponding range is aboulk 200 - 5C0 jug

B12 (Grasbeckp 1859}

It has been suggesited, (Reizenstein and co=woikers, 1962,
1964 and 1966 and Reizenstein, 1968), as discussed in Chapter 7,
that, in nomal subjects, administrabion of a trécer dose of
labelled B does not lead to excretion patiemis and rates of
loss typicé% of the natural 312 pre-existing in the body. The
validity of the common assumpiion of metabolic and isotopic

equilibrium was questiloned.

If an anaemic patient, whose stores are virtually depleted,
recelves an intravenous dose of about 5CC0 ug of labelled vitamin
Blzﬂ his excretion paliexn, after the steady state is established,
should closely follow that of natural B 9 in the nomal subject

since the fradtion retained of the labelled dose (about 10 o/o)

is the greater part of his body conteni of B The latex

12°
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excretlon rate, expressed as per cent loss per day, should be of
similaxr magnitude to the rate of loss of natural Bl2 in the nommal
subjects Therefore, if the "steady~state' is reached in a
comparatively short time (say;l to 2 months) and the subsequent
_rate of loss can be adequately described by a single exponential
temm; then it seems reasonable to assume that vitamin Blz metabolism
approximates more closely to a single~pool system, for which the
assumption of isotopic eguilibriuwm is justifiable, than to a
multiple-pool system, for which the assumption i1s not justifiable. ’
Supporting evidence would be obtained if a nommal subject, given
the same intravenous dose, presented a late excretion rate, as per
cent loss per day, of similar magnitude to the rate of loss of
anaemié subjects since this implies that the loss is from a single

body compartment and is proporxrtional to the level of body stores.

6.2 Methods:

Fourteen patients were studied, one of whom was nomial having
a nomal serum vitamin B12 level and no sympioms of anaemlas Thirteen
were Bl2 deficient all having subnommal serun viltamin B12 level and
megaloblastic erythropoiesis on marrow blopsy smears. Some of these
patients had presented with symptoms of anaemia; others who were not,
or only mildly, anaemic had presented with signs suggesting B12
deficiency such as ¢glossitis. Additional diagnostic investigations
lead to the diagnosis of post-gastrectomy megaloblastosis due to B

deficiency (Subject McK« 1) and to the diagnosis of Addisonian

12

pernicious anaemia in the others. The pretreatment haematological

data are summarised in Table 6.1,

A parenteral dose of about SOOO‘ng of wvitamin Blz' labelled
with either cobalt~57 or cobali~58, was administered to each subject.
In eight subjects the vitamin was in the foxm of hydroxocobalamin, in
one subject c¢yanocobalamin and in one subject co~enzyme BlZ' The
reraining four subjects received doges of cyanocobalamin (cobalt =-58)




TABLE 6,1

Pretreatment Haematological Data

Subject Sex Age Haemoglobin Serum Bl 5 Erythropoiesis
Yrs. gn o/o uug/ml
H M 47 10,0 25 Megaloblastic
Me.D F 70 6.9 25 n
McuKala M 71 10.1 58 g
Bu2e F 34 6.4 25 N
P. M 57 8.5 25 J
op M 51 7.8 26 N
3.1. F 62 5.1 25 J
1.2, F 41 11.1 25 "
fel. F 66 10.7 59 "
IcuK,2. M 74 547 25 2
X F 69 5.6 25 J
L F 51 12.0 25 "
Ar M 45 5.1 44 N
A M 42 14.8 350 S




and of hydroxocobalamin (cobalt«57) providing a double isotope study.
Eight subjects had racelved the dose before this study was established.
They were, ﬁeverthaless, of interest since the long-tézm rate of

exceretion could be measured.

The reténtion of the administered B,, was measured in the
prototype whole«body monitor over periods of time presently up to
441 days. Measurements were made with the subject in the supine
- and prone positions whexe this was practicables

643 Variation of the initial countinge-rate due to redistribution in
the body:

It has been suggested (Reizenstein, 1959 b) that the injection
of even 0,01 o/o (0.5 ng) of the total body B12 is enough to disturb
the steady state temporarily, since the total plasma contains only
about 0.03 o/o (1.5 ug) of the total body Blz' The initial plasma
clearance is extremely rapid (Conkite et al, 1959) with a biological
half«life of about 2 mins. Al later times half«lives of about 6 days
(Reizenstein, 1959 b) and of 5.14 days (Adams, 1963) have been reporteds
Consequently the laxgest variation of the countingerate due to changés
in the distribution of the labelled B12 in the body may be expected,
in the first few hours after administratione. To examine the
- magnitude of this effect in the protolype moniltor, the nommal subject
was nonitored shortly after administration atk 2%'hours and at 4% hours
post~adninistrations Yor camparison, a urine sample was then passed
and collected. The loss of labelled Blz was then estimated by a ‘
_further whole«body measurement and by monitoring the urine. Subsequent
counts were made 24 hr and 3 days later and camparison made with the
losses estimated from urine collection over these periods. The resulis
are summarised in Table 6e2.

6+4¢ Results:

The serial countinge~rates dbtained, and the percentage reténtion
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TABLE 6,2

ne éfter

Whole=body Loss Urine loss | Cumulative |Cumulative

-ial). whole= | (supine and prone) (o/o total (o/o total | Collection| urine loss
7 count cpr injected) injected) Period (o/o total

, injected)
hrs 20607 - - - -
hrs 20915 =2.30/0 - - -
hrs 20002 - - - -
hrS 9594 53:8 46-4 O - 6 hI‘S 45-4
hrs 6719 67«7 13.8 6 =30 hrs 6042

- - 3.3 30 =48 hrs| 6345
ay's 4920 7643 246 48 =72 hrs 66al




each represents,- are presented in Table 6.3 for the anaemic subjects
and in Table 6.4 for the nommal subjects all of whom received a
single isotope} The results to date of the double isotope studies
are given in Table 6.5. For each subject,lfhe regression line and
regression coefficients have been computed assuming.that the data
after about 30 days are adeguately described by a single temm.

The equatioﬁ gbﬁained, the periods of time covered, the rates of
loss (per cent per day) and the standard error of the regression

coefficients are summarised in Table 6.0.

A comparison of the retentlon pattern of the normal subject
with that of a typical anaemic subject is shown in Fig 6.1,

65 Discussion:

The overall variation in the initial counting-rate (O - 4% hrs)
(Table 6+1) was about 2 per cent and the standard error was about
l pexr cents As these measurements were made on a normal healthy
subject, having an appreciation of the need for reproducibility,
the variation for other subjects may be greater. It seems fairly
certain, however, that the variations are significantly less than
those reported in the discussion of mefabolic equilibrium by Heinrich
.(1964) of about 40 o/o and by Reizenstein et al (1961) of over 200/o

following oral administration of Blz'

The general pattern of ex¢retion of the anaemic subjects (Table
6+2) and of the nomal subject (Table 6.3) following a single dose
of B12 are remarkably similar as is shown in Fig 6.1l. About 8-10 ofo
of the administered dose is retained at about 1-2 months after injection
and the subsequent loss with time can be adequately described by a
single exponential temm (correlation coefficient'$ 0.8) with a mean

standard erxror of about llo/os.  The equivalent standard error quoted
by Heinrich (1964) was about 33 o/o.

- 54 =
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TABLE 6.4

Retention in a Noxmal Subject following a single intravenous dose

of 50C0O )&19‘ vitanin Blzu

§ SUBJECT A (H.M)
0/0
Days cpI Retained
0 20774 100
- 1 6714 8244
3 4920 28.7
14 3409 16.4
48 2342 11.3
70 2234 10.8
101 1982 9,6
129 1845 8.9
161 1769 845
192 1689 8.1
210 1609 747
238 1557 745
269 1528 73
282 1459 7.0
325 1457 740
381 1304 6e3
402 1363 646
430 - 1256 6.0

(H, M} = Hydroxocobalamin, male subject.




Retentlon in anaemic subjects following double isotope doses of SO

TABLE

6&5.

CO g

I

labelled vitamin Blz' /
SURJECT X (F) SUBJECT (F)
Days cpm ofo ¢ com olo H | eom o/o C cem ofo H
" G Retained I Retained a Retained A Retained
] t
0 991 100 1409 100 T oLlY72 100 1852 100
8 | 128 12.9 503 85,7 {107 9.1 | 865 20.0
7 112 11.3 - - i 9243 79 - -
8 - - 291 20,6 § - - - -
10 104 10.5 - - ff 89,5 7.6 - -
14 - o 276 19.6 o - 225 12.1
15 92.0 9.3 - - - - - -
21 95.5 9.6 285 18,1 82,0 7.0 210 11.3
28 83.6 8.4 243 17.2 77.0 6.6 208 11.2
35 80,9 8l 238 16.9 715 6ol 195 10.5
42 81l.5 842 240 17.0 7240 6ol 198 10.4.
49 79.2 8.0 229 16.2 70.1 6.0 191 10.3
56 78438 7.9 229 1642 68,2 5.8 184 9.9
63 761 7.6 215 15.3 721 Gal 170 9.2
70 7742 748 212 15.0 74.0 6.3 172 PR
77 74.0 7.5 229 16.2 698 S5¢9 172 9.3
84 7541 746 215 15.2 6845 5.8 173 '8:3
9l 78:3 7.4 207 14.7 65.5 5.6 171 9.2
98 7344 704 201 14.8 65.6 S5a.6 174 9.4
108 7441 74 198 14,1 67.4 S5a7 175 9.4
112 71.2 702 - - 677 9q8 - -
119 - - 198 13.7 - - 163 848
126 75.1 7.6 - - 63.2 5.4 - -
147 - - 201 14.2 " - 158 8:5
154 72.1 743 - - S58al 5.0 - -
182 - - 188 13:9 - - 150 8.1
189 52.4 6.2 - - 60.7 S5e2 - -

