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SUMMARY

The relative dnsensitivity of standerd radiologicel methods
in the diagnosis of early metastatic disease of the skeleton is
well recogniseds The development iu the 1960%'s of isolope bone

858r, 87mﬂr and 1&? permitted the earlicr and

seanwing using
morve accurate diaghesia of malignent involvement of boney bub as
none of these radionuclides was ideal the technique of bone
scomming has not been opﬁimally applied in clivnical medicine and
surgerye In 1972 and 1973, new radiophermaceuticals were
developed which have made available to all hospitals with even
limited facilities the capacity to obiain high quality bone
scans. These new radiopharmaceuticals ave the 99mmc labelled
phosphates. This thesis describes the laboratory and elinical
evaluation of the available gngc phosphate compoundse

The introductory section describes the principle of the
bone scan and how it differs from the vadiograph. Thewve follows
a description of the conventlonel bone scanming agents sﬁsr,
87m3r and 18F, and a brief discussion of the disadvantages of
each of these nuclidess The development of the 99mTc phosphates

i then described and the relevant physical ond chemical pro-

perties of these agents is sunmarised.



The choice of which of the available gngc phosphates,
othane hydvoxy diphosphonate, pyrophosphate, polyphosphate and
monofluorophosphate, is the most sultable agent depends on a
comparison of their pharmacological properties, as they arve all
very similay chemically and all uiilise the same radionuclide,
ggmmc. The second sectlon of the thesis describes a detailed
gquantilative comparison of the pharmacologicel properties of
each compounds Several new investigative techmiques were
developed for this study and these techuniques are described in
debeils On the basis of the couparative studies, it was conw
cluded that ethane hydroxy diphosphonate is the most fovourable
agent, because of the higher targetsbackground ratios it prow
vides, and becoause of its more rapid blood cleavance, greater
urinary axcretion and lower whole body wretenilons

A detalled evaluation of the in vitro and in vivo properiies
of ethane hydroxy divhosvhonate is then describeds The dn vitro
propexiies studied ave those which ave of Jmportance to {he use
of the compound in routine clinical use., It was ccmcluded that
the compound is vexry flexible amd that high quelity lmages can
be obtained despite the variation du presentation, labelling and
injection procedures which may occur in a busy Department of
Nuclear Modicine.

The in vivo experiments performed in volunteer subjects and

in patients with known bony metastases demonstrate that E.d.D.P.
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clearly satisfies the importanit biological criteria necemsary
for a satisfactory bone scanning agent, nomely
(1) wrapid skeletal uptake of o significant
proportion of the adminlstered activiity.
{2) skeletal binding which is frreversible,
in the short berm al leaste.
(%) higher upteke in tumour-involved comparved
with normal bone,
(4) no significent retention in soft tiscue.
(5) ropid urinavy excretlon of the diphosphonaibe
not taken up by bone.

(6) lack of toxicilye.

The clinical sections of the thesis arve lntroduced with o
discussion of the problems of technigue and scem interpretation

ggmwc phosphates. The

which ave particulavily relevant to the
study performed Lo assess the sensitivity and clinical value of
the 99“@3 phosphate bone scan in patients with malignemt discase
is then descxibeds three hundred and soventy two patlents and
7% conbrol subjects were studied and the resulls support the
conclusion that the 99mTc phosphate bone scan allows eavliey
and move acecurate idenbifilcation of bone metasbases then the
radiograph. If the bone scan is read with all clivical details

and the vesultsc of complementary vadiographs avallable, the

incidence of false positive resulis is accepiably love
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The application of the 99mTe vhosphate bone scayn to the
preoperative staging and clinical follow up of patients with
orimaxy breast cancer is described in the next section. The
high incidence of bony metasteses in patients with breast cancer
is well vecognised and the value of a technigue which permits
the ddentification of metastases in asymptomatic patients with
normal radiograpbs s potentially great. Provious studies
with strontiom and flvorine have suggested that aboul 204 of
patients with sppavently curable breast cencer (Stages I and
IL1) have bone metastases at the time of fivet presenbation, amd
a similer incidence of oceuli metostases was observed in our
study using ggmmc rhosphates. The ¢linical importance of this
atudy is discusseods

The thesis concludes with a brief discussion of future
developments in the use of isotope methods in the study of
nalignant disease of the skeleton. Technigel improvements in
scanuing eguipment and availeble radiophavmaceunticals have been
glgnificant, and the need now is for cribical clinical studies
which utilise the isotope bone scen to iwmprove the disgnosis

ond memagement of patients with melignant discase of the skeleton.
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SECTION 1. INTRODUCTION

A,  GENERAL

"Nuclear medicine procedures are very useful in certain types
of cancer, The procedures are simple and not hazardons to the
patientsy they provide both structural and physiologic information
that can be quantified readily, and they aid in determining therapy
and essessing its values Betber imaging devices, inproved radio=
pharmaceutical preparations, and new diagnostic technigues will
bring expansion of this field" (James and Wagner, 1970).

The above statement was remarkably prophetic, predicting as
it did the general expansion of nuclear mediecine techniques in the
investigation of malignant disecase. During the past 3 years there
has been a great increase in the use of one particular nuclear
medicine technique, radionuclide bone scanning, in the investigation
of patients with cancer. The reasons for the increased use of the
bone sean are Liretly, the developument of high resolution total
body imaging devices (rectilinear scammers ond gammns cameras) which
permit the detailed study of a large avea of the patient within a
relatively short period of time. Of greater and more specific
importenee, hovever, has been the introduction of a new group of
vadiopbarmaceuticals, the gngc labelled phosphates, which are

excellent bone scamning agents. Mris thesis describes the
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laboratory and clinical evaluvation of the 99mTc phosphatess
In this introductory section are described the principles
of the bone scan and radiographe The properiies and dlsadvanm

85 B?MS

tages of the conventional bone scanning agenis ~Sir, » and

18?, ave discussed and the development of aliernative agents is
then describeds A brief summary of the availeble infoxmailon
regarding the physical and chemical progerbies of the most
promising of the alternative bone scamning agents, the 99m§c
phosphates, is then given.

8§Sr (Fleming

Tollowing the introduction of bone scanning with
ot al, 1961) there have been many rveports of the clinicel use of
isotope bone scammding in the study of patients with sﬁgpeaﬁed
bone metashases. Ealensive experience has now been obtained
with 855r (Charkes and Sklaroff, 196k Sklaroff and Chavkes,
19603 Brjavie, 10653 Simpson end Orange, 1965; De Nerdo, 19603
De Nardo emd Volpe, 1966; Chavkes et al, 19665 Brigss, 19673
Parsons et al, 1969; Gnekow et al, 1972), with 87m6r (Charkes
et al, 19643 Neckelnburg, 19643 Spencer ef al, 1967; Sanmels,

18F {Blau

19713 Samer, 1971; Scobtt and Adams, 197%), and with
et al, 1962; TFrench and McReady, 1967; Calasko et al, 19683
Harmer et al, 19693 Hopkins et al, 1972).

On the basis of these studies the bone scan has been accepted

as the most sensitive indicator of early mebastatic involvement

of the skoleton, and is the investigation of first cholce in the



investigation of suspected bone metastases iu patilents w:i:i:lri primary
cancer (De Nawdo, 19683 Charkes, 19703 Verdon et al, 19713 De
Naydo et al, 1972). This sta'bém@m; is particularly true of those
vatients with cancers which have a knowm prediliction to metaste
asize to bong, particularly carcinoma of the breast (Sklaroff and
Charkes, 19683 | Galasko, 19693 Rubin and Ciccio, 1969), carcinome
of the prostate (Faber et al, 19673 wWilliaus and Blahd, 19673
Morgan and Mills, 196835 Roy et al, 1971) and lymphoma (Weber et
aly 1968; Herbert and Ashburn, 1968).
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Be PRINCIPLE OF THE RADIOGRAPH AND SCAN

The bone scan is more accurate and sensitive than the skeletal
rvadiograph because of the diffevent prineiples on vhich each is
baseds Overall the radiograph indicates the net wesult of bhone
destruction and vepair while the scen indicates the dynamic yes=
ponse of bone to twmour invesion (Charkes et al, 19663 Charkes
et al, 1968).

when tumour cells invade bone they produce two basic effects:
bone destruction, and an osteoblastic reaction which represents
attempts by the surrounding bone to repaly the destructive effects
(Milch and Changus, 1956). The radiograph demonsitrates both
processes « bone destruction is seen as radiolucencies (osteolytic
areas) snd bone repeir as radlodensities (osteosclerotic aveas).
Bone destruction must be advenced before any abnormelity s ceen
on the vadiogreph: the itrabecular bone of the awxial skeleton is
the commonest site for bone metastases (Jaffe, 1950)s A denw
truetive lesion in trabecular bone wmust be greater than 1~l.5 om
in diameter, and there must be a loss of approximately 507 of
bone mineral before vadiolucencies will be apparceni on a cone
ventional radiograph (Borak, 19423 Shackman and Harrison, 19483
Edelstyn eb al, 1967). Rarly in bone vepair, insufficlent

wombers of calcivm atoms have been lald down to be visuvaliszed



vadlographically as yadiodensities. Por these reasons the shkeletal
radiograph 1s nomal during the early phase 6£ tunouwr involvenent.

The bone scan is based on an entirely difforent principle to
the radiograph. ‘The scan is independent of bone destruction, but
depends on the reaction of the bone to tumour invasion. The local
increase in bone bleood flow and increased production of hydroxye
apatite crystals following tumour invasion is demonstrated by the
locally increased conceptration of a gammawemitting bone seeking
miclide or radiophermaceutical administered to the patient. The
increased concentration of boné sconning agent is recorded as a
"hot spott by an appropriate detecting system, such as a recbiw
linear scanmer or gamma camera (Figure I.1). It is important to
note that the incremsed concentration of tracer is nob due to or
directly dependent on the metabolism of the tumour cells themselves,
but is directly related to the local changes in bone metabolism
consequent upon tumour invasion.

Eorly in bone invasion by tumour, bone destruction is not
marked enough to be visible radiographicallys. At this time early
bone repair can be detected by bone seanning although radiodensities
are not visible radiographicallye. A positive bone scan may, there-
fore, be associated with normal radlographse As the tﬁmour PROw
grosses, the bone destruction it causes will become visible on the
radiograph as radiolucencies (osteolytic lesions). In these

circunstonces bone reaction iz considerable, and the bone scan is



w b ow

also strongly positive, If the tumour does noh progress caleium
will be laid down during the healing process in such quandibies
thet radiodensitles (selerotic arecas) will be visible radiow
graphically. At this stege bobth investigatlons ave positive.
Eventually, if the lesion heale completely, there is extensive
caloification producing a dense appearance on the radiograph.

At this stage the bone soan may be normal.

As the bone scan depends on the metabolic reaction of the
bone, it is cleor that in the sbsence of bone reaction to tumour
invasion, the scan may be normal despite radiographic evidence
of bone destructione This oceurs infrequently (in less than
%95 of cases) but is particularly likely in some cases of myeloma,
in cases of rapidly mrowing anaplastic carcinoms ov conversely in
cases of indolent tumours such as thyroid canger (Chavkesm, 1970).
Tf bone destruction is extensive (Goergen et al, 197%), or if
bone metabolism is modified by radiothevapy (Cox, 1974b) a “cold!
area may be visible, corresponding to the area of diminished bone
activitye

Tt is olear that the techniques of bone scanming and skeletal
rediology are in many instances complementary and meximum diage
nostic information can be oblained by pexforming both studies.



C. DBONE SEERING RADIONUCLIDES

(1) Historical

The first clinical demonstration of the losalisation of radio=
nuclides in bone was the development of bone necrosis, osteomyelitis
and bone tumours in radium dial workers. It was recopnised thai
these diseases of the skeleton resulted fvom chronic ingeation of
radimn vhich was deposited in bone and produced intenso loeal
dxvadiation (Blum, 19243 TLooney, 1954).

The firet rodionuelide speciffically used in the investigation
of the skeleton was - 2 (Chicwitz and Hevesy, 19%5)e The ideal
bone seeking agend would be a radionuelide of calciume. Theve is,
however, no suitable radlonuclide of caleiwn for use as a bone
geanning agents 476:9. is the only gomme emibting nuclide of caleium,
and the 1L.31 MeV gamme rays it produces aye of too high on energy
to be detected efficiently with available scanning systems (Verdon
et al, 1971), although ocxternal counting techniques have heen used
successinlly with Wca in the study of patlents with bone tumours
(Bauer and Wendeberg, 1959:; Greenberpg et al, 1961), The gamma
enissions of Scandiumel?, the daughter product of WG& (Toylor,
1966) hove been used for bone scintigraphy using the gama camera
(Basse~Cathalinat et al, 1968). In general, hovever, 1}7% is
considered unsuitable as a bone scanning agent, and allernabive

agents have been sought.



Wlenents which behave biologiecally in a mammer similar to
ealoius were investigated, and the bone seeking properties of
Strontium bave been extensively studieds The deposition of
8981*, a pure ﬁ wemitter, in active ostecgenic aveas in normal
hone and osteogenic sarcoma was demonstrated in 1942 (Treadwell
ot al, 1942). Clinical application of this fact was delayed
untdl a suiteble radionuclide of Strontium became available
Bauwer and Rey (1958) showed thatb 85.‘53? bebaved blologically in
a similer monner to calcium, and that it would exchange with
caloium in the calcium bydroxy-apatite crystal of honos 85{5r
was subsequently used to obtmin point cownting guantitetive
date in patients with bone metastases (Bouer and Vendeberg, 19593
Gynning et al, 1961). Tollowing these studies, radionuclide
visualisation of bone (bone scanning) was introduced using 83 Sr
(Pleming et al, 1961) and asnother nuclide of strontlum, 87m$r
(Chiarkes ot al, 1964).

Another radionuclide vhich localises in the hydroxy-apatite

18

crystal is ““Fi fluoride ioms exchange nob with celeium but with

the hydroxyl ions in hydroxy-apatite, and the clinical usefulness

of 18Fwﬂuorid.e was f£irst demonstrated in 1962 (Blew et al, 1962).

81? have been extensively

During the past 10 years 85 a1y 8’7er and x
wsed as bone scanning agents despite certain disadvantages and

Iimitations associated with thelr use.



(2) Strontinm=85

85$x is a pure gamma emitter and its 513 KeV photon may be
detected by rectilineer scanmer and gemme camera systems. The
importent studies which established the principles and pathow
logical basis of the bone scan were performed with 853r (Chaxkes
et al, 19665 Charkes et al, 1968) despite the significent
limitations on its use due to relatively unfavourable physical
characteristics. The long physical half life of 8 gr (64 days)
and the long biologiecal half 1ife of minerals in the skeleton
resulld in a relatively high dose to The skeleoton and the U.S.
Atomic Enerpy Commission restricte the use of the nuclide to
adult patients with known malignant disease (Verdon ot al, 1971)e
The meximum permissible injected activity of 100 uGi gives a lw
photon flux resulbing in low information density on the Selnlem
scan and o long scamning time is required. Gastrointestinal
excretion of the nuelide may be confused with lesions of the
lumbar spine or pelvis, and cleansing of the bowel with laxas

tives or ensmata is usually requived prior to scannings

(3) Strontium=87m

Because of the long physical half iife of 8533. alternative

nuclides of Strontium were considered, and 87m5r was introduced

(Charkes et al, 296%), 1Its biological behaviour is identical

to thet of 85Sr but the physical half life of 87msr is only 2.8

%
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hours compared with 64 days for ~~Sre r iz produced from a
Yetriume-strontivn generator, and emits a 388 KeV gamme ray which
is readily collimated and therefore vory culteble for both rectim
1iﬁea:r scomers and gamma cameras (Bell, 1972). The sho;ct
thysical half life of 87er means %:hm: the restrictions on the

85 8%

use of m&r, and the latter has been used

Sr do not apply %o
in childrven (Samuels, 1972). Tavge activities of 87m8x (1=3

mei) can be injected and scons with a high juformation density
can therefore be obtained with a relatively short patient scanning
time (Volpe, 1971).