¢ = cyanocobalamin
h = hydroxocobalamin



TFLBIJE 6 4] 5 COI‘I'II i d

SUBJECT Axr () | Hec.D. ()
R g 3

lays! cpm {ofo ¢ Days] e¢pm|{ ofo H Days i cpm |o/o C Days| e¢pm p/o H

C  |Retained H Retained| i C  |Retained H Retained
O 1172 | 100 O l4896] 100 i 25 | 271 100 O | 11214 100
15 | 122 | 10.4 28 | 700| 14,3 § 59 | 289 8747 28 798 6449
43 | 107 92 56 | 644 13,2 1 84 2389 8747 70 650 5.80
71 |94.8 | 8.1 97 | 635| 18,0 1 122 | 229 | 84.4 | 99 | 626 5.58
99 |81.5 | 7.0 11e | 583 | 11.s || 153 | 238 84.0 | 127 611  5.45
40 |88.0 | 7.5 146 | 588 | 12.0 ; 178 | 208 76.7 | 161 566/  5.04
51 [71.9 | 6.1 | 174 | 558 | 11.4 | 206 | 1la4 67.8 | 183 565 5,03
39 184,0 | 7.2 202 | 534 | 1C.9 | 224 | 217 79,9
L7 {78.3 | 6.2 255 | 182 67.1
15 [73.2 | 6.2 283 1 201 74.1




TABLE 6.6

Equation of Regression

Standard erxrrox

dject Time period - Rate of losé

. after administration Line i ofo /day | (ofo) of xate

‘ 3 of loss
iemic subjects, single isotope studies: 3
Kalo © 35 - 441 v = 24443401,11x10 % 0,11 - + 847
. . 35 - 376 v = 4,4479~1,35x10 % .14 + 7.4
w27 - 386 v = 4,4565-1,27x10 % Culd + 11,2
w6 - 325 |y = 4,5523-1,04x107% 0,10 + 13,8
. | 50 - 337 y = 3.,8043-1,91x10 " x 0.19 4 18.3

| 35 - 365 |y = 4,4024-1,00x107 % 0.11 + 8.2

} 35 - 365 |y = 4.3763-1,80220"x 0.13 + 648
K.2. | 61 - 253 |y = 4,6663-1,39x10 "% 0,14 + 2048

| 73 - 488 |y = 4,6577-0, 90510 % 0.09 + 9.5
enic subjects, double lsotope studies: . '
. 28 - 154 ¥ = 2.1501-1.44x10 % 0.14 + 12.1
. 28 - 119 ¥ = 248599-1,59x10 0.16 + 15.6
. 42 - 154 - ly = 1.8948-1.64x10" % 0,16 + 14,8
o, 42 - 147 y = 2,3843-1.77x10 % 0.18 |4+ 2249
S 43 - 245 v = 2,2134-1,72x10 Cul? 4 2641
L. | 56 - 202 Yy = 2466581, 34x10" 3 0.13 + 14,4
.o 59 - 283 v = 4.5539-1,10%10" 3 0.11 4+ 2740
“WHe @ 70 w 183 ¥ = 1.8552-1,36x10" 3 0.14 | £10.8
nal sgbject: _ ; -3 %

70 - 430 |y = 2.3861-1.41x10"% 0.14 b x 7.4
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BuDels Probable significance of retention at 1l-2 months:

The initial losses up to aboul 1l-2 months is clearly not
significantly influenced by the level of body stores as the retention
of the nommal subject was the same as that of the anaemic subjects.
This finding is almost certainly due to the size of the administered
dose (5000 Pg) which produces non-physiological conditions. The
plasma content of Bl2 is nommally aboutil,s}mn and less in anaemic
_subjects, so that the intravenous dose presumably "flocds" the plasma
with consequent rapid initial clearance by the kidﬂeys. "The large
urinary losses of the nomal subject (Table 6.2) appear to be in
accordance with the latter suggestion which implies that this is
the main route of initial excretions Clearance from the plasma to
stores during this time may be limited by the rate at which the body
stores can take up BlZ' Since the uptake by stores is about 10o/o
of the administered dose while about 90o/o is excreted, largely by
the kidneys, the plasma/stores transfer rate is apparenitly about
1/10th of that of the plasma/kidney transfer ratee This conclusion

may be valid only for the present administered doses and periods of
time.

B.542 Probable significance of the late excretion pattemn.

It is apparent from Fig 6.1, the regression lines and standard
errors of the regression coefficients (Table 6.6), that a single
exponential texm adequately describes the late excretion pattérn in
the normal and anaemic subjectse Consequently, the loss can be
fran only a single campariment since it is unlikely that two or moxe
compartments would have identical excretion rates. TFor a single body
compartment, the assumption of metabolic (and isotopic) equilibrium
is justified.

The late excretion rates, as per cent per day, range from 0.08

to 0.19 pex cent per day. A similar range from whole-body monitoring

was reported by Bozian et al (1963) and a more complete comparison is

w 30 =




made in chapfer 7« No significant difference was obsexrved between
the excretion rates of the anaemic and normal subjects. The
guantities of B12 exreted per day are apparently proportional to
the level of the body stores. It may be inferred for both the
noxmal subject and the anaemic subject with no significant source
of addition B12 that, at this time, the rate of transfer from stores
to plasma is equal to that of transfer from plasma to kidneys. It
seems unlikely, therefore, that vitamin B12 deficleney or pernicious
anaemia, at least in the present subjects, is associahted with an

obvious fault iﬂ Bl2 metabolism,

The rotamned Bl represents almost tﬁe total body‘content of

the vitamin in the anaemic subjects, The percent loss per day of
the labelled Blz.should be closely similar to that of the natural
Blz' If the rate of loss of a tracer dose (about 1 pg Blz) does

not represent that of natural beody B12 (Reizenstein et al, 1962, 1964
and 1966 and Relzenstein, 1966) then a different rate of loss would be
expecLed in nomal and anaemic subjects to whom a ftracer dose of B12
had been administered compared with the rates of loss ootalned in the
‘present study. In fact, the rates of loss observed by Bozian et al
(1963) using tracer doses are virtually identical (0.09 ~ 0,23 per
cent per day) with the present values. Further, in the present
studies, the identity of the late rate of loss of labelled 3125 of
the noxmal subject equivalent to about 10 per cent of his total beody
Blz; and that of the anaemic subjects also suggests that ecquilibrium

with natural exchangeable B12 was indeed established.

BaSad Double isotope studies; the retention and the excretion
rate of hydroxocobalamin and cyanocobalamin.

Each of the anaemic subjects in the double isotope study received
an initial injection of abouk SOOOJug c¢yanocoabalamin labelled with
cobalt~88 followed at a later time by an injection of about SOOO/wg
hydroxocabalamin. Allowance was made for the contribution of the
Compton region of the cobalt«-58 gamma ray spectrum to the photopeak
;egion of the cobalt~57 spectrum. The subject was monitored

- B0 =




immediately priot to the injection of cobalt-57 and the fraction:

counting-rate in cobalt=57 photopeak region evaluated from the
counting~rate in cobalt-58 photopeak region

cobalt~58 whole~body spectxum. Monitoring was repeated shoxtly
after the injection of cobalt~57 and this and subsequent counts
were corrected for the cobalt-~58 contribution by subtracting the
product of the cobalt~58 photopeak and the fraction obtained pre-
viously. It is obviously necessary to assume that this fraction
is not grossly affected by any subsequent redistribution of cobalt-

98 wvitamin Blz'

Table 645 shows that the overall patiern of excretion is
similar to that of the single isotope studies. Further, the rate
of loss of the initial dose during the month after injection of the
second 5000 ug dose does not appear to differ significantly from the
rates of loss in the single isotope studies during the eguivalent
period of times The rate of loss of the second dose during this
tine, howevef,_is about four times greater. _ It seems reasonable
to assume, théréfore} that at the time of administrafion of the
second dose the major part of the retained initial dose is no
longexr in the-plasma and has, presumably, been transferred to
stores. This situation is evidently reached not later than
seven days after the initial administration in subjects X and L.
This conclusion is in agreement with the results of Mollin (1959)

for administered doses of 0.04/ng vitamin BlZ'

The retention of hydroxocobalamin appears to be significantly
better than- that of cyanocobalamin, confiming similar findings
(for example, Glass, G.B. et al (1961), Killander and Schilling
(1961), Adans and Kennedy (1965)). Measurements have not yet
been made with the order of ddministration reversed but if plasma
and stores levels affected the observed retentions then it should
be the first dose rather than the second dose which is preferentially.
retained. A comparison of the regression coefficients of the late
excretion regression lines using the Student t test shows that the
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respective rales of loss, per cent perxr day, do not differ
significantly. Presumably, once the vitamin reaches the sfores
the subsequent metabolism is essentially independent of the

chemical foxm or the vitamin. is transmuted to a common foxma

6.6 Conclusions:

a) Following intravenous administration of a single dose of
5000 mg vitamin Blz' the retention 1-2 months post-injection was
the same (about 10o/o) in the anaemic subjects and the normal
subject. No difference was observed in the excretion rates,
thereafter, (range 0.09 = 0.1l9 per cent per day) and a single
exponential temm adequately describes the late excretion pattern.
This implies that metabolic and isotopic equilibrium is then
established.

b) The similar excretion rates of noxmal and anaemic subjects

inplies that vitamin Bl2 deficlency in these subjects is not
attributable to a metabolic fault.

c) Doublé isotope studies suggest that the retained fraction

seven days after administration is largely in the body stores.

d} Hydroxocobalamin is retained to a greater extent than

cyanocobalamine




CHAPTER 72 The Validiity of the Assumption of Tracer Equilibrium

with respect to the Excretion of Vitamin Bj?a

7.1 Introduction:

The validity of the common assumpiion that the excretion

rate of a tracer dose of vitamin B,, equals that of the natural

By

12
has been questioned in recent vears by Relzenstein and co-

workers, (1962), (1964) and (1966), Reizenstein, (1966) and

Heinrich {1964) who suggest thal equilibrium might not be

established even 250 days after administration of the tracer

doses. Further, these authors obtain late excretion rates which

are significantly different from those of other workers also

using whole~body monitors and of othexs using analysis of excreta.

The suggestion by Reizenstein and co-workers that the

assumption of tracer equilibrium is not justified is contrary to

oL
5

)

heir earlier work (for example, Reizenstein, 1959 (a), 1559 (b),

Grasbeck, Nyberg and Reizenstein, 1958 Reizenstein et al., 1961,

.
Cohn, Lippincott, Cronkite and Reizmensitein (1962)) which provides

and cites evidence foxr, or embodies the assurption of, the early

establishment of equilibrivw not only with respect to excretion but

alse between bedy compariments. The rates of loss from the body of

vitamnin Bl° obtained in the earlier work differ significantly from

d

the later estimates of these authors but are in good agreement with
T

those of othe

workerse

In view of the cawparatively laxge amount of data supporting

the assumptior of equilibriuwm and the numerous studies based on the

val

732

3
careful examination,

idity of this assumption, evidence to the contrary warrants

Experimental evidence of Relgzenstein and co-workers:

The datz of Reizenstein and co~workers are self~contradictory

in several important respects. To facilitate reference, relevant
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data have been collected and are sumnarised in Table 7.1 with

the source of the datas

Cn the basis of the data in Section A of this table, Reizenstein
et al, (1962) conclude that the higher and, apparently changing
excretion rate of the tracer shows that Yequilibriwn is not reacned
within the time studied®, .