BVer remaing the slow blood clear-

The main disadvantage of
ance of the nuclide. High background activities in the blood
and soft tlssues results in low target/background ratlos and
relatively poor visualisation of noxmal and pathological bone
until many hours after injection (Weber et al, 1969). The high
blood and extrawcellular fluid activities shortly after injection
of 82 Moy may lead to errvoneous false-positive diagnoses, or the
visualisation of non~bony tumours (Charkes, 1969). The slow
blood and soft tissuve clearance of 8‘?er limits its clinical use=
fulness, as the short physical half life precludes waiting until
background levels are low, vhen optimum tergettbackground ratios

would he obtainedes

(%) Ilucrine-18

0f the three most widely used bone sconning agents, 85 Sre

BVer and 18:5', 1'81?‘ is in wany respects the most sultable. I



is veactor produced, by the neutron irrvadistion of 6I;ﬁ.wenriched
Tithium carbonate (Thomas et al, 1966)s Whore availsble, oyclow
trons provide a more convenient and effective method for the
production of large quentities of pure laﬂ'umuaridm The usual
cyclotron method is the bombardment of pyrogen fyee waler wilth
30 MeV ol »particles (Clavk and Silvester, 1966)s  The resulting

mwelide is cbitained cavrier frec. 13}3‘

has a very shovt physieal
half life (L83 hours), decaying by positron (ﬁ" ) emissions In
most centres, either o rectilinear scamner (Dunson et al, 1973)
or a gomma camera with additional ecollimation (Calasko eb al,
1968) is used to detect the 511 KoV swmihilabion photons resulie
ing from the positvon emission. Those nuelear medicine conbres

18

with positron cameras may find TP particulerly suitable (Bleu

e'ﬁ; al‘ 19‘?2)0

85 87m » i

The superiority of leﬂ' when compared with “Sr and
due to its more favourable biological properiies, in particular
the rapid cleavauce from the body of the fluoride jon not taken
up by bone. Because of the rapid vrinary exerelion of 3’8}."‘,

blood and soft tissve levels ave low, and targebsbackground ratios

813‘ are higher than these cbinined with the suclides

obtained with 1
of Strontium (Weber ot al, 1969). 181? is administered inlyas
venously as sodium fivoride in saline solution and the sebivity
routinely injected is 2 wCi (Blaw et aly 1972)e The aduinistored

activity ie limited more by expense and avaeillability than by
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Wy 40 ite short

radiation dosc. The main disadvantage with
physical half life which together with its cyclotron production,
severely limits ite use, due to expense and difficulty with
disbribubtion. In the United Kingdom its use is vestricted to

the Greater Londoun Ares.

{(5) Devclopment of Alternative Asents for Skeletel TYwaging

Ass described above, the conventional agents used for hone

[ [
imaging, 898&, 87mﬁr and 18? have gertain problems apsocinted

vith their use, and none is ideal (OWara and Subramanisn, 1972).
Because of the undoubted superiority of the bone sean whew come
pared with the radiograph in the early detection of metastatic
disease, many alternative nuclides snd yadiopharmaceuliceals

68@& (Hayes et al, 1965

have been considereds. These include
Bdwards ot al, 1966) and 99mmc pertechnetate (Tow and Wegney,
1967). Because of their chemical similerdity to calcium, soveral
nuclides of the alkeline eorth element BDarium have been evaluateds
Both 151Ba and M5 yore found to have excellent physical,
chavacteristics and rapid blood clearance (Spencexr ot al, 19704
Lange el al, 19703 Subramenion, 1970).

Another promising grovp of agents are chelates Qf the rare
earth elements (Lhe lanthanides) (OWMara et al, 1969). of
these compounds the HEDIA (Nehydroxy ethylenediawmine txiancetic
acid) chelate of 157Dysprosiﬁm oppears Lo have the most suitable

properties (Jubremenion et al, 19713 Yano ot aly 1971).
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Unfortunately the production of 157Dy in a typical nedical
cyclotron is not possible bocause high energy protons are rew
quired, and the more readily available 1?1Er HuEWDoTuAs i8
probably a ressonable second choice (OWMara and Subvamanian,

1972).
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D,  INZRODUCTION OF THE Te PHOSPHATES

(1) Development
The potentisl importance of the agents just described has

been overshadowed (and their further development probably cure

tailed) by the recent inbroduction of an entirvely new group of

componnds which arve by far the most promising of all the availe
able bone scanning radiopharmaceuticals. These are phosphate

and phosphonate compounds labelled with 99mTachnetium-

The excellent physical characterdstics of 99 'c are well
documenteds The short physical half life of 6.2 hours ie ideal
for mony studies. The mencenergetic gomma emission of 140 eV
is easily collimoied and the ebsence of biologlcally hazexdous
beta decay further reduces radiabion absorbed dosce These
properties, together with the relatively low cost and convenilence
of generator production, as the daughter product of 99Mc, meke
gngc the radionuclide of choice in radioisotope imaging prow
cedures for noarly every major organ system in man (Wagner, 1968).

The introduction of techniques for reducing the oxidation
otate of 2Mle with stanuous chlovide (Bekelman and Richards,
1970) have made it possible to label with 99m@c various phosphate
and phosphonate compounds, which have a high skeletal affinity,

thus producing potentially very valusble bone scanning agents.
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Polyphosphates, also known as condensed phosphates, are come
pounds which possess chains of =Pw0eP=0~ units joined together.
The ability of these linear compounds to prevent the deposition
of calcium carbonate from solution is well known (Fleisch and
Russell, 1970). It was predicted, therefore, that polyphosphates
would have a strong affinity for the hydroxy=apatite crystal in
the mineral phase of bone, particularly in actively growing sreas
of the skeleton, and this affinity has been demonstrated using
52p lebelled polyphosphates (Fels et al, 1959). Subramanion end
MeAfee (1971) fivst described the production and tissue distrie
bution of a e labelled tripolyphosphate compounds These
early studies in rabbits demomstrated that the bone concentration
of gngc tripolyphosphate from 3 to 24 hours after injection was
65=70% of that of 8Ssr injected simultanecously. Blood levels of
the tripolyphosphate compound were higher than those of 855r.
hovever. Subsequent studies In adult rabbite (Subremanian et al,
1972a) with a longer chain polyphosphate compound, with a c¢hain
length of 46 and a molecular weight of 4660, showed similar skeletal
uptalke to 853r, but blood levels of this polyphosphate compound
were only slightly higher than OJ8r and three times lower than
tripolyphosphates With the long chain polyphosphate compound,
higher boneshackground activity ratios were obtained than with
tripolyphosphate, and skeletal visualisation was better. Using

this compound ckeletal metastases were identified in patienis with
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both a rectilinear scamner and a gamma camera (Subéamanian et al,
1972a)

Following the initial development of 99mTc polyphosphates,
attention turned to other phosphates which would be suitable as
bone speanning agents. A particularly promising compound was
99mTc pyrophosphates Pyrophosphate is a simple chemical, an
anhydro~dimer of orthophosphate, and is normally present in body
fluidse It is known that pyrophosphate is dmportant in the
regulation of the caleification of bone, although its precise
role in calcium meteabolism and in diseases of bones and teeth
is not well defined (¥leisch and Russell, 19703 1972). When
labelled with 99mTc, pyrophosphate provided hipgh bone/background
activity ratios, and satisfactory skeletal secintigrams were
obtained in experimental animals and early patient studies (Perez
et al, 1972; Cohen et al, 19723 Hosain, 19753 ¥letcher et al,
19733 Huberty et al, 1974).

The third compound propesed as a bone scanning agent was
99mTc diphosphonate. The possibility of using polyphosphate or
pyrophosphate as o therapeutic agent in the treatment of hone
diseases has been considered (Russell and Smith, 1973), but the
rapid destruction of these compounds by tissue phosphatases made
their therapeutic use impossible. The development of the diw

phosphonates stemmed from the search for a compound which come

bined the biological properties of pyrophosphate and polyphose
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phates, together with resistance to engymatic destruction in vivo
(Fleisch et al, 19693 TFrancis et al, 1969). Diphosphonates
possess P«~CwP instead of P=0«P bonds and are consequently much
more stable to both chemical and onzymatic degradation than
pyrophosphate and polyphosphate (Russell and Smith, 1973). Soveral
groups of workers independently provosed and evaluated ethonewlm
hydroxy«1 l-diphosphonate, also known as ethylene hydroxy divhosw
rhonate or hydvoxy ethylidene disodimm phosphonate (B.H.D.P. or
HeloDeSelals) a8 2 bone scamning agent (Tofe and Francis, 1972t
Castronove and Callahan, 1972¢ Subramanien et al, 1972bs Yano
ot al, 1973a). Satisfactory concentration of 99“‘"53(:--}5:.}1.1).?.
in rat and rabbit skeleton was demonsbrated by these studies,
and high quality pamma camere scinbigrams obtained. Recently a
dgilferent dipbhosphonate compound 99‘"“'320 labelled wmethylene diphotie
phonate has also been suggested (Subramonian et al, 197k),
Tollowing the initial successful evalvabion of polyphosphate,
pyrophosphate and ethane hydroxy diphosphonate, a-ﬂt_@xophnsphat&
compound was also introduced. The initial ciinical avaluation
of this compound, 99%@ Jabelled monofluorophosphate which
ubilisges stannous fluoride as reducing agent, is described in
this thesis., This compound also permits satisfactory
viswalisation of both normal and tumounrwinvolved bone in clinical

studincge
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(2) In Vitro Properties of the 9Mpe phosphates (Table Tel)

These have hean extensively studied and sumnardised by Dunson
at ad (1973)e ALl of the compounds are compounded as Godium
saltn, and eve available es white lyophilised powders, mixed
with stannous chloride. The pyrophosphote compound used in all
the experiments described in this thesis was in aguecus solution,
but it ie now available in a Jyophilised forme An oxygen fiee
atmoayhere improves the in vitro stability of all compounds,
Diphosphonates and pyrophosphates are wore sbable in vitre than
the polyphosphates which tend to hydrolyze spontaneously.
Accurate estiuntion of the chain length of commercislly available
polyphosphates, wsing ondwpoint titvation and miclear maguetic
resonanee, has shown a sigmificantly lover chaln length than that
claimed by the manufacbturer. It appeavs that any one polyphos
phete compound is usually a wmixture of compounds of varying chain
:Lengﬁil (King et al, 1973}

ALL %m‘m phosphate compounds are availsble in a “siugle steph
kit form, and ave easily labelled by the additvion of veduced
ggmfﬂaehuei:ixm (1V) as sodium pertechnetate solution; obiained from
& comgeralal ggtﬁoiybdenwawggmmealmeﬁiwﬂ generator. A range of
phosphatesstamnows chloride welight vabios (5:l«503L1) pormits
goatlsfaotory labelling of the phosphuie with Q%Ta (Tofe and
Frangis, 1974)s Tor setisfactory lebelling it is essential to

maintain the technetium in the reduced siate, and this is
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accomplished by the presence of stannmous chloride, and by the
avoidance of oxidising agenls in the generator eluate. Becouse
of dnstabiliby of the labelled compound in the chromabography
solvent, lusgtant thin layer chromatography may not give an
acourate estimebe of labelling efficiency and starch gel
chromatography is necessary if an accuraite measure of labelling
efficioncy is desired (Eckelman snd Richards, 1972). in
practice lebelling efficliencies of greater than 9959 are conw
sistently obtained, and routine weasurement of labelling pyior

to injeetlon is not vequired.

(%) dechonism of Skeletal Uptoke of tho %M, Phosphates

The actual mechanism of skeletal wptale of these compounds
is incompletely understood but ia thought to be related 4o their
chemiotry. Neuman and Neuman (1953) described the locaulisation
of anionic metol complexes in bones The technetlun-tin-phosphate
complex is anionic and it ig thought that bone uptake of the
complex is a physicochemical yeactlon leading to the Yohemi~
sorption" of a monewmoleculay layer onto the hydroxy~apatilte
Traction of bone (Francim ot al, 1969). %he reaction is probably
between the phosphate, and the hydvoxyl groups of the hydroxy =
opatite molecule (Pofe and Francis, 1972). This suggesied
mechanism of chemisorption of phosphate or phosphonate to the
hydroxy=apatite erystal, though conceptually abttractive, hes not

yet been estrblisheds There are several problems regarding the
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bone upteke of these compounds, and these are discussed below.

The ggmwcmtinupolyphosphate and ggmmc-tinnpyrophosphate |
complexes ove stable in vivo in the short term at least (thus
permitting skeletal scintigrams to be obtained). The uncome
plexed compounds, however, are ryapidly destroyed in vivo by
tissue polyphosphatases (Harold, 1966) and pyrophesphatases
(Russell and Smith, 1973). There is some evidence to suggest
that long chain *?™Pomtin~polyphosphate (chain length 4050) is
readily hydrolysed in vitro by the amounts of alkaline phosphatage
normally found in blood, and it has been shown that following
intravenous injection, long chain polyphosphate is hydrolysed at
least in part to gngcﬂSnﬁpyrophOBphate {Bowen and Garnett, 1974%).
It is likely that the presence of tin and/or technotium prevents
the further hydrolysis of gngc«Snnpyroyhosphate to orthophosphate,
and it may be that a cyclical molecule of pyrophosphate is the
atable wnit that locaelises in bone after injection of both long
chain polyphosphates and pyrophosphate (Bowen and Garnett, 1974).
A comparison of the relative bone deposition of polyphosphates of
different chain lengthe shows that the shorter chain lengths of
polyphosphate yield the highest bone concentration, while the
highest bone uptake of all is found with degraded long chain poly=
phosphates (King et al, 1973)s There is a possibility that
different mechanisms may operate with polyphosphate and diphosw
phonate uptake, IEnzyme activity apparently pleys no significant
part in polyphosphate uptake (Cox, 1974a) vhile tissue binding of
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diphosphonate by acid and alkaline phosphatase has been postulated
as the mechanism of its upteke and retention by bone (Zimmer et al,
1975).

It hes even been suggested that the role of phosphates is a
secondary one and not direetly concexmed in the mechanism of
technetium uptake in bone (Cox, 197%a)s The high bone affinity
for tin chelates is well documented (Yano et 2l, 1973b)e  Followe
ing the intravenous injection of a 99mTcmtin~5gP pyrophosphate

ngc radicactivity remains associated with the

compound, the 2
skeleton after the 32? pyrophosphate has been degraded into orthow
phosphate, and much of the 32? radiocactivity has been redishributed
to the blood, liver and other soft tissues (Dunson, Personal
Communication, 1974). These observations lend support to Cox's
sugpgeation that the bone seeking properties of the 99mTc—tin~
phosphates are primarily related to either the technetiwm (IV) or
tin, and that the role of the phosphates lies in thelr ability to
prevent oxidation of the techmebium tin complex to bone morrow
seelcing collodds (Cox, 1974a).

Whatever the precise mechanism of bone uptake of the 99mTc
vhosphates, there is no doubt that theve is enhanced uptake of
labelled radiopharmaceutical in pathological areas, due either to
increased local blood flow, or increased osteogenesis, resuliing
in increased active transport of calcium and phosphate. Autoe

radiographs of human femoral heads obitained at operation show
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deposition of proviously administered 99“"1’0 polyphosphate in
proximity o bone marror, to osteocytes and in linear patierns
at the junction of bone of different maturities (Tilden et al,
1973)e It is likely that of the two factows, bone bleod flow
and osteoblagtic actlvity, blood flow is more imporiant (Gonant
ot al, 1974).

(&) Qther Technetium Tabelied Bone Scemnine Agenta

Following the Introduction of polyphosphates, pyrophosphate
and ethene hydroxy diphosphonate, several other 99m' ‘¢ lobelled
bone scanning agents have beon supgesteds In view of the
affinity of fluoride for the hydroxy apatiite crystal, a 99’"‘1‘0.
stannous fluoride complex was evaluated in experdmental animals
with promising results which have not yet been confivmed dn man
{Chexvu ot al, 1973). I msodi i monofluorophosphato has
been briefly veferrved to, and recently two Intevesting new conw
pounds, technetium titanium citrate and a technetiwn titandiom
hexanetaphosphate complex, have beon suggested as pobentially
valusble bone scamning sgents (Cox, 1974o)e These compounds

have not yeob been clinically evaluoted.