7.2.1 Examination of éremises:

Before dealing with apparent ancmalies in the data as a whole,
the validity of this conclusion and the premises on which it is based
will be considered. Examination of the methods used (Reizenstein,
(1259) and Reizenstein et al. (1962)), shows that the quantities of
vitanin B12 adninistered in both series of experiments were similar
(about l‘pg) ana all subjects were classified as nommal controls ox
as having irrelevant diseases. Any perturbation of the steady shtate
resulting from the aduinistered dose of Blz can only be due to the
presence of additional vitamin and whether it is labelled or unlabelled -
is irrelevant in this respect. Therefore, vhatever the effect of a
197 it should

be identical for both series of patients. The method of measuring

tracer dose wight be on the rate of excretion of vitamin B

excretion, whole-body or faecal monitoring of labelled B.. or

12
microbilological assay should produce identical results, whether

equilibriun is established ox not, as there is apparently no evidence

to suggest that vitamin B 5 is broken down and the label subsequently

“a

lost. This arcument leads to the inevitable conclusion thalt it

Yot

should be furdamentally impossible to demonstrate a difference in

the rates oi loss of labelled and nonw-labelled Blé in these particular
experiments. The apparent differences shown are then presumnably due
to experimental errors, iradequacies in the data, biological variations

in indivicduals or groups of individuals, etce

7.2.2  Apparent anomalies in the data:

The faecal excretion rate of radiovitanin B, (section C, Table

7.1) (Reizenstein, 1959 a) is essentially constant (0.12 o/o /day) at

w B0 -
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least from 37 days onwards to 345 days. & stendard error of + 20 ofo
is quoted. In view of the almost inevitable losses which occur in
faecal monitoring, the estimated rate of loss is unlikely to be an

over~cstimates

The whole~body monitoring data (Reizenstein el al., 1861, 1962,
Conn, Lippincott, Cronkite and Reizenstein, 1962) are in good agree-
ment with those from faccal monitoring. A steady rate of loss is
apparent from about 5~20 days after administration and the auvthors

vecifically state that "the final slope shows the rate of tuwimover

of the absorbed vitamin 312"q The excretion rates can be estimated,
from the graphical presentations of Reizenstein et &l, 1961, Cohn et
als, 1962, as about 0C.18 per cent per day in good agreement with that
of Reizenstein el al., 1962 (TableZl, Section A). The data are in
excellent agreement with those of Pozian and co-workers, (19638), (1964)
and (1966) and those of chapter 6, both with respect fo the pattern of

ﬂxcrgtlon and the magnitude of the excretion rates.

On the other hand, the interpretation of whole-body monitoring
data by kinetic anealysis (Reizenstein et al. 1884, 1988) (Table 7.1
section D) apparently suggests that the late excretion rate is about
0.0362 rer cent per day and a constant value is approached not later
than about 60 - 100 days. This data completely contradicts the

a
ssertion of Reizensiein et al. (1862) that Ya comparison of the

o]

tracer excretion rate with that of unlabelled Blz (0,08 per cent
per day, Table 7.1 section B) shouwed a more rapid tracer excretion

even 3 years after the administration of B indicating that

12’
ecquilibrium had not been reached”n The excretion rate of about

0.036 per cent per day is signi cantly less than those oktained

earlier by these authors and, for reasons presented in Section 7.3,

is almost cextainly an underestimates Further, the detexmination

of the excretion rate of non-lebelled B (Reizenstein, 1¢59) involved
the use of trecer Bl9 ana the assumption Lhdi equilibrium was established

in about 11 days. It seems illogical, therefore, to arcue that equilibrium

is not established even aifter 3 years utilising this data.
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7.3 GExperimental evidence of Heinrich (1964).

The retention of OOCO cyanocobalanin has been measurxed in
three patients over 671 days using a whole body monitor (Heinriéh,
1664).. The data from the individual patients were apparentiy,
pooled and an exponential eguation of best fit was computed for
the data as a whole. Turnover rates calculated by the present
author wusing Heinrich's equation are swmmarised in Table 7.2
Heinrich suggests that metabolic equilibrium is not established
about the 270th day and obtains a final tuxrnover rate of 0.051
per cent per day. On the othexr hand, : these calculations suggest
that at 60 days after administration the final exponential texn
contributes over 830/o of the retention figure at this time.

. The turnover rate at 15C days is ©.067 per cent per day compared
with a final rate of 0.05l per cent per day. Heinrich (1964)
quotes a standard error for Relzenstein's excretion rate of +

38 of/o, and if Heinrich's standard error is of similar magnitude,
it seems reasonable to assume that the rate of loss is constent

within the experimental erroxrs not later than 150 davs.

7.4 TUhole~body monitoring data of other workers.

The retention of 6000»1abelled viteamin B,ﬂ has been measured
in three ncmal subjects, two patients with irrelevant diseases and
eleven patients with pernicious anaemia wp to 668 days (Bozian et
als, 1963) and up to 1100 days (Heyssel et al 1964 and 1966), Rates
of loss obtained are surmarised in Table 7.3. These authors find
that, "during the first several wecks following absorption or injection
of o Co vitamin-Blz, there are wide fluctuatiohs of counts which
probably correspond to redistribution of the vxtanln through various
compartmcnts.“' Further usually after one month and invariably aftex
two months in tne case of injected vitamin Blz' rate of loss from

the body becomes effectlvolj constant.

A similar excretion pattern was observed (Chapter 6) following

intravenous adminigtration of about 5CCOug of 812 in anaemic patients

"‘62"‘




TABLE 7.2

Retention and Excretion Rate of Absorbed Vitamin B,_. in Man (Heinrich,

12
1964) as Calculated by present auwthor: from
Heinrich's equation: Retention (o/o) = 7e"0'072t + 25e'o'028t+ BBe"O'OOOSIt
Days after o/o RETENTION
rtestinal = Co Bl2 1st! 2nd| 3xd TOTAL Exoretion rate (o/o per day)
ibsorption Term| Term | Term
30 0.8 941 | 67,0 76,9 0.45
60 0.l 4,7 | 65.9 70,7 0.24
100 Oel | 1.5764.6 | 66.1 0,11
150 - 0.4 | 68,1 63«5 0,067
200 - 0,1 | 6145 61.6 ' 0,055
250 - - 59.9 59.9 0.052




TABLE 7,3

Exeretion rates observed by Bozian et al (1963).

Patign? ug B12 o/? loss per day ol/o loss per day
condition givei during B12 therapy after B12 therapy
Normal Dietary O.l2 -
Dietary O.15 -
Dietary 0,09 -
Irrelevant | Dietary -+ 65/8 wk 0.23 : 0.21
deseases Dietary C.21 -
8/1 vk 0.15 -
711 wke 0.15 O.14
30/4 wik. 0.1l -
Pernicious 30/4 wk. 0.09 - 0,10
anaemia 45/4 k. 0.14 0.11
45/4 wka 0,16 Q.11
- 60/4 wk. 0.17 -
60/4 wke 0.14 -
60/4 wke | 0,11 -
30/2 wik. 0.13 -
60/2 wik,. 0,12 0.12




and a normal subjeckt, Fig 6.1 and Tables 6.3 and 6.4.
7.5 Rate of loss per day and its probable range:

The final rates of loss per day observed by a number of
workers are sumnarised in Table 7.4 with a note of the measurement
technique. The greater part of fhese data suggest that the range
of rates of loss ig from about 0.1 =~ 0.3 per cent pex day with a
mean of about 0.2 per cent per day. It seems hardly co~incidental
that the three values significantly lower than the remainder are
those principally cited as evidence against the assumpition of
metabolic equilibrivm with respect to excretion. All of the
techngives involved directly or indirectly the use of labelled
vitamin Blz' Clearly, it cannot be shown that one range of
excretion rates is right and the other wrong, but it is possible
to show that one range is more compatible with clinical findingss«
745:1e Significance of the rate of loss in relation to

depletion time:

If the clinical symptoms of vitamin B, . deflciency develop as

soon as the whole body vitamin Bl2 pool fa%is below 10 per cent of
the nomnal value, (Heinrich, 1964), then the time required for
effective depletion c¢an be calculated using the estimated rate of
lossa Canpariscn can then be made with the range of about 1 - 8
vears reported {(Maclean and Sundberg, 1856, Paulson and Harvey, 1954)
for the development of the haematological and/or neurclogical symptcms

of the Bl2 avitaninosis in patients after total gastrectomay.

On the basis of his estimated rate of loss of 0.051 per cent
per day, Heinrich, 1964, has calculated the depletion time as 1764 days
of 4.8 vears, which epparently is in good agrecment with the range
cquoted above. His calculation, however, is based on the assunption
of a linear relationship of retention with time, as he simply divides
19 (= 0.9 x 5000 ug assumed)
by the rate of loss per day (=2.55 ug/day on his assumption of a
vwhole body content of 5000 ug) and obtains 45C0/2.55 = 1764 days.
- In fact, the relationship between retention and time is exponential

- 63 =
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' Final rates of loss of vitamin BlzL

TABLE 7.4

wthor(s)

TECHN IQUE

Final rates of loss

per cent per dav,

vizenstein (1959 a and Db)
vizenstein et al (1962)
izenstein et al (1961)
hn et ale (1962)

zian et al (1963)(1964)
yssel et al (1966)
‘esent work (1967)
asbeck et al (1958)

onkite et al (1959}
hloesser et al (1958)
ass (1958)

izenstein (1959 c¢) and
izenstein et al (1962)

izenstein et al (1964
and 1966)

inrich (1964)

Faecal monitoring-tracer‘ |
WeBuMa = fracer

WeBaMs = tracer

WeBalla = tracer

WeBMo = tracer

WeBuia = tracer

WeBalia = 500 ug labelled

Faecal and urine monitoring
- tracer

dOu
Liver monitoring = labelled
dos

Non=labelled B._ -~ micro=--
blological and Using
tracer Blz'

Kinetie analysis by
computer

WeBaMa ~ tracer

0,08 =~ 0.22

Q.10

0.17

0,17

0.09 « 0.23

0.09 - Oll7

olog - Oulg

0.28

0.23

0.16 = 0421
- 0.08 - 0.46

0.03

0,086

0.051




(or log~linear) and it is necessary to use the basic equation:

ig.; e Nt £or vwhich, at depletion, At/Ao 1s assumed ﬁo equal 1/10th.
i .
Iﬁserting this value and transposing, the depletion time () = InlO

W
. 2:3038. Heinrich's value of A, as the fraction per day, = 0.00081, and

hencékthe depletion time = {2.303/0,00081) = 4,520 days = 12.4 vearss
This period is much longer than that calculated by the author and than
the period (1-8 years) quoted above which he also cites in support of
his calculated depletion time. A similar comment was made by Heyssel
et al (1966)« The analogous calculation for the data of Reizenstein
et al. (1966) suggests that the depletion time would be even longer

(= 5760 days = 15.9 years).