£
(5) Comparison of the 99’“’.90 Phosphates with 85 Sy, 87:)153? and 1'51?

A comparison of the relevant physical proportics of %mfl'c with
the conventlonal agenits (Table I.2) emphasizes the adventages of
the physical properties of Q%Tc, vhich include hisgh yield of
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easily collimated 140 KeV photons, short physical helf life, and
convenient availability from & 67 hour holf life porent, ~2Moe

It is clear that, providing the > "¢ phosphates have sultable
bioclogical and pharmacological properties, they will be very sulte
able bone scanning radiophermaceuticals, and that they constitute
a real advance oveyxr the existing agenis.

Andmal. studies have demonstrated similar in wivo distribution
of tripolyphemsphate, long chain polyphosphate and 8 Sr (Subramonian
and MeAfee, 1971; Subramenion et al, 1972a). Siwmilar studies with
diphosphonate by the same workers demonstrated better characteristics
for this compound when compered with 858r (Subramenisn et al, 1972b).
The overall superiority of 99'“% phosphates when compared with 85&31'
and ™5y has been confivmed in preliminery clinical studies
(Hosain et al, 1973; Merty and Denmney, 19733 Oxley ot al, 1973)e
The biological properties of 181" are superior to those of the ggmﬁ.‘c
phosphates (Yano et al, 1973a3; Ackerhalt et al, 19735; Krishnaw
muthy et al, 197%as) but clinical comparison of “OF with J%pe
polyphosphate (Weber et al, 19743 Barreti and Smith, 19743

Q%Tc diphosphonate (Silberstein

Krishnamurthy et al, 1974b) and
et al, 1973), showed betier results in texms of dimage quality and
detection rate of lesions with the 99mTc phosphates.

There im a similar pattern of distribution of both the 9%',130
phosphates and 18‘5‘, end the greater detall of the normal and

abnormal skeleton seen with the phosphates is due in part to the
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increased photon flux due to the higher injected activity
(Silberstein o al, 1973; Pondergrass ot al, 1973), Anoiher
factor of Importence in detormiving image quality ds the bettor
vosolution cbiainablo with the 140 KoV photon of *7Mye when
compared with the high energy emission of 1832‘

1973).

(Charkos ot al,

The early clinical resulis reported sbove, together with
the more favourable physical propertios, lower cost and easy
availebility of “pc malke it Likely that in virtually all. bone
scanning studies, the 99’“‘.3::: phosphates will becomo the agents

of Tirvst choice.

(6) Backgrownd to Studies described in Thesic

In late 1972 there wexe made avallable to us for study several

di.ffexont 99“".130 labelled phosphate preparationss:

(1) Bthane Hydroxy Diphosphonate manufactured by Diagnostic
Isotopes Tncorporated, New Jersey, UeSehe (HaHoDePoe)e

(2) Pyrophosphate manufactured by Departement des Radiow
clements, Centro d'Biude Nuclealres de Saclay, Gif-Surw
Yvette, France (PYRO).

(3) A Polyphosphate compound manufactured by Diegnostic
Isotopes Incorporated, New Jersey, UsSeAs (Delel. POLY).

(&) A Polyphosphate compound manufactured by New Englend
Muclear Incorporated, Massachusebtts, U.S.de {(NJ2N, POLY).

Shortly theveafter a fifth compound became avallable for studys

(5) Monofluorophosphate manufactured by 'The Rediochemical

Centre, Amershom, Bucks, England (M.F.P.).
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All of the compounds were made available in very convenient
and essy to use “single step! kit forms, requiring pnl;y the
addltion of sodium pertechnetate (99mTc) solution for instant
labelling prior Yo injection. As previously discumsed, there
iz no highly significant differemce between the in vitro proe
verties of the different compounds although overall E.H.D.P, is
chemically the most stable and roproducible (Dunson et al, 1973),
The same radio-nuclide (99"’%:) is used with all compounds and
850 there is no advantage in this respect in choosing any
particular phosphates The cholice of which of these compounds
is the most suitable depends, therefore, on & comparison of
thelr pharmacologleal. propertiess In 1972 and 1973 no such
comparison had been performed and the choice of which agent to
use remained arbitrarys. A detailled quantitative comparison of
the relevant pharmocological properties of the five compounds
detniied sbove is o major part of the work which we have carried
out in the past few years and these comparative experiments are

deseribed in detail in the next section of this thesic.
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SECTION II, COMPARTSON OF THE PHARMAGOLOGIGAL
PROPERTIES OF _THE “7Ppg

PHOSPHATES
A,  INIRODUCTION

In this section, ave demcribed the emperiments carried out to
compare the In vivo pharmacologlceal. propexties of the gngc phose
vhates. Tive different compounds were studied:

(1) Ethane hydroxy diphosphonate (G.HeDePe)e

{(2) Pyvophosphate (PYRO).

(3) A Polyphosphate (D.T.I. POLY)e

(&) A Polyphosphate (N.E.N. POLY).

(5) Honofluorophosphate (H.F.Pa)e
Throughout this thesis, these abbreviations ave used to simplify
the text.

Two differeny polyphosphate compounds were studied becausze
of the knoun chemicel luwstability (Kinmg et al, 1973) and occasional
yadiopharmaceutical inconsistency (Dunson et al, 1973) of this
compound. . As will be seen later, small but consistent qLLforw
ences were found between the propertles of the two polyphosphate
compoundss  Chronologically, M.JF.P. was made avalleble to us
after the 4 other compounds had been studied. By this time we had

concluded that B.H.D.P. was superior to PYRO and POLY, and owr
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evaluation of M,F.P. was, thevefore, basically a diveobt comparison
with BeDePe onlys

Although animal experiments ave essential Ju the pre-clinical
evaluation of any new diagnostic or therayeubie agent, resulis in
aninal experiments may not alweys be directly exbrapolated to the
human subjeets ZIn particular, measurement of isotope concens
tration in tumour-involved bonme de vewy Aifficullt In onimals, oo
there are avalleble very few setisfactory aniwal models with bone
tumonrse As the main clindcal, jnportence of bone scauning ol
present is in the study of malignant disesse, 1t seemed important
to consldesr the losalisation of these compounds in fumour-invoelved
bonee For these reasons ye restricted all ocur phaymacologicel
experiments to humons, paticnts with known or suspected bone
tumours and volunteer subjocts with no evidence of bone diseascs

ALl exporiments described in this ond subsequent chepters
were povformed with the permiseion of the Isotope Advisory Panel
of the Medical Research Councily the Medicives Comuission of the
Depertment of Health and Socdel Securditys;  the Bthical Gommitteo
of Glasgow Noyal Infirmary ond Associated Hospitals, end where
approprisate, the informed verbal or written cousent of the
individund patients and volunteor subjecis concorned.

The following pharmacological properties aye relovont to a

discussion of bone seeling radiopbavmaceuticnls and vere measuvred
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in the studies deseribed in thie sections

(1)
(2)
(3)
()
(9)

(6)

(7)

Uptake by twmowr-involved bone,
Upfal:e by normal bones

Soft tissue uptake.

Blood clearance,

Urinaxy excretion.

Whole body retention.
Toxicitys
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Be VALIDATION OF RXPERIVMENTAL JWOHNIQUES DEVELOPED

O _COMPARE _THD _PHARMACOTOGICAL, PROPERTIES _OF
I 990  pHOSPHATES

New experimental methods were developed to investigate 3
different pharmacological properties of the 99mTc vhosphatess
(1) Uptake by tumoureinvolved bone,
(2) Upteke by normal bone.
(3) Serial measurement of blood levels, urinary
excretion and whole body retention of
microcurie activities of each compound

administered to young healthy male volunteerse

(1) Radionuclide Uptake by Tumour-involved Bone

Description of Technique

The viswalisation on 2 scan of any lesion labelled with o
positive label depends on a high targetsbackground activity ratio.
Clearly the higher the target to background ratio, the thotter! is
the hot spol and the casier its visual identifications As pre=
viously described, 2 bone tumour is seen on the bone scan as a
hot spot, because of the foecally increased concentration of bone
secking radiopharmaceutical due to increased blood flow and

incressed metabolic activity ab the site of tumouy involvement.
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It ds clear thal in any comparison of bone scanuning radiophaye
maceuticals used to identify bone tumours, a comparison of the
target to background ratios obtained with each compound is of
great importonce. Unfortunately the appearvance of the lesion
seon on the lmage recorded from the gamma camera on polaroid
or x~ray film is highly variable, as it depends on the vaviable
exposure of the detecting system, which varies with the total
nonber of counts and oscilloscope intensity. No quentitative
date is obtainable from the display, and it is not possible Lo
dixreotly compare the Qifferent hot spots unless an identical
exposure has been used in obiaining the scinbicrome

To permit statistically valid comparisons in our siudies,
a relatively simple electronic technique was devised by Dre R.G.
Bessent, to provide quantitative data from the gamma comera dige
play, independent of exposure. Such facilibties ave svailablo
if the gamma camers i on line to a computer oy hard=-wired prow
ceasors The system developed in owr depaytment provides tho
same quantitative faclllty without a computer, using simply a
single=channel analogue pulse height analysey (P.i.A.), a Nuclear
Data multi-chammel analyser (M.C.A,.) and some encillary cireuitry
interfaced to a Nuclear Enterprises Sciunticamera IV gamma cemera
(Figure IT.L).

The X cowordinate pulses from the gonma camera are token to

the analogue P.H.A. whose output pulses feed the coincidence ine
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put of the M,C.de The ¥ cowordinate pulses ave taken directly
to the analogue«to-digital converter input of the M,C.A., bub
only ¥ pulses whose assoclated X pulses fali within the window
off the P.H.A. avo accepteds The M.0.A., therefore, generates
an activily profile in the ¥ direction which is arranged to
occupy abont 50 channels. The "[&Eﬂ coutrol of the ?.H.A. in
used to melect the wildth of a narrow vertical strip on the

gamna camera ficld and the "BY control is used to move the strip
to the anatomical veglon through which the profile is reguireds
Becauge the P.H.A. output pulses feod the intensity contirol
unit, the strip appears as a band of diminished intensity on the
gamna camera display (Figure II.2)s This allows acourabte direct
adjustment of the profile position. After a suitable acquirew
btime the proflile appears on the screen of the M.C.A. and dg then
Typed out im digibal foxrme A profile in the ¥ direction can he
simply obtained by interchanging the X and ¥ co~ordinate signals

to the edirauite

Nefiniblon of Tuounr:Bone Ratio

Using the quemtitative profiling facility it is possible to
guantiltate the activity in any visdbly tumour-involved eaxrea of
bones  The tumoursbone raile is defined as the gross activily
from an avea of tumoure~involved bone (A) divided by the gross

activity from an equal area of corvesponding normal bone (B).
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In the case of spinal metestases the “normnl bone! used io an
arvea of apparently healbtby bone in the same paxt of the spine
(Figure T1.3)e 1In the case of metastases in aveas other than
the spine, for example the ribs, the contralateral avea of the
skeleton is used o8 the normal area for the ealeulation of the
tumoursbone ratio (Pigure IT.A). Calewlation of the tumours:
bone ravio from the digital print out of the gamma camera M.Cl.de

systen o shown (Figure I1.5).

Validation off the System
We have deacribed this gamma cemera/multiwchannel analysep

system in some detail as it is the basic system used in all the
quantitative gomma camera studies described in this thesis.

To validate the system and establish its reproducibility, ten
patients with known, x-ray poultive bone metastases were studieds
Bach patient was scanmed twice, using an identical techw
nlqgue end the same radiopharmaceutical (99‘%«:«-13 oH1e0ePe)e Tumours

bone ratios were measured four hours after the intravenous
injection of 10 mCi of E.H.D.P. The ratios obtained from the
same tumouy areas were compared by peired WM tesb and also by
correlation of the duplicate resulis from the individual pathow

logical aveas.
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Resulbs and Discussion

In the ten patients studied, there were 3% areas of tumonre
involved bone in which memsurement of isobope activity vas mease
ureds  Thus 33 tumoursbone ratios were measured on o occasions.
The mean and standard error of the mean for cack sot of obsoyw
vations was 1479 £ 0,09 ana 1.75 £ 0409 Using the paired
Student's 't* {est, there was no significent difference between
the results. Correlation between the duplicate resulis wag goud
(2 = 0495, B = 33, ¥y = 0519 + 0s87 2, p < 0.001) (Figvre IT.6)e

The valldabion study shows that the technique of quantitative
bone scanning, using the system descrlbed, provides highly repro=
ducible datas. It follows that if a series of patients were
scanned ueing the same technigue but different radiopharmaceuticals,
then any significant difference demonsivated between the fumour:
bone ratios oblained from the same tumour avea, would be due to a

differvence beiween the properties of the compounds under study.

(2) Radionuelide Uptake by Nowmmal Bone

Description of Technique
The standawd method employed Lo measure the uptake of gamme

enitting nuclides and radiophacnaceuticals invelves the edminise
tration of smell activities to experimental animals, usually rat
or rabbit, with novmal skeletons. At cuccessive intervals after

intravenous injection the amimals ave killed and samples of bone,
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bone marrow, blood, muscle and internal organs are counted in a
well scintillation counter. A standard sample obtained from
the injected material is also countede In this way the absolute
uptake of the agent under study by bone and other internal organs
is obtained. Bone:soft tissue actiwvity ratios are then caleul=
ated (Subramanion and MeAfee, 19713 Subramanian ot al, 1972a).
in this way an indication of the skeletel uptoke of the compound
in the human subject is obtaineds

No satisfactory method is avallable to directly sbtudy normal
bone uptake in man.s An estimate of bone uptake moy be made by
measuring the activity excreted after administration of a known
activity to a humam subjects The excreted activity is subwe
tracted from the total activity injecteds In the cose of JMpe
vhosphates where all the excreted activity is in the urine, and
faecal excretion is negligible, this approximation is valid
(Krishnamurthy et al, 1974c; 1974d)e The method is indirect,
however, and no account is made of unexcreted nonmossecus
activity in blood, muscle and other sofl tissues. e have
devised o nonwinvasive method which providoes e direct quantitative
index of normal hone uptake, This method permits repeated
measurements to be made at any time interval after injection,

thus facilitating dynamic uptake measurements,
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Definition of Spine:Backeround Ratio

If a region of interest is drown transversely across the
lower dorsal spine just above the kidneys using the gamma camera/
multi-channel analyser system previously described, quantitative
measurement of sctivity can be obtained from the spine and
surrounding non-spine background (Pigure IT.7). ‘'he spines
background ratio is defined as the total counts from the gpine
area dlvided by the total counts from an equal area of the nonw
spine background,

A more detailed discussion of the spinetbackground ratio
will be found in a subsequent chapter. The present discussion
relates to the use of the ratlo as an index of noxmal bone uptake
in the study to compare the relative merits of the different ggm‘l‘c
phosphates under study. For this purpose spinesbackground ratios
were measured 2, 4 and 6 hours after the intravenous administration

of the labelled pharmaceutical. in 35 control subjects.

(3) Memsurement of Blood, Urine and Whole Body levels
of Microourie Activities

Desoription of Techmique

Serial mepsurement of the levels of ganma emitiing rodice
muiclides in blood, urine and whole body, using a well scintillation
datector, bullk sample scintillation detector and shadow shield

whole body monitor, respesctively, are standard laboratory



techniques, ‘ Serial blood levels of the 99:an vhospbates wers
measured during 95 roubine scwmming studies of patients with
suspected metastatic dizease after the intravenous injeotion of
10 mCi of the compounds To measure the kinetics of theose
compounds in greater detall would reguire repeated measurements
and it would have been unpleasant for patients with skeletal
cancery nony of whom feel vnwell end arce in pain, to take part
in tests that involve multiple venepunctures, timed urine
collections and yepeated whole body monitor studies, Tor this
reason ve decided to study the kineties of microcurie activities
of each compound injected into healthy young male volunteers.
The stonduard techmique when scanning patients is to add 30 nQi
of %Tcmpertechnetate solution to a vial of unlabelled phosphate,
and injeet 2 ml of the resulting 7 ml solution into the patient.
In the case of Pyro which ds a liquid (volume 2 ml), 3 ml of the
resuliting 9 ml solution is given to the patient. Accordingly
for the microcurie study, 100 uCi in 7 ml vas added to the vials
of compounds wnder study and either 2 ml o 3 nl of the rosuliting
solution, iu the case of Pyro, injected,

The ratio of the volume of perbechnetate solution to yadiow
pharmaceutical. was the same in tho controls and scanning studies,
although the molar concentration of the pertechnebate solution

was 3 x 10‘2 times higher in the pabtient studies. Previous work



had ghown that an elghty fold dilution of a tripolyphosphate
solution did not alber tissue logalisation to any significant
extent (Subramenian and MeAfee, 1971)s I meemed, likely,
therefore, that o technigue unsing wli activities would be a
valid method of sesessing the distribution and kineties of the
compounds undex studys To confimm this validity an experiment

was perfommede

Validation of Techniques Materials and Methods

The principle of the experiment was to measure and compave
sorial blood and urine leovels of activity in 10 volunteer subjects
on 2 difforont deys, once after the injection of 5 mli of H.H.D.Pe
(Le5 mp in L ml solution), znd on the second occcasion after the
injection of 20 uCi of the same compound (2 mg of B.H.D.P. in 2
ml. solution).

Five ml venous hlood samples were cbltained at 5 min, 15, 30,
45, 60, 120, 180, 240, 300 and 360 minutes after injection: the
subjects emptied their bladders 15, 30, 45, 60, 120, 180, 240,
300 and 360 minutes after injection. All urine was stored until
after the completion of the studys Blood and urine samples were
subsequently counted in g well scintillabion counbor and bunlk
sauple selnbillation counter respectively. In each cese shandard
souples obtained from the injected materiel wore also counbted.

Blood results were expressed as % injected activity/litre of
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whole blood and cumulative urine excretion was expressed as ¢
injected activity excroted.
The duplicate results from each subject weve compared by

correlation.

Results

The blood and urine levels of the tem subjects are shown
dn Table IT.de When the duplicate results for each individusl
subject were compared, a high degree of correlation was obtained
betveen the results obtained in the paired studies for blood
levels (r = 0488, n = 100, p < 0.001) and urine excretion (r =
04864 1 = 82, p < 0.001) (Figures ITe8; ILa0)e

It is clear, therefore, that the microcurie technique prow
vides a satlsfactory method to study the blood and urinary levels
of the compounds in human subjectc. fecurate and consistent
measurement of serial blood and wrinery levels of the radiow
vharmaceutical were obtained with a 3 x 102 reduction in injected
radioactivily and consequently a comparable reduction in radiation
shsorbed dosee It is possible to extrapolate the resulis
obtained in such a study to similar studiecs iuvolving larger
activities (e.ge 10 mCi), and the resulis of such studies involve
ing the repeated injection of microcurie activities in healthy
young volunteers, ara presented later in this section. A further

advantage in studying healthy young volunteers whose cowoperation



is assured, is the ease of performance of these experiments and
the resulting high degree of reproducibility is illustrated by

the low standard ervor of the mean in the results.



Ce COMPARISON OF THE PHARMACOLOGICAL PROPERTIRS

or_mip_ Mo  pHOSEHATES

In the preceding part of this section several exporimental
methods are described and validated, These methods were developed
to permit a detalled quantitative comparison of the imporient
' pharmacological properties of bone sconning agents. In this
part of the section is presented a compardson of the pharmacological

propertics of the five 99’“’1.‘0 prhosphate compounds studied.

(1) uptake by tumour~involved bone

Principle
The tumoursbone ratio has already been defined and its imporie

ance briefly discusseds In any comparison of compounds used fo
positively identify bone tumonr, it is clearly impoxrtent to come
pave the tumoursbone ratios which each compound con provide,
Tumourshone ratios have been measured in a large number of
patients with bone metastases and the values obtained with each
compound compared.

The principle of the comparison of the 99m‘.l‘c phosphates, with
respect to tumoursbone ratios, was to study patients with knoun
xeray positive metastases on 2 or 3 different occasions using an

identical technigue but a different phosphate compound on each
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occasions Treatment remained unchanged during the period of study,
and the only variable, therefore, was the compound undor study.

As the initial validation study had shown the tumoursbone ratio to
be a highly reproducible enbity, it followed that if a significant
difference vere found between the tumourshone retios obtained witﬁ
any one radiopharmaceutical vwhen compared with the ratios obtained
with a different compound from the Bame twaour areas, then this
vould represent a slguificant difference between the compounds

undey study.

Matexiala and Methods

Thirty eight patients with known xe~ray positive bone metastases
vere studied (Table IT.2)e A total of 92 studies were performed
in these patients (Table II.3). Sixteon patients had three studies
(one study with one of the Poly compounds and further studies with
FeHoDuPs and Pyro) and 22 patients were scamed on two occasions
(with two of the different compounds under study)e 144 tumours
were studied in the 38 patients. The total number of tumours
visualised with each compound is shown in Table ITe3%.

ALl studies were conducted in the following ways 30 mCi of
99m,1,0 verteclmetate solution was added to the vial containing the
stannous phosphates Immediately after thorough mixing, 2 ml of
the resulting solution was injected intravenouslys. As proviously

discussed the pyrophosphate compound studied wes not lyophilised
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but wes availoble in aqueons solution. Accordingly 3 ml of the
labelled pyrophosphate was injecteds Thus 10 mCd of ggmffc: PYRO
was administered to the patients, while 8.6 mGi of all other conw
pounds was useds Four hours after injection, the known tumourw
bearing arcas were visualised using the gamma cemera. At the
same time total activity in tumour-involved and noxmal bone were
measured during a 100 second acquire time, using the gamma
camera~M.C.he system previously demcribed. Tumoursbone ratios
were thereafter calouwlated from the digital printout of the

MuCole  The different values obtained with the differont comw
pounds for the tumouribone ratios obtained under similor conditions
from the same tumour areas in the sape patients were compared using

a paived Studentst *HY test.

Results

The tumoursbone ratios cbtained in this study vith B.JH.D.P.
were significantly higher than those obtained with all other
" compounds (Table IT.%)e PYRO gave higher vatios then D.I.I. POLY,
but no higher than the N,E.N. POLY. M.FW.FP. was only compared
directly with H.H.D.P. and gave lover tumoursbone ratios than
EoleDePs  Overall the tumoursbone ratios obtained with M.F.i.

were similar to those obtained with D.I.I. POLY.
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(2) Uptake by normal bone

Prineigle

As previously described, the {ransverse spinesbackground
ratio was devised as an index of normal bone uptake which could
be simply measured using noneinvasive methods in humen subjects.
To compare the relative merits of the 99mﬁ.‘c phosphates, serial
spinesbackeground ratios cbiained with the different compounds
in a number of similar patients were studieds This study was
performed before M.F.P. became available, and as the study in
pationts with bone meotastases confirmed that M.F.P. was inferior
t0 FJHDoPe and was quite similar to Del.I. POLY, experiments to

measure normal bone uptale were not carried out with M.F.P.

Materdals and Methods

Thirty five patients with no evidence nor histoxry of bone
disease nor cancer were studiede. ‘There were 17 male patients
(aged 3lw7l, Mean = 50.8) and 18 poot menopausal females (aged
75«67, Hean = 53.7)s A1l had been admitted to Glasgow Royal
Infirmery with a variety of medical and surgical conditions (e.ge
haemorrhoids, inguinal hernia, myocardial ischeaemia, diapetes
mellitus) and were in a convalescent phases. Iach patient was
studied on one occcasion only, and received either 8.57 mii of
a POLY compound or B.HeDePsy or 10 m0i of PYRO by intravenous

injection (Table II«S5)s Two, 4 and 6 hours after injection



the botnl counts from spine and background areas were measured
for a 200 second periods From the tobal counts rvecorded, spines
background ratios at 2, & and 6 hours were caleulated for each
patient and the Mean and Standard Lirroy of the mean for each

compound calculateds

Results

The results are summarised in the Table (II.6). The spines
background ratios obtained with B.H.D.Pe at 4 and 6 hours vere
higher than the ratios obtained with all other compoundse The
difference between H.H.D.P. and PYRO ab 4 hours just failed to
achieve statistical significance using an unpaired MY test.
PYRO pave higher spinesbackground ratios than both POLY compoundse

When the absolute number of counts from the spine and soft
tissue background, corrected for the physical decay of the
miclide, were compared a similax pabtern was found with all
compounds: & £3ll in activity in both areas was noted from 2
411 6 hours (Table IT.7)e If a uniform soft tissue background
across the region of interest is assumed, subtraction of the
background activity from the spine activity gives a measure of
net bone uptakes There was no significent difference beiween
the net bone uptake of the four compounds studied in this

experiment.



(3) Soft Tissue Uptake and Dleod Clearance

Principle

Animal studies have shown no gignificant concentration of

99!111,0 vhosphotes in any non-osseous tissue apart from the

uwrinary tract. Scaming studies in men confirm the shsence of
conceniration of 99m‘1‘c phosphates in normal nonwosseous tiesues
other thon kidney and bladder with occasional exceptions which
are discussed in a subsequent sections For these reasons, and
because of the technical difficulties dnvolved, detalled gquane
titative meacurement of activity in mmscle, connective tissue
and internal organs in humans were not carxied oute In common
wlth other workers, to estimate the levels of sectivibty in none
skeletal tissue, we have simply measured the whole blood radio=
activity levels obtained with the different compounds. As we
dizcuss in a subsequent chapter, whole blood clearance is one
of the most lmportant pharmacological properties of bone seeking
conpounds, snd the "eoft tissuet activity seen on the scintiscen

laxgely reflects blood levels.

Moterial and Methods

In 19 patients with known bony metastases who had repeated
studies with different compounds, and in a further 4L patients
roubinely scammed, blood activity levels were measured at §

minutes and 2, &4 and 6 hours after intravenous injections &



total of 95 studies were carried out in 60 patients. A 5 ml
sample of venous blood was counted in a well seintillation
counter and the aclivity compared in each case with the activity
of a standard sample obtained from the injected materiale

Blood Jevels were then expressed as a percentage of the injected
activity/litre of whole bloods The different values for whole
blood activity of the different compounds at 2, 4 and 6 hours
were compared by uwnpaived 'i' teste M.FoP. was not studied in
this experiment. Blood levels of this compound were measured

using the microcurie technigue demeribed belowe

Results

Blood levels of B.H.D.JP. were significantly lower than those
of all the other compounds studied in this experiment. Blood
levels of PYRO were significantly lower than the blood levels of

the two POLY compounds (Table II.8).

(&) Blood Cleavance, Urinayy Excretion and Whole
Body Retention of Microcurle Activities

Tarlier in this sectlon is described the development and

validation of a method which allowed sceurate measuvement of
serial blood, wrinary and whole body levels of 30 u@i activities

of the compounds under study in healthy young subjects.
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VMaterials and Methods

A detailed study of serial blood clearance, urinary excrotion
and whole body levels was performed in 20 control subjects, healthy
male medical students and doctors (age 20=26)s The 5 compounds
were studied in 2 related experiments which employed ideniical
methodse In the first experiment, 10 of the control subjects
vere each studied with 3 compounds (B.HeDePe, PYRO and one FOL¥)e
Each subject received 30 uCi of labelled phosphate by intravenous
injection on 3 different occasions at weekly intervals. Some
monthe after the firet experimont a further ten subjects were
studied with M.F.P. when this compound become availables A
total of kO studies were performed in the two experiments (Table
I1.9)e

Imnediotely prior to injection, the subject emptied his
bladder. One hour after injection and hourly thereafter, blood
radioactivity and whole body vetention were measured until 6
hours after injection. 5 il samples of vonous blood were counted
in a well scintillation counter and the activity expressed as o
percentage of Injected activity/litre of whole blood, \hole
body levels were measured iu a Shadow Shield Vhole Body Monitor,
and results were expressed as a percentage of the whole body
radioactivity measured immediately after injection (100%)., In
every instance whole body levels were measured afier the subject
had completely emptied his bladder. The results of blood and
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vhole body ectivity obtained at the same time with each different
compound were compared by pairved &Y test.

In 17 studics (6 B.HeDoPay 6 PYRO and 5 D.I.T. FOLY) cumme
lative hourly urine excretion vas measureds The urine voided
at the end of each hour, prior to the whole body count, was
collected and later counted using a bulk scinbillation counter.
The excroted activity was compared with that of o standard sample
obtained from the injected materiale Results were axpressed as
a percentage of injected material excreted angd were compared by
unpaired LY test.

In the second experiment serdel levels of MJF.P. in bloode
urine and the unexcreted activity retalned in the whole hody,
were measured in ten of the control subjectss Dguipment and
vechniques used were identical to those used in the first studye.
The resulis obtained were compared by unpaired *4' test with
those previously obtained with E.H.D.P. in the first group of

10 conbrols.

Resulte

Blood clearance of B.HeD.Pe wos signiflcantly faster than
that of PYRO, POLY and M.F.Pe  PYRO was vemoved from the blood
nore rapldly thon both POLY compounds and M.F.P. (Table IT.10).
cumilative urinery excretion of L.H.D.P. vae significantly
higher than that of PYRC, D.I.T. POLY, and MJF.Pe Uzine



gamples were not collected iun the 5 studien with N.E.N. POLY,
Urlnayy exerction of PYRO was significantly higher than that of
M.FePe but using the unpaired YLt Lest the differonce hetusen
urinary oxcretion of PYRO and D.J.X. POLY jJust failed to reach
astatistical significance (Table IT.11l).

Whole body wotentlion of B.H.D.P, was significently lower
than that pf all other compoundss FYRO again oceupied sm
intermediate position: whole body wetention of PYRO wan greater
than B,H.DPa, but less than that of M.FWPe and the two POLY
compounds (Table IT.12).

'he results for whole body retention directly measured in
our human subjects were used Lo caleulate the whole body radiation
absorbed dose for each compounds Tho resulis are shown in Table

II Olﬁ.

(5) Toxieity .
In addition to considering the vadiabion dose from the 99mTc

phosphates it is also important to consider possible toxicity of
the pharmaceuticals In the experiments described in this
section, 13k patients received an injection of labelled phosphate,
Many patients and control subjects had multiple studies performeds
On no occasion was eny toxic effect noteds In all our experience
with these compounds which now totals more than 1,200 patient
studies, the only untoward effect recorded s occasional local

pain produced at the mite of an accidental perivenous injection.



D,  DISCUSEION OF THE COMPARISON OF fTHE PHARMACOLOGICAL

FROPERTIES OF TuB “°"fo PHOSHHATES

The most important properly of a bone scamming agent is that
it shonld provide high tovgetsbackground ratios, that is high
contrast between the concontration of activity in novmald ond
pathologleal areas of the skeletone The most relovant way,
therefore, to compore these compounds is to compare the tumours
bone ratios obtained from the same tumour areas. The signie
ficant differences in the recorded tumoursbone ratios in this
controlled study of a large nmuwber of pabients with unequivocal
metastoses, demonstyrates that by this oxiterion B.H.D.Pe 18 the
most favourable compound. We also measured normal honesbacls
ground ratios in the spine of volunteer subjeets, and found that
the spivestbackground ratios were hipgher with B.H.D.P. thon with
all other compounds studieds Our results from the direct
measurenent of activity in noxmal and bumour-involved bone in
hupons ere confirmed by animal experiments where bone/blood and
hons/soft tissue rabios weve higher with B H.D.P. than PYRO and
POLY (Subramanion et al, 197203 1972b; Hughes et al, 1973;
Yamamoto ef al, 1S74). From indivect measurcments of blood and
weinary levels of 99”‘130 phosphates administered to a small

nunber of patieants, bonesblood ratios were caleulated and found



to be higher with E.H.D.P, than PYRO and POLY (Krichnamurthy e
aly 197ke; 1974d). In a paived patient study similar to that
described above, higher targetsbackground ratios in normal and
abnormal bone were obtained with diphosphonate than with a
polyphosphate compound (Serafini et al, 1974),

The calculation of net bone uptake from the recorded gross
activity in spine and background sreas shows that the net bone
uptalte of E.HeDePe i5 no higher than that of the other phose
vhates, and this observation confirms early animal experiments
with these compounds (Subramenian and Meafee, 1971; Subramenian
et al, 19722). The higher target:background ratios obtained
with E.H.D.P. are due not to higher bone uptake but, as discussed
in detail in the next section, are due to lower background
activify consequent upon more rapid clearance of unfixed diphosw
phonate from blood and soft tissues.