If a depletion time of 1l~8 years is a reasonable estimate, then
the corresponding range for the rate of loss is about 0463 per cent
per day to 0.08 per cent per day. This range is in good agreement
with fthat observed by the majority of workers cited in Table 7.4
while the mean rates of loss of Heinrich and Reizenstein (1964 and
1966) would seem to be underestimates. A similar conclusion can be

dravn with less specific assumnptions.

If the range of whole-body content of vitamin - BlZ in an adult
man is about 2000 to 5C00 ng (Grasbeck, 1959, Adams, 1962 and Grasbeck,
Wyberg and Reizenstein, 1958) and in patients with pernicious anaemia
in relapse is about 200 to 5C0 ng, then the liniting rates of loss

- corresponding to 1 yvear and 8 years dépletion times can be calculated.
Clearly, subjects with an initial content of 2000 and of 5000 pgs who
are depleted at ZOO_pg and 500 ng respectively correspond with Heinrich's
assumption of a 10 per cent level as already discussed. However,
subjects with an initial content of 2OCO'pg who are depleted at 500 ng
can provide a rough estimate of the lowest range to be expected. An
analogous_calculatidn shows that, even with this more favourable
assumption, the range is only 0.38 =« 0.048 per cent per day, so that
the mean rate of loss obtained by Heinrich (0.051 per cent per day)

and by Relzenstein and co~workers (0.036 per cent per day) are at the
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lower limit of this range.
7.6 Discussion:

The only direct experimental evidence reported of a difference
between the rate of excretion from the body of unlabelled and of labelled
vitamin B12 is apparently thalt of Reizenstein et al. (1962). It has
been argued (Section 2.1) that it is impossible for fundamental reasons
to demonstrate a real difference in the experiments described. TFurther,
the final rate of loss from a later analysis of the whole-body monitoring
data (Reizenstein et al 1964 and 1966) is in good agreement with the
estimated rate of loss of non~labelled Blz' Both of these rates of
loss, however, axe significantly less than those observed by all other
authors in Table 7.4 with the exception of Heinrich (1964). None of
the data discussed, including that of Reizenstein et al. and Heinrich,
supports the suggestion that the rate of excretion is not efféctively
constant even after 250 days or longer. Indeed, the data as a whole
suggest that it changes little after relatiVe1§ short times (30 - 60

days or less).

The highexr ranges of excretion rates observed are in remarkable
agreement with those to be expected from the clinical evidence of
depletion times following gastrectomy, while the excretion rates
found by Reizenstein (1959 ¢), Reizenstein et al. {(1964), (1966)
and Heinrich (1964) are much lower giving depletion times greatly
in excess of those reported to date. It seems significant that
it is the data yielding the higher excretion rates which also
supports the assumption.of metabolic¢ equilibriun in a finite
(and short) period of time at least with respect to the excretion

of vitamin Blz'

Heinrich (1964} suggests that the higher values obtained by
Bozian et al (1963) might be due to problems in reproducibility of
these authors' counting geometry. This is.clearly a gross over-
simplification since Reizenstein et al used an almost identical

counting geometry while Heinrich's own counting geometry shows
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increases in the initial counting~rate of over 30 per cent and
variations in consecutive counts of up to about 1O per cent even
after 200 days (Fig 1 (b} of Heinrich, 1964). Indeed, it is the
lower rates of loss which are more coritically affected by counting
errors. oubstituting the excretion rates of 0.04, 0.1l and O.2 per
cent per day in the basic equaltion At/Ao = eikt, it can be calculated
that at 100 days after any chosen reference time, the respective
counting-rates would be about 96 per cent, 90 per cent and 82 per cent
of those at the reference time. The uncertainty in estimating a loss
of only 4 per cent is almost certainly greater than that for losses of

10 to 20 per cent.

If metabolic equilibrium does not occur in a finite time, then,
presumably, the level of body stores and the size of the administered
dose will influence the excretion pattern and the rate of loss. In
anaemic patients, the administered Firacer' dose, if sufficiently
large, may be greater than the totai'body éontent before adininistralbionas
The behaviour of the tracer may then typify that of natural Biz in
nomal subjects oxr, at the ofther extreme, show gross perturbations
compared with natural B12 because the fsteady state'" has been
drastically violated. Bozian et ale. (1963) and Heyssel et al. (1966)
(Table 743) found no difference in excretion patitern or rate or loss
between normal and anaemic subjects with administered doses ranging
from 3 ng to 65 pg totals These doses, however, are small compared
with the total body content even of anaemic patients ( -~ 200 - 500 aug
of vitamin Blz)' Intravenous doses of about SCCO ng of labelled
vitamin B12 were administered to anaemic patients and a noxmal subject
as described in chapter 6. This dose initially is comparable with
the total body content of a nomal subject and about 10-25 times
greater than that of an anaemic subject. The excretion patteirn
and rates of loss (Fig 6.l and Tables 6.3 and 6.4) are virtually
identical for the noxmal subject and the anaemic subjects and apart
from a larger initial excretion which may be explained by the size

of the dose, the data are in excellent agreement with those of Bozian,
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Heyssel and co-workers. Apparently, therefore, neither the size
of body stores nor of the administered dose influences the general
excretion pattern, the time at which tﬁe excretion rate becomes
effectively constant or the final value of the excretion rate.

The assumption that metabolic equilibrium is established in a
camparatively short time may not be the only explanation of these
findings but, in view of the supporting evidence cited earlier,

it would seem to be the most likely explanation.

Reizenstein (1966) implies that a kinetic analysis is needed
"to translate the experimental data (in themselves meaningless)
into physiologically meaningful terms“Ain the study of vitamin B12
metabolism while only for closed syst2ms of for single-pool systems
is the assumption of isotopic equilibrium justified. The kinetic
analysis of Reizenstein et al (1966), however, shows that over 99
per cent of the tracer dose of vitamin Bl2 is contained in a single
pool; which would seem to imply that a kinetic analysis is not
necessary in thils case and that, with the arguments presented above,
the assumption of tracer equilibrium with respect to the excretion of

vitamin B12 is a valid approximation in theory as well as in practice.
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CHAPTER 8: In vivo activation analysis of lodine in the
* thyroid - Preliminary studies and thelr
Adaptation foxr Clinical Trialse

8al1 Introductions:

The 1imita{ions of the indirect methods currently used to
measure the exchangeable iodine conteni of the thyroid and the
importance of knowledge of the intrathyroidal stores of iodine
have already been discussed (Chapter 1 sections 1.3 and le4).

As well as providing a direct method of measurement, in vivo
activation analysis appears even more suitéble for the estimation
of the elemental content of specific organs than of the total body
content. In particular, the estimation of iodine in the thyroid
gland at least has the advantages that the gland is close to the
surface of the body and the irrg&iation area is small canpared
with whole~body ixradiatione. éreliminary experiments were
conducted using neutrons frem the U,T.R. 100 reactor to establish
vhether measurements in vivo would be feasible with an acceptable
radiation dose, subsequently to measure total ilodine levels in
excised glands (Boddy, 1966)s The techniques were subsequently
adapted fox e¢linical trials.

8«2 Preliminary studies:

A horizontal beam tube of the UTR-100 reactor was selected
as the most convenient: facility for preliminary studies. A
- collimatoxr with a shutlter already existed for this beam tube and
elementary measurements with gold foils suggested that & neutron
flux of at least lO7 n/cm2 seo should be obtainable. As thyroid
monitoring was not carrled out at the Centre, apparatus for this
specific purpose had not been established and the prototype whole=

body monitor was the most suitable equipment for measuring the
induced radiocactivity.
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8a2sl Theoretical considerations:
a) Irradiation and induced radioiodine activity:

An estimate of the specific activity of iodine resulting from
irradiation of the thyroid by the beam of neutrons was obtained from

the equation: : 1
S — 0"5 ‘I’ 0, El - ﬁ-o-agailT}
3.7 x10" A

where S = specific activity as no of 1128 per milligram of lodine

? = offeotive neutron flux, in neutrons per cmz per secCa

o = activation cross-section of iodine in bams (= 5.6 barns)
A = Atomic Weight of iodine=}27

t = irradiation time.

T = half-life of iodine=~128 (= 25 min)

At the drxadiation position, the theimal neutron flux was

7 2 1

approximately 2 x 10’ n.om ™. sec”™. TFor an exposure time of, say,

five minutes, the specific activity resulting is about 2m Pc/mgm.

b) Detection.

The prototype whole=hody monitor has a background counting-rate

af about 40 counts per minute over the main lodine=128 photopeak at
Ce46MeVe  Interpolation from results on the 0,51 MeV photopeak of
sodim=22, suggested that for iodine~128 the counting rate would be
approximately 4, 64Ccpm/uc. The § min. irradiation produces aboul
2mpe/mgn so the counting-rate is about 9.2 cpm /mge  The minimum
detectable quantity, defined as the amount of iodine giving the same
numbexr of counts as three times the standard deviation of the background

in the same counting time, is then about 0,65 mgs. for a 10 minute counta

The intexpolation was confixmed by irradiation of ammonium iodide
under the conditions described producint approxs. 8.3 cpm/mgela

8a2.2 Experimental methodss

A water-filled polythene thyroid phantom was irradiated at the
]qiological shield of the ULR-100 reactor using a collimated beam of
neutrons frau a horigzontal beam tube as shown in Fig. 8«4ls The
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Figo 801 0 Irradiation Position
Horizontal Beam Tube



phantem bore either a standard comprising 12 mgs of iodine (as
axmon jum lodide), or an excised human thyroid. Ixrradiation times
were varied from § = 20 minutes and the reactor was operated

at 100 kW.