In addition to comparing the tumoursbone and the spines
background ratios obtained with each compound, we thought it
important to compare blood and whole body activities for two
reagons: firstly the quality of the skeletal image is improved
by lowered blood and soft tissue activity on the secintiscan, and
secondly, the whole body radiation absorbed dose depends on the
effective half life of the compound under study, which in tum

depends on the biological half life.



Having shown that blood levels of B,H.D.P. at 2, & and 6
hours wore lower than blood levels of the other compounds undow
study in 60 patienis, we then compaved the detailed blood
clearance of these compounds n healthy young volunteers. The
results of this study confirm our earlier cbservations, amd
those of ather workers who have demonstrated a move rapid blood
cleaxance of B.H.D.P. (Krishnanurthy et al, 1974c; 1974d).

The more rapid wrinary exceretion of H.H.D.P. is also cone
flrmed by Keishvamurthy et al (3974ec; 1974d).  The highex
values for urinary excretion of all compounds in our studies
compared with the published results in the literature, is
probably due to the fact thai we measured wrinary excretion in
healthy young mele subjects with normal remal function who were
encouraged to void urine froquently. Whole body levels of
BaleDePo were lower thon those of all other compounds studied.
There was good correlation between the blood and vhole body
levels of cach compound and it ds clear that measuvement of
blood activily mives an accurate estimate of whole body activity
at all times (Figuve TI10).

From ouy measurement of whole body activity levels, the
whole hody radiation absorbed dose was caleulated Tor each
99mwc vhosphates These galeumlated values ore of o similar
order to those cbiained from extrapolation of animal deta

{Castronovo and Callalian, 1972)e The calculated whole body



radiation dose for BH.DWP. ds 15 mRad/mii, aod this compares
favourably with 20 mRad/ngd for 87”'51’ end 50 mRad/mCi for 18@’
(Castronovo and Callahen, 1972)¢  The whole body radiation

9%m

dose from & Te phosphate bone scan is very low and i& similap

to that from other standard Nuclear Medicine procedures which

9%&'@ (Table IT.34)e Critical organ dose is also

utilise
acceptably lowe When compared overall with some stondard
radiological procedures, it can be scen that the radintion dose
from a bone scan is acceptable and is low emough to permit
repeated studies (Table ITelh)s To reduce radiation exposure,
especially to the bladder which is the critdeal oxgan, Ffrequent
volding of uriuve should be encourageda

Many thousends of bone scans have now been obtained with
these compounds, including repeated studies in many patienis,
and no toxic eoffects have been reported (Castronovo and Callahan,
19733  Subramenion et al, 1974)s There is no evidence that any
of the 99m93c phosphates studled is potentlally more toxic than
any other compound (Castronovo, 1973). The potential wrisk of
acute dntravenous toxicity has been examined in detail with
T.HeDoF. and this experiuent is deseribed in detail in the noxt
section. Overall we have no doubt that these compounds are
safe and sultable for roubine clinical uss,

A1 of the QQmTc phosphete compounds described in this

section provided reasonable visualisation of both normal and



tumour~involved bone. The variation in image quality experionced
when the gamma camera is used to take multiple views in discone-
tinnous gections makes it difficult to compare difforent scons,
No formal subjective comparison was made, therofore, of the
images obtained with each compound, although overall E.H.D.P, was
preferred it provided scons with lower backpground activity end
preater contrast between normal and tumour-involved bones

It is perhaps o happy coincidence that B.1.D.P.; which ie
chemicnlly the most stable and repyroducible of the 99‘“’.‘3(: photse
phates studied, should also possess the most suitable pharyme
cological properties. DBecouse of the significantly highor
tumonrshone and spineshackpround ratios, more rapid blood clearw
snce, greater urinary excretion and lower vhole body retention
of B.HeDeFey this compound iz tho phosphate bone scennivg agent
of choice at present. This view is confirmed by several
workers vho have cxtensively studied the aveileble compounds,
Lol DePsy PYRO and POLY, both in terms of their in vitro pro-
perties (Duncon et al, 1973) and in vivo propervties (Yomamolo
et al, 1974; Subramonian et al, 1974). In the next oeetion
of the thesis is deseribed a sories of experiments carrled ond

o evaluate in debtall the properties of 22M0cwRH.D.P.



SECTTON TIT.  EVALUATION OF “7™pe IABELIZD RTHANG

HYDROXY _DIPHOSEHONATE (Bl HD.P,)

In the previous seection are described in detail the cuperim

ments performed to compare H.l.DeP. with the altemnative
phosphate compounds available. On the basis of these experiments
we have concluded tﬁat E.HuD.P, i the agent of cholce alb the
prasent time. In this chapter we describe o series of experiw
ments carried out to evaluate in detall those pharmacological
propexrties of E.H.D.F. which are of relevance to its clinical

use as a bone scanning agent. The characteristics of B.H.D,P.
which we bhave investigoted are considered in 2 main groups.

The first series of experiments describe the cvaluation of
certain in vitro aspects of diphosphonate pharmacology, and

the scoond series of experiments investigate the in vivo kinetics

of the compouvnd in human subjects.



Ae IN VITRO PROPERTIES OF E.HeDePa

(1) Introduction

A detailed exemination of the chemistry of ethane hydroxy
diphosphonate is beyond the scope of this thesis. Several detailed
studies of this compound have been made and ave reported in the
Literature (Michael et aly 19723 Castronovo and Callahan, 19723
Subramanien et al, 1972b; Russel and Smith, 19733 Callahen and
Castronove, 19733 Dunson et al, 19733 Tofe aud Franeié. 197k
Castronovo, 1974)., The most importent chemicel property of
BaHeDoPe ds ibs sbability both in vitro and in vivo, and {his by
Lliselfl represents a major advantoge over the polyphosphates, quite
apert from any consideration of biologlcal properties (Dunson ed
aly, 1973). The in viitro properties of B.H.D.P. which we have
investigated and discuss here aye those which axe relevant to the
use of the compound in the clindcal environmentes

It is of some importance in the routine clinical use of a
bone scanning agent that there should be available to the medical,
technical and nursing stalf, a degree of flexibility in terms of
the quantity of radiopharmaceuticsl, and the volume and activity
of radioactive label injected into the patient. Because of the
gize of the techmetium generators roubtinely used in nuclear

medicine departments, towards the end of the genevatorts 1life a



larger elvate voluite may be necessary to supply the relatively laxrge
muelide activitien needed for rapid imaging of the whole ckeletone
If the use of a larger cluate volume resulied in a poor sean luage
then this would clearly be dlsadventageous, Othor importent
considerations include variation in scan image with the quentity

of radiopharmeceutioal and/or activity of gngc injected, as these
factors can vary from day to day depending on the number of pationts
to be seamneds It may also be necessary on occamlons to mtore the
labelled product for soe hours priox to injectione 1% ds ¢leoyly
most desirable to inject the labelled compound immediately aftesr
iabelling, but in the clinical situation, delays in patient arrival
and other scheduling problems sometimes make it necessery to wait
for some time after labelling before injection.

For these xeasons a series of experiments was conducted to
investigate the flexibility of use which a lyophilised stanuous
diphosphonate kit providess Studies were carried out to exemine
four different but related problems; these ave the possibly
deleterions effect on scan quality of

(1) varying eluate volume.

(2) varying the quantity of B.H.D.P. injocted.

(3) varying the amount of radioactivity (moi)
injecteds

(k) prolonged storage of the labelled compound

prior to injection.



A1l the studies deseribed in this seetion were porformed
using a lyophilised sterile preperation of EJHeDeP., manufactured
and kindly supplied by Philips-Duphar B.V,, Petten, Holland.

Fach vial contained 3 mge of B.H.D.P. and 0,06 nge of stannous
chloride. The diphosphonate was labelled using ggmwc obtained
ag sodiuvm pertechnetete solution from a standard 99Mom99mTc
generator manufactured and supplied by Philips-Duphar B.V. In
all studles, except those where the labelled material woe stored
for some hours, the labelled diphosphonate was injected intraw

venously lmmediately after labelling,

(2) Variation in Bluate Volume

Matorials and Metheds

To assess the possibly deleterious effect on scan quality of
Increasing the volume of pertechnetate solution added to the
diphosphonate vial, a paired study vas parfnxmed. Six pationts,
five with bone metastases and one with Paget's disease, were oach
studied on 2 occasions. In the first of the 2 siudies, 2 ml. of
sodium pertochnetate was added to the diphosphonate, end in the
second study, 8 ml. of sodium pertechnetate was used. In both
studies the same activity of ggmmc (10 mei) and the same quantity
of B.HaDePs (3 mg) was injecteds The only vaviable, therefore,
was the volume of labelled peritechnetate solution added to the

diphosphonate vial, and subsequently injected into the patient



(2 ml in one study; 8 ml in the second).

Using the previously described gamma camera system, Polaroid
seans and tumoursbone ratios (or Paget'ssbone ratios) were
recorded in each study four hours affer the intravenous injection
of labelled diphosphonate. The two sets of Polarcid scintigrams
of the same abnormal areas were visually compared. The pairs of
targeltshackground ratios obtained from the same pathological

areas were compared by paired Students %t test, the method pre~

viously used to compave the relative performence of all the 99m@c
phosphates,
Results

There was no difference on visual inspection of the Polaroid
scans from the paired studies. There was no significant differe
ence in the ratios cbtained from the same pothological aveas in
the paived studies (Meon & S.EM. = 2,68 £ 0.48; Mean % g.m.u,

= 2,69 £ 0,475 0490 < p < 0.95) (Pable ITTel)e

(%) Vardiation in Guantity and Activity
of labelled Diphosphonate

Materials and Methods

A wide range of quantities of labelled E.H.DeP, (0e25 « 3 mg)
have been used in our patient studies, Satisfactory visualisation
of normal and pathological bone has been obtained with all the

different quomtities of B.H.D.P. employeds To more critically
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assess the effect on sean quallby of varyivg the quantiby of
BJHeDePe and of varying the activity of 99mm0 injected a paived
study was perfoxmeds

Five patients with knowm bone metasbases were each studied
on two occasionse The sane techuique was used throvwghout, the
onmly variobles heing the volume, quantity and activity of labelled
pharmaceutical injected (Table IXLe2)s As far as possible the
ratios of 2Mpa to BeleDePey ond BeH,DePe 0 cluabe voluue, wore
kept constant In the palred studiess Polarcld scanc and quone
titative tumouribone ratios were measured four hours after
injection. The tumoursbone ratics recorded from the same tumour

areas were compared by pairved 't test.

Results

There was no difference on visual inspection of the Polaroid
scans from the pairved studies. There was no significant differe
ence between the tumoursbone ratios obtained from the same tumoure
involved arveas in the poived studies (Mean & 8,E.M. = 1.90 & 0143

Mean % S.EeMe = 1.9 £ 04135 0495 < p < 0.975) (Table TITe2)s

(%) Storage of Labelled Product

Materdials and Methods

In the majority of studies performed, the radiopharmaceutical
was injected immedlately after labelling. This is clearly the

optimum methods In many departments it may be move convenient
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to inject the material some hours after lebelling, if for exomple
soveral patients are to be scanneds To ensure that storage ab
room temporature did not adversely effect the scon image, olght
patients were studied. Seven patients hed a known primary caneer
(3 breast, 3 luug, 1 prostate) snd cne patieont was a control
subject with no evidence of cancere 1In these patients the
BeHeDePe was labelled in the usual way, but the labelled compound
was nobt injected until 3«57 hours after labelling. Puring this
time the solubtion was kept at room temperature., The activity

of the golution was 10 or 15 mll at the time of injeciion.
Polaroid scans snd, where appropriate, tumoursbone rvatios were
recorded in the standard woy 2 hours alter injection. ZIDach patient

was studied on one occasion only.

Resulte
Satisfactory images weve recorded in all cases. Thres of
the cancor patdents had wradiologlicoally proven bone metastasesSs
These were cleaxly seon on the bone scans. The vemaining four
pationts and one coalbrol subject hod normal bone scans. It the
3 patients with positive bone scans, tumouvrsbone ratios were
neasured, ‘The yesulis clearly demonstrate that esatislactory
visualisation of focal bone leslons can be anticipated cven in

patients where injectlion has been delayed wntil several hours

after labelling (Table IIIe3).
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(5) Discussion of In Vitro Experiments

The results of these experiments clearly confirm that the
lyophilised stannous diphosphonate studied provides in a very
convenlent single step kit a highly flexible bone scanning agent
which can be used with the technetium"supplied thronughout the
effective life of a standard tochnetium gonorator. No signie
ficomt deterioration in scan image should be anticipated despite
the vaviation in technetium presentation, labelling and injection
procedures which may occur in any busy Department of Nuclear
Medicine,

In the fivst study, a fourfold increase in eluate volume had
no deleterions effect on scan image, nor a significant offect on
the quantitative tumouribone ratios obtaineds The absence of
harmful eoffect due to dilution in these clinical studies is in
accord with the absence of any chenge in pharmacological properties
due to dilution of the labelled phosphate observed in the ecarliest
work with polyphosphate in rabbits (Subramanian and MeAfee, 1971).

We observed and described a similar lack of effect on the
pharmacological properties of the 99m@c phosphates with a 300=fold
dilution in molar concentration of the pertechnetate sclulion used
for labelling in the “microcurie!® method described earlion.
punson et al (1973) have veported a slight deterxioration in lmoge
qualily when large gquantities of E.H.D.P. are compounded, pres=

sunably due to less favouvable phosphateitin ratioss This should



not be a problem with single vials in commercially available kits,
where the ratio of B,H,D.P. to tin is ctandardised.

In the second experiment a twofold reduction in the quontity
of HaHeDePe and the activity of 99“"130 injected produced no
significant change in scan image oy tumoursbone ratlose A wide
range of ectivities of 99'“‘1‘6 and quantities of B.H.D.P. moy be
uced withous any significant change in the scan image produceds

There are clear advantages in being able to label the
diphosphonate some hours before injections al present most contres
wvait several hours after injection before starting to Baon, to
obtain satisfactory targetsbackground ratioss It may, therefore,
be necessary to inject several patients ai different times dopende
ing on thelr time of scanning. Because of the flexibility of use
of diphosphonate it is possible to label the vial ab soy, 10 R,
inject the patients belween 10 aune and 11,30 a.me ond begin
seanning at 1.30 « 2.00 pete In this way patient inconvenience
may be minimised, and the most economic and wotional wse of the
pharmaceutical achieved., The general policy suggesied for a
vial conteining 3 mge of B.H.D.e would bes

Number of patlents ¢ 3 per vial
Activity per patient : 1015 mCi
Eluate volume to be added 3 2«8 ml
Inject within 6 hours of labellinge

Start scan within 2oh hours after IV injections



In en earlier discussion of the relative meriits of the
99mTc vhosphates the reliability and reproducibility of EalleDeFay
especlally wvhen compared with gngc POLY, was stressed. We
have studied three samples of B,H.D.P. from different commercial
aourcas: In general the three R.J.D.5, products are very

similar end provide highly reproducible and reliable rosuvlis.

* Diagnostic Isotopes Incorporated, New Jersey, U.S.A.
Procter and Gamble Incorporated, Cincimnati, Ohio, U.S.A.

PhilipswDuphar B.V., Petten, Holland,
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Be ZN_VIVO PROPERTIES OF B.H.DePs

(1) Inbtroduction

In the first part of this section are described exporiments
which indicate the favourable in vitro properties which make
E.HeDoPe a flexible and reliable bone scanming agent. 1In &
previous section are described the series of experiments in
vhich the important pharmacological properties of the gngc
phosphates were compareds On the basis of these studies it was
concluded that E.H.D.P. was the gngc vhosphate of choice at
presents Studies are now described in which the in vivo phare
magological properties of E.H.D.P., are examined in details The
following properties of E.H.D.P, were measureds

(1) Blood clearance.

(2) Urinary excretion.

(3) Uptake by normal bone,

(4) Uptake by tumour-involved bones
(5) Acute toxicity.

(6) Cumulative toxicity.

(2) Measurement of Blood Clearvance, Uri
Exeretion and Uptake by Normal Bone

Materials and Methods
Blood clearance, urinary oxereiion and normel bone uplake

of 99m®c laballed B.H.D.Pe were measured in 10 healihy young
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male volunteer subjects with no evidence of bone disease (aged
22+25)e  Each subject was given 5 104 of PMe labelled El.DePe
by Zntravenous injections Whole blood radicactivity levels were
measured at 15 wminute intervels for one hour, and hourly theres
after until 6 hours after injection: 5 wl blood somples were
collected by venepuncture, and whole blood raﬁioactiviﬁy measured
in a well scintillation countere A standerd semple obiained
from the injected materisl was also counted. Resulis were
exprossed as o percentage 6£ Injocted activity/litre of whole
bloods

Prior to injection the subject cmptied his bladder. The
voided urine was discardeds Urine was collected at resulay
intervals duwing the 6 hour study periode The radioactivity in
each sample wes later counted lu a bulk sample scintillation
countere The activily of a standard sample obbeived from the
injected materisl was also counteds In this way the cumnlative
wrinery excretion from O to 6 hours after injociion was derived
and expressed as a percentage of the injected activitye.

Sorial uptake of diphosphonate in the normal bone of the
lover dorsal spine was measured using the quantitiative spines
background profile described in the previous section. Using
this system a profile was dravn trensversely across the gamma
camera field of view jusht above the kidueys to include the lower

dorsal splne and surrounding avea. The gross counte from the
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region of interest corresponding to the spine and the gross counts
from the same number of channels in the éurrounding soft tissue
background wers calculated from the teletype printout of the
Multi-Channel Analyser. Counts from the two areas were recorded
serially from 15 minutes until 6 hours after injection and their
ratio (spinesbackground ratio) was calculated for each fime of

study "

Results

Nlood Clearance

Initial cleavance of °"[g~E.H.D.P. from the blood is
extremely fast, whole blood levels falling %o 7.22 % 0.64% of
the injected activity/litre of whole blood alh 5 minutes alter
injection (Vable ITT.4)e From 15 minutes until the end of the
6 hour period of study the blood clearange is well described by
a bilexponential funetion, A (t) (percentege of injected activiby
por litre) = #.56@”0‘032ﬁ & 2.190”0‘00452, where the deeay

constanta ave in minwbos

and correapond to half lives of 21.8
and 155 minutes rvespectively (Figure TIIe.l)e The paramebers
were obtained from sm itorvative leest squares fit to the bie
exponential exprossion itself and the correlation coefficiont
between observed results and those calewlated from the hiw

exponential exprossion is 0.9996 with a vepression cowefficient

of 049995,
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Urinary Excretion

Cumulative urinary excretion is shown in the table (IITH)e
Six hours after injection a tobal of 7046 & 1.8% (Mean ¥ 5.1,4,)

of the injected activity has been exereted in the urine,.

Normal Bone Uptake

In the control subjects, when the total number of counts
from the regions of the profile corresponding to the spine and
to the soft tissue background corrected for the physical decay
of the nuclide, were plotted separately againest time, a regular
fall in activity was cbserved in both areaus. The gross activity
in the spine area fell more slowly than that in the nonwspine
hackground area (Figure IIT.2)s DBecause of this, the epine:
background activity ratio rose contimuously throughout the 6
hours of the study (Figure IIL3),.

The gross activity rvecorded from the spine includes activity
in the nonw-osseous tissue in the avea under study. If it is
agsumed that the soft tissue background across the profile is
uniform then subtraction of this background activity from the
gross counts measured in the splne area gives a measure of net
uptake by the spines. Net spine uptake rose rapidly and by 6O
minutes had attained 80% of its value at 6 hours, when the study
was terminated (Figure IIT.4)s This dynamic uptake can be well
described by a biexponential function (T% of Txponent I = 1148

minutes, T% of Bxponent II = 53,0 minutes).
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(3) Measurement of Uptake by Tumour~Involved Bone

Materials and Methods

In a second related study serial uptake of gngc diphosphonate
in tumour~involved bone was recorded in thirteen patients wifh
known bone tumourse There were 1l female and 2 male patients
(ages 34=72). Ten patienis had bone metastases (9 breest, 1
prostate, 1 lung and 1 occult primary) and the other patient had
a Bwing's sarvcoma of pelvis. In all bui one patient the fumourw
involved areas studied were radiologically visible. In the
remaining patient (carcinoma of breast) a previous scan had demons
strated a leslon in the luwbar spine and postemortem confirmation
was cobiained within 2 months of the study described herce

Gamma camera seintigrams were obtained serially from 30
minutes until 4 hours after the intravenous injection of 15 m0i
of 99mTc Jabelled B,H.DsPse DBy means of the gamma camera muliie
chennel analyser system previously described, serial 99m,c diphose
phonate activity was recorded from 30 minutes until 4 hours after
injection in 24 pathological areas of the skeleton and 24
corresponding areas of normal bone in the 13 pationts studieds
The ratio between the gross counts from the tumonrwinvolved bone
and those from the correspondlng normal bone areas {tumoursbone

ratios) were calculated for all times of sbudy.
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When the gross counts from the gamma camera image of the
tumour=involved bone were plotted against time, after correcting
for the physical decay of the nuclide, a rapid rise was noted
for the first hour of the study, after which a constant level
was maintalned throughout the remainder of the & hour study.

In the corresponding normal bone there was a regular decrease

in gross activity, similar to that observed in the spine of the
control subjects (Figure TIL.5)s The gross counts recorded

from the tumour-involved bone and corrosponding normal bone

were obtained from equal areas of the skeleton, Thus, a measure
of the iuncreased uptake of diphosphonate in tumour-involved areas
due to the ftumour involvement cen be obtained by suwbiracting the
two sets of data (l.e. net increame in diphosphonate uptalke in
tumour~involved arce = gross recorded counts in tumoursinvolved
area minus gross recorded counts in arvea of corresponding normal
bone). To simplify the nomenclature, we have called thic
increase in activity duwe to tumour inveolvement Ynet tumowr uptake't,
Net tumour uptake rose throughout the &4 houwrs of the study (Figure
I1IT.6) in contrast to the net noxmal boune uptake in the control
subjects, which reached a mexinum value within 120 minutes of
injection.

Because of the continued incvemse in sctivity in the tumours-

involved bone and the regulsar decrease in gross activity in the



normal bone, the tumoursbone ratio rose steadlly throughout the

k hours of the study (Figure ITTe7)e

(%) Jeute Toxicity Studies

Principle

Theye is a theoretical risk of acube hypocalcaemia follows

ing the vapid intravenous injection of o phosphate or phosphonate
compound due to its chelating action on serum ¢aleimm (Cosselin
et al, 1953). Accordingly a study was performed to investigate
the pomsibilily of acube hyposaleoaemia followlsg the intravenouns
injection of a quantity of B.H.D.P. equivalent o that used in

patient scanning sltudies.

Materials and Methods

Twenty five subjects {young healthy male volunteers) roceived
an intravenous injection of elther 2.5 mg or 3 mg of R.H.D.P.
{(labelled either with 5 mCi, 20 uCi or 30 uCi of 99mTc) during
the pﬁarmacological studies previously deseribed. During these
studies venous blood samples were taken at regular intervals
after injection. The opportunity was taken, therefore, to
measure venous blood caleium and phosphate levels immediately
prior to injection of diphosphonate, and at 5, 15, 30, 45, 60,
120, 180, 2k0, 300 and 360 minutes after injection.

Ten ml of venous blood, obtained without the use of a tourw

niquet if possible, was collected in plain pglass tubes. Serum
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calcium and phosphate were measured using a Standard Technicon
Autoanalyser methods Resulis wore expressed as mg/l0Cmle
Fifteen subjects were studied on one occasion and 1O sub:jec'i;:gs
vere studied twice. A botal of 35 studies vere, therefore,

ohtained.

Resultis

There was no clinical evidence of acute hypocalecaemia in
any suhjectes Blood ecalcium and phosphate levels remained
absolutely normel throughout the period of study apart from a

post=prandial. rise in serum phosphate (Table ITL.5)e

(5) cumilative Toxicity Studies

Principle
The experiment described above showed that no significant

agute changes in serxum caleium or phesphate should be anticipated
afier intravenous injection of the quantity of diphosphonate
routinely used for bone scannings The possibility of a cutue
lative toxic effect was investigated in six healthy young nale

subjects.

Materdials and Methods

Six young male volunteers (age 22-30) each roceived 5 mg
of unlabelled E.H.DJPe by intravenous injection daily for a

total of seven dayse. The diphosphonate was dissolved in
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non~radioactive sterile isotonie salines During the twenty fouyr
hours immedletely before the week of the study, end during the
twenty four hours lumedlately after its completion, colléctions
vere nade of all urine passeds ‘Twenty fowr hour urinary
ereretion of calcium and phosphate were neasured using the
standard biochemical mothods used in the Dopartment of Biochemistry,
Glasgow Royal Infirmary. In this way twenty four hour urinary
calcium and phosphate excretion were measured immedistely before
and aiter the dally injection of 5 mge of LJHeDeFe During the
weelk of study serum c¢alediwu, phosphorus, alkaline phosphatase,
albumin and globulin were measured daily. On 3 nonwconsecutive
days of the study SGOT, SGPT, bilixubin, full blood count, blood
film and platelet counts were estimated using stendard biochemical
and haematologleal technigquess The overall design of the study

is shown in the figure (Figure I1E.0).

All resulbs of all the investigations described above were
wvithin noxmal limits. No significant chenge in any of the
recorded parameters were obsexveds Do simplify the presentaiion
none of the detailed vesults are shown, as all of the inveatiw
pations are standard tests and thely ranges of normality well

established.
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(6) Dpiscussion of In Vivo Ixperiments

The blood kinetic data reported here are very similar to
those cbtmined by other workers using B.H.D.P. obtained from
different sources (Krishnamurthy et al, 197ke; Berg et al,
197k)s  Diphosphonate clearly providea reliable, highly
reproducible resulis whatever its source and this confirms in
humans the biological consistency noted in experimental animals
(Dunson et al, 1973)s The biwexponential blood clearaunce is
thought to represent early rapid cleavance into bone followed
by a slower renal excretion (Krishnamurthy et al, 197%c)e
Although this statement is generally true, part of the rapid
glearance of diphosphonato from the blood is also due to renal
exeretiony within 30 minutes of intravenous injection over 20%
of the administered dose was exzereted in the urine. In our
control subjects, healthy young men with normel remal function,
V0% of the administered activity was excreted within six hours,
without the use of diuretics or a water load.

The rise in the observed spinesbackground ratio with time
confirms what is apparent visually:s scan quality improves the
longer the delay between injection and scamning. The increase
in spinesbackground ratio with time is due to two factors: a
continuous rise in bone uptake of diphosphonate and a continuous
decrease in soft tissue background activity due to renal

excretion of the diphosphonate not taken up by bones The

r



seeond of these factors is by far the most important and is in
accord with our observation in a previous section that B.H.DePes
which has the fastest blood clearance of the gngc phosphates,
provides the highest spinesbackground ratios, although its net
bone upfake is no higher than that of the alternativé phosphate
compounds .

A similar normal bone uptake pattern to that described above
has been observed in rabbits, where there was no significant
difference between bone levels of gngch.H.D.P. at one hour and
four hours after injection (Subremanion et al, 1972b)e In the
same study, absolute skeletal uptake of L.H.D,P. was actually
lower than that of SBSr, the higher bonesbackground ratios
observed with B.H.D.0P2. being entirely due to its more rapid
excretion resulting in lower blood and moft tissue levels.

The gross activity recorded from tumour-involved bone
includes a proportion of achtivity in the blood and soft tissuwes
within the image of the "hot spot". Gross recorded activity
remains constant because the activity lost due to decressing
blood levels is compensated by the continuous uptake in the tumours
 involved bone. In both normal and abnormal bone the rapid rise
in activity represents rapid clearance from blood, and the absence
of any short term fall in net activity as the blood activity drops
ropidly is in accord with the concept of chemisorption of a stable,

non«hydrolyseble compound (Castronove and Callahan, 1972)e In
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nornal bone net activity ineveases Little after 120 minutes, by
which time only 6% of the injected activity remaing in the blood.
This observation is in accord with the recent suggestion that,

in normal bone, blood flow may be more important than metebolic
activity iun determining diphosphonate uptake (Genent et al, 1974).
By contrast, the net uptake in tumour-involved beone continues to
increase despite falling blood levels, and this is prosumably a
consequence of the increased metebolic activity of the tumoure
involved bona.

The tumouribone ratlo as defined is of practieal value as a
diveet quantitative expression of the contrast between the tumours
involved and normal bone in the gamma camera image. Clearly the
higher the tumourtbone vatio the easier is the detection of the
tumour on viswal inspection of the immge. Tumoursbone ratios
were higher four hours afier injection them at any earlier time
during the study although ratios obtained within 120 minutes of
Injeetion were generally high enough to allow visualisation of
most tumours (Figure IITe9)s

Acute hypocaloaemia due o chelation of jonised ealcium is
well recognised following the intravenous injection of phoaphates
(Goseelin et al, 1953). Diphosphonate is not o tyue phosphabe
and in the form used in scamning it ie complexed with #in and
technetiume Acute hypocaleaemia is, therefore, unlikely unless

extremely large doses ave employeds
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Electrocardiographic changes have been observed in dogs
following the rapid bolus intravenous injection of B.H.D.P. at
a dosage level of only 20 mg/kg body weight (Stevenson and
Dunson, 1973)s Calcium or phosphate levels in the blocd arc
not quoted in this report, but the electrocardiographic changes
were apparently consistent with hypocalcaemis and were reversed
by the initravenous infusion of calcium chloride. The some
authors observed acute toxic symptoms of tachycardin, hypere
pnoga andtetany at a dose level of %0 mg/kge The LD50 following
acute injection of diphosphonate in seveial animal species is
reported as being below 45 mg/Kg (Stevenson and Dumson, 1973),
although a niore veasonable figure for the LD50 for diphosphonate
is probably of the order of 100200 mg/Kg body weight (Castronovo
and Callahan, 1973). Rapid deaths are associated with lung
haemorvhage andtetany.