Counting was carried oul in the prototype whole~body monitoxe.
The neutron energy spectrum was estimated by the use of criticality
dosimetexrs (Dennis JeAe (1964)).

8e2a30 Resul'ts:
a) Estimation of lodine content of a human- thyroid

Fige 8.2 shows the ¢gross gamas-xay spechrum from an excised
human thyroid after neutron irradiation for § minutess The spectrum
clearly shows the principal photopeak of the induced iodine~128
(O.46MeV) and, less prominently the associated peaks at 0.54 MeV,
0475 MeV and 0,99 MeV. |

Peaks due to sodium=24 and chlorine=38 gcour at 1.38 and 1l.64 MeV
respectively and there may be less obvious peaks at about 0.8, l.l and
1.27 MeV possibly attributeble to coppex, magnesium, iron,manganese or

sllicon which are also present, in the thyroid (Health Physics, Vole3.
(1960) ).

‘The iodine content of the gland was calculated by comparing the
area under the 0.46 MeV photopeak with that of the iodine standard
irradiated and counted under similar conditions« Due allowance was made
for the contributions of sodimm=-24 and chlorine=38 in the thyreid's
photopeak by separately counting a prepared source of each isotope.

The 1ntegrated thermal flux to the phantom and thyroid were monltored
1nd1v1dually thh gold foilse

Duplicate measurenents were made in vitro on human thyroids
removed at aufopsy. The results are summarised in Table 8.1. The
jodine content of thyroid I was also measured using a biochemical
method which gave a value of 8.7 mgs. ' '

b) Dosimetxy:

The threshold detectors roughly divide the neutron spectrum
u?On
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into thexmal3intexmediate (0ul2eV~1MeV) approx and fast (IMeV and
above). The results corresponding to a thexmal flux of 2 x 107
n]cmzlsec.'and an irradiation time of 1 minute are presented in

Table 8¢2«

The thyroid dose in a § minute irradiation will be about 3.2
rads With neutron Quality Factors appropriate to acute exposure
the rem dose is aboul 6 rems and with pfoﬁacted exposure values the

rem dose is about 18 rems (see 8.4). This last dose, which is
similar to that received by the thyroid in clinical diagnostic tests
involving administration of about lz‘pcs of iodine~l3l, is a

pessinistic value and almost cextainly represenis an upper limit.

The remainder of the body, being protected to a large extent
by the biological shield of the reactor, would be unlikely to receive

a dose in excess of 100 millirem during the five minute irradiation.

8s2e4e Discussion:

The duplicate in vivo measurements are in good agreement mutually
and thyrold I agrees well with the result from biochemnical assay.

Riggs (Riggs DeS., (1952)}), obtained an iodine content of about
8 mgss for the thyroid gland using chemical methods. In vivo teche-
niques with radioisotopes gave a range of le3~1l8.1l mygs of iodine in
the glands of euthyroid patients (Modine J«H« et al (1957)) and a range

of 0u9-22.6 mgs., with a mean of 9mgms. for similar patients (Wayne E.J.
et al (1964)).

The interference of sodiun~24 and chlorine~38 was not a sexious
embarrassment in the in vitro irradiations, and it seemed likely that
the additional yields of these isotopes in the in vivo studies might
be offset by their removal in blood.

The technique, however, required écme modification before it
could be tested clinically. With a patient, irradiation using the
horizontal beam tube would have been difficult to arrange and make
reproducible. Neutron fluxes of 2 x ;07 nlcmz. sec themal and



TABLE 8.2

Neutron spectrum and Radiation doses.

Radiation ng‘lux -1 | Integrated-glux :ca,ds.n-l. c:m2 Rad
Ne.CIl «» Sec Ne. Cm dose
Thermal n. 2 x10f 1.2 x 107 6.30 x 107+ 0,075
Intermediate ne | 4a7 x 10° 2.8 x 10° 3,55 x 1070 0,098
Fast ne 1.45 x 10° 8.7 x 107 3,62 x 1077 0.32
Gamma, 9r/hr | 0.15




TABLE 843

Approximate estimated doses to remainder of body during irradiation

at the horizontal beam tube.

Part of body Dose as per cent
of thyroid dose.
Thyroid 100
Eyes 20 ~ 30
Gonads § « 10

Feet 1




4.7 % '.LO6 n/cmz. se¢ intemediate were only obtainable with the
reactor at its maximum power, leaving no maxgin in hand for modifying
the flux spectrum and increasing the effective flux without necessarily
increasing the radiation dose to the gland,. These difficulties have
been overcome to a large extent by the use of the central vertical

stringer of the reactor as described in Section 8a3.

VWhile the sensitivity of the prototype whole~body monitor was
remaxkably good, the small dimensions of the detector seemed likely
to lead fto difficulties in reproducing the counting geometry with
patients. Additionally, the heavy comuitments of the monitor in
the whole~body monitoring programmes made allecation of time
difficult. A shadow shield thyroid monitor was designed and
constructed (Chapter 9) to provide a suitable counting arrangement
at least until a large detector could be obtained for the prototype

whole body monitoxr and its performance assessed.

In canpliance with the requirements of thge Site Licence covering
operation of the UILR reactor, a sulmission (Boddy, XK., Wayne, E.J., and
Alexander, W.D., 1965) was made to the Reactor Safety Comittee and

approval was granked for clinical measurements in patienks.
8«3 Adaptation of the irradiation position:

The central vertical stringer of the reactor has the
advantages over the horizontal beam tube that the emergent neukron
flux is about 20 times greater for the same reactor power and re-
producible aligmment of the patient is easier.

A collimator, 57in. in length, was constructed of concrete and
lead in a steel shroud designed to fit closely in the central vertical
stringer. JAn aperture 6 in. x 3 in. extends throughout its length.
The aperture dimensions were selected on the basis of physical
measurements on hospitalised patients (Alexander, W.D. Personal
comuunication, 1965). The patient lies on a moveable bed with the
estimated location of the gland on a neck-rest to predetemmine
positions The bed is moved forward outside of the beam until the
neck~rest is roughly in line with the aperture, when the bed is moved
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sldeways to the irradlation position. A low line of concrete blocks
defines the final position of the bed and this lining-up procedure
avoids passing the patient's head and eyes through the emergent beam.

Fig. 843 is a schematic representation of the irradiation position.
844 Dogimetry =~ thyroid gland:

The neutron energy spectrum was again estimated with threshold
detectors (Dennis, J.A. 1964) and the results are swmarised in Table
8.4 for a reactoxr power of 20 kW,

The energy spectrum of the emergent neutrons is 'hardex", or -
contains a larger proportion of neutrons in the intemediate ehergy
range, than that at the horizontal beam tube (see Table 842}« This is
presumabiy a{tributable to the smaller amount of moderator between the
fuel tanks of the reactor and the cehtral vertical stringer« The
anergent flux per kilowatt of reactox powér is about twice as great
in the themmal and fast xregions and about twelve times greater in the
intemediate region. ‘

Before an estimate of the dose in rem can be made it 1s neceassary
to assume appropriate values for the Quality Factors or Re.B.E. The
threshold detectors roughly divide the neutron spectrum into themal,
intermediate (O.l2eV = 1 MeV approxs) an& fast (1 MeV and above),
(Dennis, JeBe, Personal Communication and "Neutron Dosimebry® Vol. I.
IAEA, 1963). The R.B.E. values foxr protracted low dose-raté exposures
are summarised in Table 8.5 (from N.B.S. Handbook 63, "Protection Against
Neutron Radiation up to 80 MeV'). In the intemmediate region, the
preponderance of neutrons is pfesumably in the middle of the energy
range as the fast and themal fluxes are about equal. A direct mean
R.B.Es of about 7 over the six energy groups of Table 8.5 should
represent a pessimistic value for the R.B.E. In the fast region,
most neulrons are at the lower end of the range and an R.B.E« of 8 is
probably a realistic estimato. |

On the other hand, the thyroid exposure is short (5 minutes)
and the dose~rates are large, compared with life-time exposures of
100 mrem/week as in Table 8¢5 It seems more realistic to assume
- 78 w ‘
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TABLE 844

Radiation Flux Integrated flux Rads o cmz Rad
n/cn”. seec | for 5 min. exposure Dose
n/om
Thermal n 7.4 % 10° 2.2 x 10° 6.30x10™+% 0,14
Intermediate n|1.2 x 107 3.6 x 10° $.55x107+C 1.28
Fast n 6.6 x 10° 2.0 x 10° 3.62x10° 0.72
Carma - 2s4 rad - 2ed




TABLE 8.5

Thermal region

Intermediate region

Fast region

R.B.E. Mev ReBoE. MeV R.B.E,
3 0,0001 2 2.5 8
- 0.,005 2.5 5.0 T
0.02 > Te5 1
Ol 8 10 6.5
045 10

1.0 10.5




that the exposure more closely approximates an acute.exposure for
which different values of R.B.E. are applicable (Report of the R.B.E.
Committee to_the‘International Commission on Radiological Protection
and on Radiological Units and Measurements, reported in full in

Health Physics, Vol« 9 pps 357 - 386, 1963). After discussion of the
available biological dafa, the Committee concludes that "a value of

1l is reasonable foxr bone marrow failurxe and associated'mdrtality. It
seems probable that the value will be highexr, of the orxrder of 2, for
intestinél injury and its associated mortality". Data for "variously
degraded fission spectra' and "simulating an uﬁdergraded fission
spectral are included in*the réview. The present spechtrum is presumably
between these extremes. If the thyroid exposure approximates more
closely to an acute exposure, then an R.B.E. value of 2 in probably
pessimistic. The rem doses equivalent to § minute exposure at 20 kW

are summarised in Table 8.6 for protracted and acute ReB.E. values.

The more pessimistic estimate of the dose is about 18 rem and
probably the more realistic about 7 rems The higher dose is
comparable with that from the routing diagnostic thyxoid wuptake
test using iodine«l3l in which about 12 Je of lodine=-1l3l is
administered resulting in a dose of about 17 rem.