As previously discussed, satisfactory visualisation of the
skeleton is obtained after injection of 0.5 mg of diphosphonate
which is equivalent in a "standard" 70 Kg patient to 0.007 mg/
Kge 1In our acute toxicity experiment the injection of 3 my of
TeHoDePey equivalent to a dose of 0.04 mg/Kp, produced no
observeble clinical effect, and no acute change in the recorded
serum calcium or phosphate. ‘There is clearly a very large
margin of safety between the lowest dose associated with c¢linleal
a&mptoma (30 mg/Kg) and the dose required to permit visualisation
of the skeleton (0007 mg/Kg) (Castronove and Callohan, 1973).
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The available evidence suggests that the diphosphonate and
tin do not dissociate in vivo {(Castronovo and Callahan, 19?5)
and the potential denger of acute tin toxdeity is, therefore,
less likely. In auny event, the quentity of stannous chloride
injéected ie of the order of 0.06 mg (00009 mg/Ke body weilght),
This is trivial when compaved with the reported lethal dose of
stannous chloride in dogs after intravenous aduinistration (20w
50 mg/Kg) (Spector, 1956). There is little danger from cwiye
lative tin toxicity, as tin is alrveady present at relatively
high concentration in bone (0.5 ppm S1n) (Kehoe et al, 1940) and
the additional burden from one bone scanning dose of stannous
diphosphonate is 00014 ppu for a 70 kilogram man (Tofe and
Francis, 1974),

It is cleayr that acnte alteratioms in caleium metaboliom
following intravenous injection of a bone scanning dose of B.H.D.P.
are extremely unlikely, and it has been ouy experience that
patients with pre~existing hypocalecaemia due to renzd disease
suffer no untoward effect Lollowing acute injection of B.H.Dele
Of preater lmportance, hovever, is our observablon thal there
was no change in blood and urinary levels of caleium and phosphate,
and serum alkaline phosphatase after the daily intravenous
injection for 7 days of 5 mg of H,H.D.P., cquivalent to 0.07 mg/
Kg body weights This is equivalent to approximately 0,02 mg
of elemental vhosphorus/Kg body weight/dey, as the disodium

salt of E.H.D.P, containg approximately 25% elemental phosphoruse
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The absence of any discernible change in calcium metabolism deaw
pite daily intravenous injection of a relatively large amount of
BeHeDePe (larger by a factor of 5 thon the averapge scanning dose)
is particularly gratiflying in view of the reported effects on
dmmobilisation osteoporosis in rats of the dally auhcﬁtanﬂous
injection of E.H.D.P, at doses as low as 0.0 mg BP/Ke/day
(Michael et al, 1971; IMuhlbauer et al, 1971).

BeHeDel, given at a daily oral dose of 20 mg/Kg body weilght
to patients with Pagetts disease reduced the initially elevated
levels of plasma alkeline phosphatase (Russell ond Smith, 1973).
Clinical experience with the oral administration of lavge doses
of ReleDePe for the treatment of Pagetts disease and other bone
diseases may not be directly relevant to intravenous adminise
tration, however, because as Llittle as 0.5% of an oral dose may
be absorbed in man (range 05 = 15%, mean 3%) (Russell and Smith,
1973).

The limited experience available in man suggests that
histological abnormality in bone and cartilage matrix may be
snticipated after the daily parenteral administration of L mg of
elemnental phosphorus per kilogram body weight given ifox short
periods of time. The dosage of D.H.D.P. employed by us was
smaller by a factor of 50 and it is, therefore, wnlikely that
any significent alteration in calcium or phosphate metabolism
would be smticipated, even in pationts having bone scans repeated

at frequent intervals,
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The measuvenent of other sliple parvameters of haematological
and bicchemical function during prolonged aduivistevabion of the
unlabelled pharmaceutical Failed to reveal any evidence of
toxoaity.

Qur oun personal experience now consists of over 800 patient
doses of Hl.H.D.Fs including many repcated doses in individunl
patients, Thore has been no evidence of towic effects cnd this
experience is in accord with that of obther workers (Castronovo
and Callahan, 1973 Subramenian ot al, 1974; Tofe and Francis,
1975)e Mony thousands of patlent doses have now boen given
without any watoward effect bolpg repovted dn the Literature.

In summaxy . 99mTc labelled E.Hd.D.P. clearly satiafies the
following bielogical criteria which are necessary for o sotige
factory bone scavning agenty

(1) Rapid skeletol uptake of a significant

proportlon of administered activiiy.
(2)  Skeletal binding which is ixveversible,
in the shoxt term at least.

(3) quantitatively higher upbake in twnour~involved

bone compared wilth nommal bonoe

(4) No significent retention in moft tissue.

(5) Ropid urinavy excretion of the administered

diphosphonate which is not taken up by bonee

(6) Iack of toxicity.
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Ve nou have a clear wnderstanding of the in vivo disteibution
of the compound, although the precise mechaniom of its .ZLoc:al«
isation and uptako in the skeleton remain wnelear,

There are several important practical considerations which
follow from the worl deseribed in this and the provious scotion.
Rapid bleod clearance of thalt proportion of the administered
vadiopharmaceutical gpot token up by the skeleton is move Jmportant
in attaining high target to background vatios than absolute bone
uptake. The studies in normal and pathological bone described
above clearly demomstrate why diphosphonate is superior to the
other 99”".(.‘(: phosphates and the muclides of Stronbium, despite
the fact that in abosolute terms skeletal uptake of diphosphonate
is no higher than the alternative agents. The realisohion thab
absolute bone uploke is not the most importent pharvmacologilesl
property is of importence in considering new bone seonning tochw
niques and radiopharmaceuticals. There geems Little justification
for the potentially hazardous pre~treatment of palients wiih
nmetastatic lesions with testosterone and ocestrogens (Hertw, 1950)
or perathyroid and/or thyrold hormoves (Gharkes, 1973) in atbempto
to inecrease the uptale of bone sgeeking isotopes, leaoures
deslgned to promote the remal emeretion of the radiophormeccoutical
not bound to hone appear move rational, although there is no
publiched evidence Lo confirm that the administration of a

diuretic, as advocated by Yeates et al (1972) will significantly



dncrease the urinary excretion of the 99mT0 phosphates or that a
diuretic will dmprove the quality of scan image obbained.
Pationts ave voublnely requested to dvink lavge quantivies of
fluwids during the interval beiween injcetion and mcanning, as
frequent voiding reduces the wradiation dose to the bladder and
ey also increase the yate of execretioie

in the development of pew bone scamming vadiopharmeceuticels,
rapid blood clearance of nonwossecus activity should be soughi
and in this context it is possible thai methylene diphosphonatie
(MeDoPo) which apparently has a mavginally more repid blood
clearance than E,H.D.P. will prove Lo be a superior agent
(Subramanion et al, 1974),.

Another potentially important practical point to emerge
from the studles described above depends on the demonstration
of a quaniitative difference between the dynamic uplake of die
Phosphonnte by normal and tunoursinvolved bones It i possible
that the measuvemont of dynamlc uptake of diphosphonate by a
metastatic lesion when compared with uptalke by normal bone way
yrovide informaiion vegerding the blological activity of the
lesion in studye. Serial measurements of diphosphonate uwpiake
by a known malignant lesion in bone may be used as o method of

aspessing response to variouns treatment regimes.
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SEGTION IV.  CLINICAL ASPROTS OF DBONE SCANNING
wIm_mn  2we  pHOSEATES

S

In the introductory section we referred to many clinical
studies whero the overall accuracy of strontium and fluorine
bone scans in the early detection of bone metastases was come
poared with the radiological skeletal surveys. ‘The increased
sensitivity of the radionuclide technique was estobliched by
these studies. The consequent recognition of the earlier
and more accurate diagnosis of skeletal metastvases provided
by bone scanning stimilated the intensive investigations which
culminated in the development of the ggmﬁc phosphates.

In this seotion is described ouxr experience of some
clinical aspects of bone scenning with the 99mmc phosphates in
patients with malignent, diseases The standard method used to
scon the skeleton s first described. Some of the problems
of technique and scan interpretation which are particularly
relevant to the 99mmc phosphates. are then discussed. This
section is concluded by a description of the study carried
out to evaluate the sensitivity and c¢linical walue of the 99mTa

phosphate bone scan in patients with malignant disease.
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A, METHOD OF RONE _SCANNING

-The method used in our depsrtment utilises a gomma camera
to obtain scans of the skull, axiel skeleton, thovax, pelvis
and proximal ends of the humerus and fenmr, using a modification
of CGalasko's method (Galasko et al, 1968)s In all studies,
patients are scanned three to four hours after the intravenous
injection of 10=20 uCi of o 99mT¢~1abelled phosphate. o now
routinely administer 17.5 mCi of E.H.D.P. in 2«35 ml of sterile
aqueous solution. Pabtients are encouraged to drink lavge
quantibios of water during the interval between injection and
scannings  Frequent voiding of urine is encouvaged. Immediately
before the scan, the patient emptics his bladder to improve the
visualisation of the pelvis,

Scans of the skeleton ave recorded on Polavcid film using
elther a Nuclear Interprises Sciatlcamera IV or Ohioc Nucleay
Serles 100 gamma camerae Mulbiple overlapping views of the
skeleton are obtained with the patient scateds Scans of the
pelvio are obtained with the patient stendings In all, twelve
views are obtained: »ight and left lateral skull (2 views),
posterior viewe of cervical, dorsal and lumbar spine (3 views)
and posterior views of right and left shoulders and proximal
humeri (2 views)s An anterior view of stermum and ribs (1

view), and right and left anterior and posterior pelvis with
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proximal femora (4 vieus), complete the gomma camera skeleton
sean obtained (Figure TV,1l)e  Spinal views ave taken with
300,000 counts each and all obther views with 200,000 counta,
Using this wethod satisfactory scintigrems of the skeleton are
obtained with one hour of patient scanning time.

In general, the 99mTc phosphates reliably provide secons
of high diagnostic quality. In elderly patients where urinary
clearance of the compound is wrodused, high blood and mofh
tissue background levels may seriouvsly affect scan gquality.
Twe to the relatively low gamma ray energy of ggmmc. akbenuation
by subcutancons fat moy be a problem and in the obese patient,
sean quality is generally poovers As previously. discussed,
the longer the interval between injection and scanning, the
better the sean image produced due to higher targeh:background
ratioze With H.H.DJPey good quality scans will generally be
obtained after a 2~3 hour deley between injection and storting
the scane. Pationt positionivg is jinpovtant ond gétienﬁ
rotation should be minimised. \hen using a whole body sceanner
or scanning gamma camers wheve the patient lies down, patient
rotation is less marked whon the patient lies supine vether
than in the prome position (Charkes et al, 1973).

Because of urinary excretion of the phosphates, contamination
of skin with voided urine can cause difficulties of interpretation

especially in infants and childven (Gilday end Peul, 1974).
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Attenuation of the 140 KeV gemma photon by Jewellery and othexr
metallic objects carried by the patient, breast prostheses and
other ltems will produce artefacts which are geen ag cold
areas (Figure IV.2)e Such articles should be vemoved or

identified prior to the scan (Pistenma et al, 1975)e
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Be INTERPRETATTON OF THE ggm'.ﬂc

PHOSPHATE  DONE  SCAN

(1) The Normel Boue Scen

The eriteria of noxizlity of the bone scen hove been dosw
cribed as b:i.la'i';e:s*a:!. distribution of radicactivity symmwetrical
about the nidline, and a wniform or smooth giradation of radio-
octivity along the spine (Merrick, 1975). This statement is,
hovever, an oversimplification: it dis clear that before the
presence of an sbaormality cam be recognised, the variability
of appearance of the normal skeleton must be knowa, and overy
Nuclear Medicine Department should, thevefore, develop its oun
experience of the normnl bone scan. The detailed appearance
of the normal skeloton on the 9%'136 phosphate scan has been
deseribed (Charkes et al, 19733 Thrall et al, 1974). it
should be stressed that much greater detall of the noxmal shkeleton
is seen thalt on scans oblained with Strontium or Fluorine
(Charkes et al, 19733 Kvishunanuwrthy ob al, 1974b) and ve agree
that the 99111% phosphate bone scan is nobt easy to xoad. The
decision as to whether a ¢ertain area is normal, or abnormal may
be difficult and errors in Interpretation are bound to be
experienced during the initial uesc of The technique {(Charkes

et 611' 19?3)0
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(2) Problems of interpretation

o 99m

The more favowrable physical properiies o Te compared
with 853r. 87m8w and 18F’ permit the injection of much highey
activitiezs The dvoreased information density resulting from
the higher injected activity provides betior covnting statistics
and theoretically dwproved rosolution (Chavkes ot al, 1973)s
Overall, the quality of scaus obtained with the ngmc phnﬁﬁhates
is superloxr To those oblalned with all other agents, including
lGF. The ivereased nformation densiby on the 99mmc phosphate
sean resulis dn the visualisallon of many details of skeletal,
and in some instances non-skeletal, styucture (Pigure IV.3).

As previously discussed any bone dlsease will be seen on the
sean as an arvea of dncreased uptake, ivrespective of hisbtologye.
me combination of high sensitivity and low specificity wokes

it necessary to consider the possibility of false positive scans.
It is, thevefore, importont to consider the wmany dlffevent
conditions which may lead bto positive focal accumlation of

gngc phosphate on a bone scan, hefore accepting a dlaguosis of

motastabic discase.

Normal ExtraeSkeletal Concentration

As previously discussed, the rapid blood clearance of 99mmc
phosphates results in a very low soft tissue background activity.
Due to the high urinary oxcretion of the compounds theve is
significant visvalisation of the kidneys and urinary bladder on

the scone The renal images are generally of diasgnostic quality
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and ssymetyy of the ronal lwmages may indicate unsuspected
unilateral renal disease. In mony lerge series having bone scans
several such patients have heen noted (Park et al, 1973).

The repal images are absent in renal failure (Wigure IV.h).
Bladder activity may obscure or mimic 2 hone Jesion in the pubic
or Ischial bones and whenever possihle the patient chould empty
the bladder prior fo scanning the pelvig

In sone potients concentration of 99m@c phosphate in the
normal breast has been observed (MceDougall and Pistenma, 1974).
This is apperently irrespective of the age of patient, although
in our experience this is most common in younger pobients (Figure
IV5)e  In pabients with high blood backgrovnd levels due to
poor venal excretion or because of scaming too carly aftoer
injeation, a Wolood pool® image of heart end liver may be obtained.
Visualisation of thyrold, sslivary glands or stomach is only seen
vhere the labelling of the compound has been inefficient, and
usually indicates the presence of oxidents in the 99”@0 generotoy
eluate.

Accumulation in Pathological Conditions
Aﬁkecting Soft Tissnen

A lavge numbexr of disecoses affecting non skeletal tisscues
may be associated with focal accumilation of 99mmc phosphate
The diseases in which this phenomenon may be seen include cerew
bral infarction (Grames and Jansen, 19735 Wenzel and Heasty,

1974)s soft tissue tumours, both primary (Herp et al, 197%;



Chaudhurd. et al, 1974) ond metastatic (Thrall el al, 1974)3
myocardial infarction (Murray, 1974)s abcesses (Chavdhuri et
al, 1974); haematomata, surgical and traumatic wounds (Fordhem
and Remachandren, 1974); thrombophlebibis and Monckeberg's
nedinl sclevosis (Murray, 1974); pleural offusion and asciltes
(Thrall et al, 197:) and metestatic caleification in sofi
tiseue (Richards, 197%). This list is not comprehonsive ond
in many of these conditions the mechenism of uptake of the
radiopharmacentical is incompletely uwnderstood. Tneweased
activity may be due to diseaseemediated inereased blood f£low,
micromcoleification in aveas of haemorrvhage or infarction, ox
binding of the phosphote by enzymes released in yesponse to
tisoue damage (Zimmer et al, 1975). Difforent mechanicms may
operate vith the diffcrent 99mTe phosphate compounds,

The importance of these conditlions is in their recognition
as potontially misleading causges of a Mpositive! bone seans A
full clinical history and physical examination, bogether with
other appropriate investigationsm, shouwld allow the corveet
diagnosis to be made in many of these cases (Figure IVe.6)e

Renign None Disease Assoclabed
with Positive Bone Scan

Virtunlly every focal bone disease will produce an orea of
fogellly increased uptolke on the scane In the diffevential

diagnosis of metestatic disease, the most important of these
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conditions to consider are Paget's disease; arthritis, especially
osteoarthritis of hips amd shoulders; degenerative disease of
the spiney osteomyelitis and fractures. VMetabolic bone disease
ney also cause fogal abnormalities on the bone scan, for example
peeudofractures due to ostecomalacia, and fractures or vertebral
collopse in patients with severe ostecporosis. As previously
discussed the bone secan is nonespecific in that any disease
affecting borne will resvli in increased accumulation of radiow
pharmacenticals The scan abunormality produced by certain
disease processes may, however, be sufficiently characteristic
to pormit a specific diagnosis to bo suggesteds

O all the benign bone dlseases cousing diagnostic confusion,
. Paget's disease is the most important. This condition may be
anticipated in about 3«4% of all hospital patients over the age
of 40 (Collins, 1956) and diagnostic difficulty is particularly
Jikely in elderly patients. The position may he further come
plicated by the presence of a pagetoid response of bone Lo
metastatic involvemendt which may be confusing both radicloglcally
and bhistologically (Milch and Changus, 1956). Ve have observed
several patients with appavently cowexlstent metastatic cancer
and Paget's disease. Histologleal confirmation of the Pagetts
disease was not cobtained, however,

In true Paget's disease there is often characterxistically

involvement of a lavge area of bone, c.ge involvement of the
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hemiwpelvis (Figure IV,7) or diffuse involvement of the skull
(Figure IV.8)s  Another means of differentisting between
netastases and Paget's disease is the iﬁtensity of the scan
abnormality. In general higher targotshackground ratios are
seen with Pagetts disease thon metastmces. When a vertebral
body is uwniformly involved by a lesion which ﬁroducea high
99mmc phosphate wpiake with no loss of vertebral height, Papet's
disease is likely. The typical appearvance of Paget¥s involvew
ment of the spine is compared with that of metastatic disease
and osteoporotic collapse (Figure IV.11). |

Focal accumulation of jsotope around a large joint,
especially the shoulders or hips, indlcates the likelihood of
osteoarthritis (Figure IV.9). In patients with degenerative
disease of the spine, especially where osteophyte formation is
marked, focal hot spols moy be seens In general, a solitary
abnormality in the cervical or lumbosacral. spine of an olderly
patient is usually due %o degeneiative diseases The bone acan
of such patients should not be interpreted without reference to
the corresponding radiograph.