845 Dosimetry - whole-body:

The neutron dose variation along the length of the body was

estimated using gold foils placed at intervals along the moveable

-bade. The bed was then placed in the irradiation position for §

minutes with the reactor at a power of 20 k¥W, The gamma dose was
measured correspondingly, using integrating ionisation chambers and

by dose~rate measurements with an lonisation chamber. Table 8.7 is

a summary of the results expressed as percentages of those at the
mid~line of the neck-rest. The general pattern, as might be expected,
is similar Sor both types of radiation. It can be seen that the dose
to the eyes is unlikely to exceed 10 ofo of the gland dose and the
gonad dose is less than 1 o/o of the gland dose.
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TABLE 8.6

Protracted edposure

Rediation ?:26 Acute exposure
R.B.E. rem dose ReB.E. rem dose
Thermal n. .14 3 ' 0.52 2 0.28
Intermediate n. 1.28 7 8.96 2 2456
Fast n. T 0.72 8 - 5.76 2. 144
Gamma, 244 1 2.4 1 | 2e4
Total = 17.64 Total = 6,68
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846 Doées arising from "the maximum credible accident".

For reactor safety aséessmenﬁs, the maximum credibie accident®
is conventionally defined as the simuitaneous occurrence of an operator
error and two instrument failures. Two cases which probably represent the
limiting situvations of a rapid rise in reactor power and a slow rise in

reactoxr power over the five minute irradiation time ares

a) Sudden insertion of the total available reactivity (O.30/c) =
cperator error:; faillure of autamatic control and variable power

trip - two instrument failures.

b) Slow power rise which is neither noticed nor corrected -
operator exror; failure of autamatic control and variable power-trip =
two instrument failures.

Methoed of calculation:

If the dose-rate at 20 kW is D (x/min) then the integrated dose

due to the excursion is given by D' Lo M t -

- * excursion o

Jda
Do (TeT); vhere t minse is duration of excursion and T mins. is the
period.

The reactox power 1ls initially 20 k¥W and reaches 120 kW before
the fixed safelty channels cause a reactor scram. The power increases
by a factor of 6, equivalent to about l.8 pericdss

The total dose during a normal 1rrad1ation is § % D rem.
Case a) =~ sudden insertion of total excess react1v1ty.

The period resulting from the insertion of O.30/0 reactivity is
approximately 6 secs., Taking the limiting period which might not

trip the period meter of the reactor, causing a scram at 5 seconds
period, as 5.0001 seconds,

Time to shutdown = 1.8 x 5.0001 -+ Shutdown amplifier time ( 1 sec)
= 10.0 seconds approximately.

—z5=. 10,0
Then D _ . =D (5 o 9:0) 27
excursion (o) Ea 0



Do (e® 0 "1 =o.58 x D
12

If the excursion occurred at the end of the irradiation time,
the total dose is S.SSDO or about 10 percent higher than the

anticipated dose.

Case b) = slow rise in power to 120kW duzing 5 min. irradiation:

1«8 periods = § min.
1l period = 2478 min.

= 2.78 (32‘78

excursion - 1) x Do = 14Do

The dose is approximately fourteen ftimes the anticipated steady
- doses

The unrealistic assumptions embodied In both "maximum credible
accidents" require emphasis. No mechanism can be"foreseen which
could lead to the rapid insertion of the total reactivity of the reactor.
A single experiment controlling O.8 ¢/0 reactivity would not allow
criticality. Instantaneous removal of the control rods would
presumably require a simultaneous explosion at the base of both
separate fuel tanks giving a thrust in exactly the right direction for
removal of the rods without causing damage to the tanks and consequent
loss of moderator. A slow rise in power would be detected outwith the
"scram" controls of the reactor. Installed wall monitors in the
Reactoi;Hall produce audible and visual warnings in the Control Room
when a pre~set radiation dose-rate is exceeded. Additionally, the
clinician and physicist, who reamain close to the irradiation position
during patient exposure, continuously monitor the radiation levels
using portable monitors. It is apparent that the "maximun credible
accidents® are certainly highly improbable.

-
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CHAPTER _9: Development and Perfommance of a Thyroid Monitor
of High Sensitivity using a Shadow Shield.

9.1 Introduction:

In the preliminary studies, the prototype monitor was used as
no facility existed at the Centre for monitoring the thyroid gland.
Since a collimated detector (for example, Belcher et al. 1964) did
not appear to have sufficient sensitivity, a shadow=shield thyroid
monitor was developed capable of measgring a few millimicrocuries

of lodine-l28 in a counting-time of ten minutes. Because of the

'longer half-life of ilodine~l38l and the similarity of its principal

gamma ray energy (0.36 MeV) to that of iodine-128 (0,46 MeV), this

" isotope was used for all of the preliminary investigationse.

9,2 Construction of the Monitor:

The reduction of the background counting-rate of a 8 inch
diameter x 38 inch sodium lodide detectoxr in the energy range 0.42 =
0.48 MeV. (pertinent to iodine -128), was investigated with 2 inches
of lead close to the cxrystal and also in the shadow=-shield monitox.
Tables 9.1 a and 9.1 b are a summary of the results. The monitor
was, of necessity, constructed fron materials immediately availabie
on site and the final design is shown without the necke-xest in Fig
9:1e Four inch standard lead bricks foxm a castle, open at the
front, around the detector. The detector is "eollimated" by two
sections of a castle, nomally producing a simple cylindefical
collimator exhending 2.3 inches in front of the crystal face. A
"shadow wall" of four inch lead bricks was constructed 20 inches
from the crystal face leaving sufficient space for the patient
to be seated in front of the detector. Using the criterion that
the centre of the cxystal face should be in the "shadow" of the wall,
Fige 9.2, the dimensions required forx the wall wére caldulated by

elementary geonetry to be about 15 inches on each side of the mid=~line.
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TABLE 9,1.A

Shield ’ opm in range { o/o unshielded
Condition 0e42=0:48 MeV ' counting rate
l. TUnshielded 522 l 100
2« Castle picces only arcund X tal. 210 40
3a In 4% lead castle with “Collimatox™ 50.1 9.6

4. As 3 with shadow-walls T 2244 4.3




TABLE 9.1.B

Reduction of Background Counting~Rate (C.8 - 0.42 MeV).

with size of Shadow = Wall and 4 inches collimation.

. Background
Shadow Wall Condition Counting-rate (cpm)

l. Square of 4 lead bricks 4" thick =

4" on each side of cxystal axis. 7049
2« Sduare of 16 bricks = 8" on each A

side of crystal axis N 48,7
3. Square of 36 bricks = 12" on each 49,7

side of crystal axis. *
4s Square of 64 bricks ~ 16" on each 45.0

side of crystal axis

-




Figo 9olo

Shadow-shield Thyroid Monitor



Fige 9.2,
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This caloulation is clearly a gross over-simplification bult seems

" justified by its effectiveness in practice (Tables 9. a and 9.b)
9.3 Perxfoxmance of the thyroid monitox:

The total error in measurements arise from gecmetrical or

positional variations and the counting statisticse
a) Geometrical variations:
i} Along the main axis of the crystal:

Ampaules containing Oaﬁsépa of iodine = 131 were placed in a
neck phantom at distances of 3% inches to 10% inches from the crystal
face. The countinge-rate in the region of the 0.36 MeV photopeak
was determined for each position, using a TM.Ce 401 pulse helght
analyser. The resulis are summarised in Table 9«2 and shown
graphically as percentages of the counting~rate at 3%'inches from
the crystal in Fig. 9.3 If it is assumed in the first instance
that the geometrical uncertainty on this axis due to individual
differences in the location of the gland or to patient positioning
is approximately jy% inch, then the percentage variations may be
roughly estimated by taking the difference from the mean of adjacent
resultse This has been effected in the penultimate column of Table
Q424

ii) At right angles to the main axis of the orxystal:

The location of the gland may vary from person to person across
the neck as well as in depth. Variations in the horizontal plane
through the crystal axis wexre investigated using a single ampoule of

iodine = 131 at various angles and distances with respect to this
axis (oxr reference line).

The results, expressed as percentages of those on the reference
line at the same perpendicular distances from the crystal face, are
summarised in Table 9.3 and shown graphically in Fig. 9.4. If it is
arbitrarily assumed that this variation may be represented by the
variation of the counting-rate of a point source at 1" j;%“ from the

erystal axis, the variations given in Table 9.2.may be computeds
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TABLE 9,2

i

istance (inches) Net . ; e Sensitivity (uc)
rom ¢rystal face opm Mean & Variation ofo in 10 min. count
1 -
3% 18521 2.9 x 10
: 15449 + 2872 4 18.6
ak 12577 4.2 x 10~
: 10885 + 1692 4 15.8
5 9193 5.8 x 107
o | 8123 + 1070 +  13.2
6% 7052 7.5 x 1072
: 6316 + 736 + 1.6
7% 5579 9.5 x 1074
: 5062 + 517 + 1042
g 4544 1.2 x 1073
. 4127 + 417 + 1041
ok 3709 1.4 x 1073
: 3395 + 314 + 9.3
10% 3081 1.7 x 107
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TABLE 9,3

Angle with xespect : Percentage of counting-rate
to crystal axis on crystal axis at same
(degrees) perpendicular distance fram
cxystal faces

8.0 100

11.5 100

1640 95.5

24,0 80

30'0 52!5

34,0 30

39.0 12,95
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b)  Sensitivity:

The sensitivity of a counting system may be defined as the
activity of a given isolope which produces a count egual to three
times the standard deviation of the background count recoxded in
the same counting~time (Trott 1965)s Tor iodine-13l, taking an
energy range of 0.30-0.42 MeV, the background-rate was 67 counts
per minute. Using the data presented in Table 9.2 and assuning
a counting=-time of 10 minutes, the sensitivity at each distance
froam the crystal face may be calculated. The results are given
in the final column of Table 92«

9,4 Discussion:

The variation with distance from the cxystal face (Table 9.2) is
largest, as might be anticipated, at the closer distances« At working
distances of about § 3/4 inches and greater, the reduction in variation
with distance is scarcely sufficient to off-set the loss of sensitivity.
The variation reduces only from about 13.20/0 to 9.30/0 while sensitivity
worsens by a factor of 3. Variation off the crystal axis at each
distance is smaller than that along the axis, presunably due to the
crystal diameter of 8 inches and “nominal® collimation. At 4 inches
from the crystal face the "off~axls" variation is only 5.3 o/o decreasing
to zero at just over 6 inches. A working distance of 65 inches was

chosen as the best compromilise.

The perfoimance of the monitor may be campared with the recommend-
ations of a Consultants! Meeting on the Calibration and Standardization.
of Thyroid Radioiodine Uptake Measuremenits to the I.A.E.A. (Int. of
appla, Rad. Isotopes 18,167 (1962). The visual field, defined as the
region within which the counting-rate from a point source of 1131 does

.not fall helow 90 ﬁer cent of the wvalue recoxded ai the centre of the
field if the point source is moved at the working distance, should be
preferably 12 and certailnly not greater than 15 cm.in diameter in
adults and proportionately smaller in children (3¢2.1l)s The counting=
rate of the monitor falls to 90 of/o at 20° off the crystal axis and a
visual field 12 cmx in diameter can be shown by simple geometry to
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coincide with the chosen working distance of 6.5 inchess Although
this recommendation is sétisfactorily‘met, the counting=~rate at

this working distance does not decrease beyond the edge of the visual
field as rapidly as suggested in the recommendationse AL la2 and l.4
times the radius of the visual field, the countinge-rate has fallen to
only about 81l of/o and 65 ofc respectively compared with the recommended
values of 50 ofo and 5 o/os This is of minor importance in the in
vivo studies where neutron irradiation is confined almost entirely

to the thyroid gland by collimation of the beam and extrathyroidal

iodine -~ 128 is unlikely to make a signlficant contributione.

If the specific activity of iocdine-128 induced in the gland is
about 2 mue/mg of iodine (Section 842.,1) then the sensitivity of the
monitoxr for iodine-l128 can be roughly estimated by assuming identical
detection efficiency fo; the principal gamma rays of ilodine-l3L (0.36
MeV) and iodine-128 (0.46 MeV). The sensitivity (uc) for iodine-128
can then be obtained by multiplying the appropriate ilodine~l3l sensitivity
in Table 9.2 by the ratio of the respective gamma-ray percentage yieldé‘
per disintegration (viz 80 of/o 170/0 = 4¢7)s The sensitivity in

milligrams of iodine is then: 4.7 x Sensitivity of iodine-13l (Table 9,2) (mpe
2 (mue/ mg.I)

At about 6 inches from the crystal face, the corresponding sensitivity

is about l.5 mge. iodine. This is worse than the prototype monitor by

about a factor of 2 but is about 12 times more sensitive than the
‘diagnostic uptake monitor (Shimmings, Je, Private communication)

routinely used in the hospital. Reproducibility, with xespect to

the patient~cxystal geometry; could be checked more readily than with

a detector of the same size in the prototype whole~body monitor. The
better sensitivity of the latter makes it the method of choice, particularly
" with a large diameter detector where axial alignment is much less critical,
but, in v1ew of whole-bodj nonitoring commitiments, 1ts availability was
limited. The shadow~&hleld thyroid monitor was consequenily used for

the prelimxnary ¢linical trialse
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CHAPTER 10: Clinical Trials of In Vivo Activation Analysis of
Icdine in the Thyrold Gland and Modifications of
the Technique from the Experience Gailned.

10.) Intreduction:

A preliminary sexies of c¢linical trials has been conducted
to exanmine the feasibility of the tedhnique in practice and to
ascertain the problems remaining. Eleven patients with non-toxic
goitre have been examined and the results compared with those fxran
in vivo measurements of exchangeable iodine using the method of
Nodine et al, (1957), in vitro activation measurements on the same

gland following thyroidectomy and biochemical analysis of the excised
glanda

1042 Methods and Materials:
a) Analysis of data:

As discussed in Chapters 1 and 8, neulron irradiation is not
specific in the sense that only the element{s) of interest is
rendered radicactives Experience from the preliminary experiements
suggested that the principal interfering isotopes, produced incidentally,
are sodium~-24 and chloxine-28. To detexmine the amount of jodime preéent

in the gland involves solving an egquation of the foxms

Tel.Ie (ng) EI% (5 I-128 - £ (5 C1-38 = £ 4Na = 24) =

Cl‘Na

whexe Tel.I. = Total intrathyroidal iodine (mg)e

X = cpm/mge of icdine.
% x = Integrated net counting-rate (cpm) in photopeak of isotope X
fy/x = Fractional Compton scatter coefficient of isotcpe X
in photopeak of isctope y.
viz. fY1x % x = Compton contribution of isotope x to the photopeak
enexgy region of isotope ¥y



Clearly, if other isotopes also make a significant contribution
in the iodine ~ 128 photopeak region, further corresponding texms
must be included.

b)  Experimental procedure:

The irradiation situation described in section 8.3 and the
shadow=shield thyroid monitoxr (chapter 9) were used. A five inches
diameter x five inches detector, kindly loaned by Quartz et Silice,

Paris, was available for part of the trials.

For all patients, but the first, an initial background count of
10. min. duration was made, which pemuitted adjustment of the chair
height to align the thyroid gland of the individual patient with the
naeck~rest (crystal mid-line) and which ensured that the gland does
not contain residual iodine-l3l from uptake or similar tests. The
short half-life of iodine-128 (25 min) and the small quantity of iodine=
128 induced imply that preparations and adjustments such as these should

be as complete as possible before irradiation.

Following the background measurement, a small gold foill was
attached by adhesive tape to each side of the neck over the estimated
position of each lobe of the thyroid«. The neutron dose was estimated
by counting the foils in a low-background beta countera Irradiation
times of five minutes at a reactor power of 20 kW were used. The
monitoring foils were removed after irradiation and from 1 to 3
neasurements were made of the induced radioactivity. A standard
sanple, containing a known amount of iodine, and others containing
sodium carbonate and ammonium chloride, were irradiated and monitored
in an identical mannexr. The lodine content of the excised glands
of three patients‘has been estimated by biochemical analysis and, on

two of these glands, by in vitro activation analysise

1t ﬁas assumed, for the first patient that her background
counting rate would be closely similaxr to that of careful phantom
measurenents and, in view of other circumstances, this initial
measurement was dispensed with. That the assumpiion was erxoneous
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became obvious in the first post~irradiation measurement when a
small amount of residual ilodine~l3l could be detected which
obscured the iodine~-128 contribution after the first measurement.
A rough estimate of the total iodine content of the gland could
still be made as shown in Table 10:1s

_ The in vivo results for eight of the patients are presented
in Table 10.2 along with estimates of the exchangeable lodine using
Nodine's method, or of the total iodine content from biochemical

.

analysils of the gland following thyroldectomy«

Table 10:.3 is a sunmary of the in vivo activation analysis
measurements for the two remaining patients, the in vitwo activation
analysis measurements on the glands following thyroidectomy and the

results of biochemical analysis on the excised glandse.

10.4 Discussion:

a) Comparison of activation analysis measurements with those
using other methods and the possible significance of differences
in the results:

The. estimated range of the iodine content of the thyroid
gland was suggested (see 8.2.4) as about 0.9 - 22«6 mg. The results
Of in vivo activation analysis all fall within these limits (range
248 = 1444 1ig).

With the excepilon of patient B, all of the activation analysis
results are greater than those from Nodine's method. This is to be
expected since {he present method measures the total lodine content
wnile that of Nodine measures only the ex&hangeable iodines Purther
the ratio of total to exchangeable iodine is not constant which, if
this finding is confirmed, implies that the measurement of exchangeable
icdine gives no informmation relating to the total iodine content. The
assumption of a mean level of intrathyroidél stores is clearly not
justified so that the lodine-l3Ll uptake test would appear to be entirely
empirical, at least in the present patients.

The in vivo and in vitro activation amalysis results for patients
- 83 =
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G and Ha (Table 10.3) are in good agreement bearing in mind that

about 75 =« 90 o/o of the gland is removed in thyroidectomy.
Consequently, the in vitro activation analysis result and that of
biochanical analysis should always be proportionately less than the

in vive result. The foil correction factor is unusuaglly large for
patient Ha but this was not entirely unexpected as the patient was

known to have moved during irradiation. Nevertheless, the in vivo
result is compatible with the in vitxo estimates on the excised gland.
Excellent agreement was obtained between the in vivo, in vitro and
biochemical analysis results forxr patient C. The agreement between the
results of in vivo activetion analysis and biochemical analysis is
reasonable also for patient Mic. (Table 10.2) since, again, fthe complete
gland was not ramnoved. Although the resulis of both activation methods
are in good agreemeni for patient Ha, biochemical analysis produced
significantly smaller estimates which were mutually in excellent agree-

ment. The possible reasons for this discrepancy have been investigated.

b) Experimental difficulties and sources of erxor:

If bilochemical analysis undesrestimates the iodine content, the
two most probable explanations might be incomplete oxidation of the
tissue so that all of the iodine is not liberated or iodine losses
in dilution, ete. Both causes have been examined with negative
findings, although an additional oxidation stage produced an increase
in one result of about 7 ofo.

Experience with the in vivo activation analysis technique
showed that the effect of the emergeni beam and residual radiation
from the central verhical stringer of the reactor on the monitor
background was more pronounced than when using the horizontal beam
tubes This may be accounted for almost entirely by the absence
of a beam trap which would have been difficult to arxrrange and would
have increased'fhe patient dose because of backe-scatter. The
conditions were examined for each in vivo measurement to detemmine

the appropriate background counting-rate as far as possibles
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The advantage of the higher counting-rates obtained with the
5 inches x 5 inches detector was off-set to same extent by gain
drift shown to be associated with the'photomultiplier. Since
the principal photopeak of iodine-128 has an energy of 0.46 MeV
which is close to the annihilabtion peak at 0.51 MeV, gain stability
is vexry important and mexits even morxre attention than it received in

the presenl studies.

The interference of sodium-24 and chlorine-~38 was not a
serious problem but it was clearly a source of @rror which could
be diminished if the guantities of these isotopes could be
reduced (see 10.5)a

The estimated quantities of total iodine appear too great
from in vivo measurements compared with biochemical analysise
Standards wexre checked For reproducibilitye The gland was
unlikely *to have smaller dimensions than the ampoules used for
the standards and comparison with the excised glands confimmed
this conclusion. Neutron flux depression due to self-shielding
ywould consequently be less for the standard and should lead to an
under-estimate rather than an overestimate of the iodine content.
Positioning of the phantom containing the standard in the emergent
collimated beam could ocbviously be achieved more precisely and easily
than could the patient’s gland. A reduced neutron exposure of the
patient's gland, however, would again yield an underestimate of its
iodine content. Similarly; positioning of the patient at the monitor
would lead to a low value. The only likely cause of an over-estimate
of the gland's content appears to be contributions in the iodine~128
photopeak from incidental isotopes apart from sodium-24 and chlorine=-
38 for which allowance is already made« The gross spectrum of patient
H is shown in Fig. 10.1 and inspection has failed to suggest what, 1if
any, other isotopes may be contributing significantly. At the present
time, no single factor can be cited as the principal cause of the

difference in the estimates from the activation and biochemical analyses.

10.5 Subsequent improvements in the techniques:
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a) Reduction of the post~irradiation dese-rates:

A lead plug has been specially designed and constructed to
fit the collimator. The plug, some eight inches deep, can easily
be inserted, using the reactor crane, during the transil time of

the patient to the monitox.
b) Modification of the neutron spectrum:

Examination of the variation of the iodine-127 neutron capture
eross=section with neutron energy shows that large resonances occur
between about 0.1 eV and 100 eV which presumably make a highly
significant contribution to the total iodine~128 produced on
irradiation. Sodium and chlorine cross=sections do not have
equivalent resonances and the majorxrity of induced sodium-24 and
chlorine=38 is due 1o neutrons in the themal energy regions A
simple method of modifying the neutron spectrum to take advantage
of the differences in cross~section bechavioux appeared to be that
of Introducing an absorbker, such as cadnium or boron, which is '"black!,
oxr has a huge capture crosse~section, for neutrons of themal enérgiesg-
but for which the “cuL~off", or fall in cross=~section, is extremely
rapid at about 0.14eVa Sfudies have been carried oul to test the

effectiveness of this procedure.

Standard samples containing iodine or sodium or chlorine were
prepared. & standard of each element was irradiated, using the
collimater, by the uwmodified neutron spectium and then with a
cadnium absorber in the beam and then a boren absorber. The
counting~rates, in the appropriate photopeak energy ranges, were
measured using the shadow-shield thyroid monitors The results are

sumarised in Table 10.4.

It can be seen that, as predicted, the amount of iodine~128
induced is affected much less significantly than the amounts of
chloxine~38 and sodium =~ 24 which are reduced to about 10 - 20 o/o
of the amounts produced using the unmedified spectrume. If the

"advantage factor! for cach absorber is assumed to be the counting=~
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ralte of iodine-128 expressed as a percentage of the counting-rate

vith the unmodified spectrum divided by the equivalent percentage

for each of the other isotopes, then boron is slightly better than
cadmiunm but it also reduces the iodine-l28 counting-rate to a

greater extent. This latter feature needs careful consideraltion

since it involves a greater sacrifice in sensitivitye In view of the
promissof this procedure, its effect on the neutron spectrum, and hence
the radiation doses, was - examined usiné threshold detectors (Dennis,
JaAo, 1964). The results are sumnarised in Table 10.5 with the
corresponding neutron doses. The thermmal neutron flux is reduced

to a negligivle level with cadmiun and boron absorbers in the

energent beam. However, the total neutron dose is not greatly
reduced. Excellent agreement was obtained with the threshold
detector measurements of neutron dose and confiimatory measurements
using a R counter (Bnderson, I.0. and Braun, 1963). This counter
reads in rem units using protracted low-level R.B.E.s. At a reactor
power of 100 watts and with boron or cadmiuwm in the beam, the corrected
dose~rate was 0.83 rem/hr. The corresponding integrated dose for a

five minute exposure at 20 kW is 13:8 reme.

¢) Monitoring technigues:

In response to a grant application, the Hospital Endowments
Research Trust has kindly agreed to provide a sodium icdide detector
assenbly ll% inches diameter x 4 inches for the prototype monitor.
Consequently, the monitoring time per patient will be reduced. If
the availability of MERLIN off-sels the anticipated increase in the
body-monitoring programme of the prototype monitor, then it should
be possible to utilise the monitor in the in vivo activation analysis
studies also. In anticipation, preliminary measurements were made
using'ﬁERLENn With the monitor in the scanning-bed gecmetry and
the detector protruding through the steel plate (by 1 8/4 inches),

a lead wall was constructed across the monitor to reduce the back-
grounda counting rates Stendards containing 10 mga., 5 mg., and 1
mg., of iodine were irradiated and monitored. The mean counting-

rate per milligram of lodine was 28 cpm/mg. and the background
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counting-rate was about 180 cpme. The sensitivity (Trott, 1965) for
a counting~time of 10 minutes is then about 0.46 mg. of iodine. This
is significantly betlter than the thyroid monitor and, with the larger

detector, off~axial reproducibility should not prove 1o be a problems

10:5 Summarys:

The preliminary clinical trials have shoun the feasibility of
the technique and significant improvements have been made in the light
of this experience and subsequent experimentation. With delivery of
the second larxge detectox, fufﬁher in vitro measuraments on excised
glands followed by biochemical analysis are proposeds The cause(s)
of the small, bult significant, difference observed in the icdine
content as estimated by the two methods may then be apparent or
eliminated. Satisfactory conclusion of these investigations will

be followed by the clinical application of the techniquea-
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APPERDIX T

Asl Intrecduction:

Blementary theoretical calculation of the initial MERLIN shielding.

The construction and pexformance of the prototype monitor led
to the conclusion that the shield weight was excessive as the final
stages of the base and walls provided little further reduction in
the background counting-rate. It was apparent that the shielding

Y

in the vicinity of the detector was of principal importance. A
falrly complicated and rigorecus theoretical treatment, aimed at
optimising the shield for MERLIN seemed scarcely justifiable in
view of the experimental approach for the prototype shield and
the amount of data, and possikly computer ftime, likely to be
needed in a sophisticated analysis. Consecuently, a highly
approximate, but reasonably effective, "line of vision" analysis
was developed the fundamental assumptions of which weré that the
centre of the detecltor face could "see" incoming gamma rayvs only
after theixr passage through the chosen thickness of lead and that,
secondly, gamna rays reaching the detector travelled in straight
lines to do sce The first asswmption is clearly a gross oversimpli-
fication of fthe conditions in which an optimum is approached while
the second assumption is strictly applicable only for those gamma
rays passing through the shield without being scatteredd The
principal justification of the analysis is the surprisingly good
agreement between the resullts it yilelds and those obtained
experimentally {(for example, Chapter 9, Tables 9.1l.A and 9.1.B),

vihile the mathematics it employs are extremely elementary

The criterion was adopted of an "effective! thickness of lead
of 6 inches, with the exception of the turret where the weight increase

(frem 4 inches thickness) and the complexity of construction were impracticable.

2 ¥ a)
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Bo2a Crystal height in steel plate:

The steel supporting plate provides "collimation™ or a partial
shielde In accordance with above critdria, the height of the
crystal face above the base of the steel plate should be such that
the centre of the crystal cannot “sece" beyond, or is in the "shadow!
of the bases, This situation is showd schematically in Fige Asl. °
Asgsuning that a lead base of a total length of 12 fte is adequate,

then;

CE = 7vau
CB = AD'= Crystal radius = 5.75"
»"o BE = £6,25% . )
FB = 14" (as in the prototype monitor)
e DF = FBx AD = _ 14 x 5,75 =1,22"
BE 66,25

Required height above base of steel plate = l.22".

Ac3s Base equivalent to six inches of lead:

Although the actual thickness of the base may be only 4 inches
or 2 inches of lead, the Yeffective" oblique thickness al some
distance along the base is 6 inches (see Figs. A.2 and A.3.). The
thickness of the base directly beneath the detector must be six
inches but at these distances the actual thickness can be reduced
to 4 inches and 2 inches thus saving shield weight, while the

Teffective® thickness is never less than 6 inches.

The limiting positions are i) the centre line of the base and
ii) at the ouwter wall.

i)  On centre line of base (Fig. A.2)
. AC = Cxystal face to floor = 18%

AK = Crystal face To top of base = 18% - 4% or 2V,

FGC = Base thickness = 4% or 2. * : "
FE = "Zauivalent” thickiess °
XE = Distance at which base thickness can be reducede.



Wl

ll
i

GE = (FE* = FG2):

and KF = AX x GE

FG
Hence for 4" base, XF = 179
and for 2% base, KI' = 48%

- ~

ii) At outer wall (Fig. Au3.)

BC = Half base width = 12V

ON = Actual base thicknesd (4% or 29)
W = WEquivalent" thickness ="6" B
MO = (% - ON%)E )
Qf = AC x MO

e, o 1
Bl = (° « BC*)® and M =110 =x BM

M
so that BP = reguired distance = B -~ PM

i

PRRY
1‘::2

and foxr 2% base, BP = 48"~

-~ -

Hence for 4% base, BP

This difference between the distances in the two cases is small,
amounting to a saving of only about 3 of the four inches standaxrd
bricks. To attewpt to "stagger" the bricks was, therefore; not

considered worthwhiles ° °

Aed,  Wall height: (Fig. A.4.)

With the crystal ai the calculated height above the base of the
supporting wlate, the distances for wall heights over which the
crystal face centxre cannot Ysee' were computed as follows:

AB = Crystal ht. above top of wall = (18.22 -Rh*}"
EF = Crystal hi. above base of plate = l.22% -~

AE = Crystal radius = 5,78&% °
AC = Half base width = 12"~
BD = 4B » iR )

1
LF and CD = (BD® + BG2)Z



BEoSa Wall thickness: {(Fig. A.5)

The mogt pessimistic caleulation of the distances alt which the
rath lengiths through 4" and 2" wall thicknesses are egual to 6% is
made by assuning a congtant wall height egual to that of the civstale.
All positions of the wall, other than the top, then have an eguivalent
thickness greater than 6 and the weight difference compared with

distances for mid-wall o base of wall are again trivial.

AB = Hzlf base width = 13"

BC = EG = Actual wall “‘ch-iclcness = 4% ox 2% -
FE = Equivalent thickness = 6% - -
P6 = (¥EZ . EG%)% ~
and BFF = FGC x AB

GE

Thickness ' Distance f

41 : 13,41 é\

25 | g3.ot
BaBe Swmmary:

The shield based on these calculations is shown diagrammatically
in Pige 3ul: Tendexs were requested for this configuration but
N

with maximun flexibility for subseguent modification.
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