Trauma to bone will produce lesions on the bone scan, even
AT there ds no radiographlic abnormalitys. TFractures of bone,
whether complete or incomplete, produce lesions with very high
levels of muclide concentration (Fordham and Ramachandran,

1974)e  In many cases the distribution of the lesions gives a
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clue to diagnosis, for example a row of lesions in the ribs is
alwost inverlably the result of trauma (Figure IV.10)e Collapse
of a vertebral body due to benign discease such os osicoporosis
may be dlfficult to differentiate from malignant collapse,
although in malignant disease the pedicles are often involved
whereas in osteoporotic collapse the whole veriebral. body is
uniformly affected (Figure IV.11l)e In cases of marked osteos
porotic collapse, reduction of height in the vertebwrsn is seen,

giving a chavacteristic appearance.

Bone Involvement by Tumour Assoclated
With o Normal Bone Scan

There are meveral clinical situations in vhich the bone scan
may be noxmal, or considered normel despite radiological evidence
of tumour lnvolvement of the skeleton. As discussed in the
introductory seciion, the uptake of a bone seeking nuclide oy
radiopharmaceutical depends on the presence of reactive bones
When there is 1itile ox mo reactive bone, no esbnormalily is seen
on the scane. Absence of yeactive bone may e due Lo the biow
logical nature of the primary lesion: multiple mycloma and
indolent tumours such ne well differentiated thyroid cancer moy
provide minimal bone yeaction and oceasionally there mey be
little bone reaction to rapidly progreasive cancerse. Another
dmportent clinjcal situation where the bone scan may be

modified is after wadiation therapye. Incidental irradiation
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of normal bone during treatment of a primary cancer of lung or
breast results in elther inereased or decrsased uptake of 99mTc
polyphosphate (Cox, 1974b)e  The labe effecht of irvadiating
normal bone 1s dnvariably reduced uptake of tracer, corresponding
closely te the radiabticn field (Dell et al, 1969). Treatmont of

bone motastases by radiotherapy will also alter the upkake of

bone secking nuelidess After such twoabtment theve is genevally
en indtiel increamse in uptake followed several months later by a
fall, and this fall iz asscciated with rediographic ovidence of
recaleification (Greenberz et al, 1972)s Tu a patient studied
with 99mTc diphosphonate there was no inltial risoe in nmuclide
uptake, but a measurable decrease was noted after 18 days
irvadiation (Castronove et aly 1973).  Afier successful radiow
therapy o minimally abnormel seen is associsted with radiow
graphic evidence of seclevotic metastasoes, aptly described as

the “eears of previous battles! (Charkes et al, 1968). If bone
destruction is pevticularly extensive an avea of reduced activity
nay be seem on the scintigrem (Coorgen et al, 1974). In these
cases the radiograph is wnequivocal.

Another rather wncommon situation in which metasbtatic
disease of the skeleton may not be easily recognised on the bone
sean, i whove there is diffuse ckeletal involvement. When the
skeleton is totally dnvolved by tumour, although there is marked
bone reaction and generally iuncreased nuclide uptake, there ic

no contrast between areas of the skeleton, and no focal "hot aspoth
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is seen (Fraukel et al, 197h; Thrupkacw et al, 1974). The
possibdility of diffuso metastatic dicease should be considered
where there im gonexally inersased upbtake throughout the skelebon.
We have seen such a ploturc in a patient with chronie wyeloid
levkinemia, presumably due {o increased bone blood £low assoclated
with extensive marrow involvemente

If all the clinleal civeumstonces described in this chaptor
are kept in mind, and if full clinical and radiologleal deteils
ave available at the bime of scan interpretation, the inaidenco
of falwe positive bone scans will be kept to an absolute minimume

As previowsly discussed in the introdugtion, it is cleor
that bone scomming and radiclogy arve in many instonces complee
mentary ond maximum disgnostic information can be obtained from

& corbination of the two studies (Charkes et al, 1966).



Co  LVALUATION OF THE SENSITIVITY AND GLINICAL

VALUE OF _gnm "M  eOSPHATE BONE SCAN

(1) Principle of tho Study

To eritically assess the sonsitivity and clinical value of
the 99’”']?:: phosphate bone scan a large number of patients with
known or suspected malignant involvement of the skelebon weye
studied. In every patient o gamma camera bone scan was
obtained using the standard technique previously deseribed and
a full radioclogical ckelotal survey wes also obtained. Fach
investigation vas reported and the resulis of each test compared
with one another, and compared also with the clinical siatus of
the patient at tho time of scenning and during subsequent follows
upe A control group, consisking of 75 patients with no history

nor elinicol evidence of cancer, were also studied.

(2) laterisls and Methody
Pationts
372 patients with a positive histological diagnosis of
malignant discase vere studied (Table IVel)s fThoy wewe referved
to the Department of Nucloar Medicime in Glasgow Royal Infirmery
during the pordod Novembor 1972 to Mawrch 1975 for bone scauning
to confixn or exclude the presence of molignant disease of the

skeletons They represent a conmecutive patient population with
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the oxcepiion of another 16 patients with lnowm maiignont discase
who wore ascaymed during this pericd bul were considered unsuife
abloe for the study becauso of either inadoguake clinical doformmation,
a poor quelity bhone mcan, or hecsuse radiogrephs wore nolt avallable
for comparisone

Thore were 64 male and 308 female patients, the prepondorance
of females being due Ho the large mumber of patients with breost
cangers  Seven patdents had primary bone tumours, the vomaiuder
having knowm or suspected bone metastases from primery tumours
elsewhore. HEspacially conmon were patients whose primary tumowr
had a known prediliction to metestasize to the skeleton (bieost,

lung or prositate) (Table IVel)e

Controlo

Seventy five control patlents with no history nor clinical
evidence of malignant disease wers also scanned using an identical
technique to thet employed in the cancer patients. There were
55 female pabients and 20 male patients. T[ifteen female patienis
with a lump in the breast were scamned as part of their initial
preoperative assessment.e In all cases histology of the lesion
was later shown to be benign. A further 60 patients, poste
mencpausal females and males over the age of 35, admitted to
Glasgow Royal Infirmary for treatment of a variely of conditions

such as myocardial. lechaemia, asthma, diabetes, gall bladder



disecase, inguinal and femoral hernisme, were also scauneds
Informed verbal or written consent was obtained from all these

patiento.

Done Scan

Fach patient and control was sosumed three to four hours
afier the intravenous injection of 10~20 M of a 2 Mjowlabelled
phosphate compound (Table IVe2)s Deotails of the technique
enployed are described in the carlier part of this section. In
patients whose ¢lindeal examination precluded a full isotope
skeletal study, a more liwmited exawination, restriected Lo known

tumour-hearing areas, was cbiained.

Radiclogical Skeletal Survey

In all cancer patients skeletal radiographs in 2 planes
were cbtained, generally within two weeks of the scane The
radiographic skeletal survey comprised antero=posterior and
lateral views of skull; anterow-posterior and lateral wiews of
the cervical dorsal and lumbar spine, a postero~anterior
radiograph of chest, ¥ib vicws and postero-onterior view of
pPeLvise

A radiological skeletal survey was not performed in the
control subjects, unless the bone scan showed abnormalities,

in which case corcesponding radiographs were obloined.



Comparison of Results and Followe-Un

The sean and radiograph were vead independently, with knowe
ledge of the primary diagnosis and any other releovant climilcel
information available at the &ime of study. iAs the criterion
of normality of the 99“?6 bone scans had not been established
at the start of this study, all the scens were re-reported
Guring the monthe of Jenmary to Mareh 1975, ITn only a few coses
did the rotrespective interpretation of the scan differ from the
original report. Im all caeses the radiograph and scan wgre
regorded as positive, negative or suspiclous of metastatbilc
involvements Any focal accummlation of radiomctivity was ree
ported as abnorial. and held to be due to tumour involvement
mless the corresponding radiograph clearly showed a benign
bone lesions In such cases the sdan was reported os negative.
In several patients the appearances of the sbnormality on the
bone scan allowed a confidont diagnosis of non=malignant discase
to be mades The radiographs were accepted as positive vhen the
abnormalities were reported as “due to metastatic diseased,
Ygonsdotent vith metastases! or some similay expressions

The resulis of the two investigations wore compared and
related to the elinieal status of the patient at the bime of
atudy and during the subsegquent follow up period which ranged
from a monbh o over tvo years. there available, the vesulis

of pathologicel studies (biopsy or postemortenm findings) were
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corrvelated wilh the scaus and radiographse In many pabients the
detalils of follow up were obiained reotrospectively from thoe
clinical notess In a lavge mwber of pabtients wlith breast cancer,
however, a detailed follow vp luvolving wegeated hone scans and
rodiographs was obtained.s In this thesis, for the purposes of
the comparison of the dlagnostic accuracy of the scan and radiow
graph, the result of only one bone sean ix each patient is re-

cordeds

(3) Resulbs

The ovewall comparison of the scan and radiograph is shown
in the table (IV.3)e The deBailed vesults ave prosented and
discussed in the following way. We have accepted the radiograph
as the standard investigation for two reasons: firstly, it is
the standard, wniversslly available technigue against which any
new developnent must be judged, and secondly, the radiopraph
generally allous a speeifile dlagnosis of bone tunour to be made,
due to the anatomical detail dlsvlayede In contrast, the bone
seon ropresents a non=speeific sbnormaliby, uamely increased
concentration of isotope which is seen with many bone diseases.
ALY patients studies have, theorefore, been classified as X-Ray
Popitivo, X«Ray suspicious or X-Ray negative. Where the radiow
groaph shows vnequiveeal evidence of bone tumours, no fmrther

details regarding clinlcal or pathological folleow-up were soughte
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In all other pationts, especially where thore was a difference
between the radiographic and sgen resulis, clinical and wherg

available pathological details during follow-up were obiainede

L)

f=Ray Pogibive

Tn 102 patients, the radiographic skeletal survay showed
evidence of bony dnvolvement by malignant diseasc.  Seven
patients had primary bone tumours (4 osicogende mavcona and 3
Bwing's sercoma) and the remaining 95 pabionts had bony nga'i;as-bwes
from primery btumours elsewhere. In all but 2 of these 102
patients the bone sean independently confirmed the presence of
Tfocal malignant discase of bone. The two patients with normal
bone scans but abnomel radlogrephs ave of interest in that both
had known bony metastases fyrom a breast cancer for ab least five
years prlor to the study. Tach had been treaded with radiow
vherapy and systemic hormone therapy and the vadiographs revealed
diffuge sclerotic motastasess The absonce of abnormal uptoke of
99mTc phosphate on the bone scan is probably a roflection of the
previous vadiotherapy (Cox, 1974b) end represents inactive
disease at the time of study (Charkes et al, 1968).

Of the 100 pabients with abnormal seans and radlographs, a
single area of abnormality was noted in oach study in 11 paticnts.
In the romaining 89 patients multiple metastases were prosentes

ALl aveas of abmormality wisible on the radlograph were also
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seen on the scan but in 45 patients (45%), the scon showed
additional areas of abnormality not noted on the corresponding
radiographe Several examples of this phenoﬁenon are shown

(Figures IV,12; 13).

X=Ray Susgicious

In 10 patients (9 bresst and 1 colonic cancer) the appear—
ance of the radiograph was suspicious but not diegnostic of
tumour involvement. In seven of these patients the scan wag
positives In each case the sbnormality on the scintigram was
in the same area of the skeleton which was suspicious on the
radiographe In 3 patients the bone scan was normel (Table IVelt)e

To date, follow up of the seven scan positive patients has
revealed subsequent radiological evidence of bone metastases at
the sites indicated by the bone scan in three (Figure IVel4)a
Another patient had multiple liver metastases with malignant
ascites at the time of study and the clinical suspicion of bone
metostases was very highe Two further patients have evidence
of progressive disease on repeated bone scans and one of these
patients died eight months after the initial study. The seventh
K=Ray suspicious, scan positive patient is alive twelve months
after the study but has developed pain in the areas ghown to be
tumour~involved on the scon. The three patients with negative
scans are alive and asymptomatic after follow up periocds of 2,

6 and 16 monthe respectively.
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A~Ray Negative, Scan Negative

In 260 patients, the radiographs showed no ovidence of bone
metastases. Tu 189 of these patients the bone sean was also
noxmals OFf these 189 patients with normal radiographs and bone
scan, 116 have been followed up for at least six months, or
until thelr death if this occurred sconer (Table IV5)e 98 of
these pationts remain ¢linleally well with no radiological nor
scon evidence of bony motastases (mean follow up of this group =
12.8 months, vange 6=-24). Twelve patients have died during
folloy ups in none was there clinieal or pathological ovidence
of bone metastaces.s The available information regarding the
couse of death in these patients is summerised in Table IVeGe
To date, of the 116 patients with negetive scans and radiographs
followed up for more thon six monthe, six (5.2%) have developed
vadiological or pathological evidence of bone metastases (Table
IV.7)e The mean interval between the initial negative studies
and the confirmation of motastoses was 9.1 months (range Gwl5
months)e No patient developed clinical evidence of bone
motastases within six months of a negative scan. Five patients
developed symptoms suggestive of bony metastases confiymed by
sean and radiographe The six patienli's symptoms were assogiated
wlth a positive bone scan bubt negative radiographe Nobtastases
were confirmed at post mortem two months laker.

Ten of the 372 patients (3+8%) had a definite fecal
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abnormality on the secan which would have been wrongly diagnosed
as bone metastases if corresponding radlographs had not been
obtaineds In all cases the vadlographs showed evidence of a
bendgn bone disease which wag vesponsible for the abnormel bone
sean (Table IVe8)s These ten patients wexrc considerably .older
than the average pabient studied (Mean = 69«4 years, range 58=
82)e

¥=Roy Negative, Scan Posilive

In 63 patients with a negative radiologicel skeletal survey,
the bone scan showed abnormalities consistent with metestatic
involvement of the skeleton. Follow up of these patients hag
so far revealed clinical evidence of metastatic malignont disease
in all but 8 (Table IV.9)s To date, absolubte confirmation of
metactatic tumour in the skeleton has been confirmed by pathow
logical examination in 6 (Table IV.10), (Figures IV.15; 1IV.16)
and the development of radiographic evidence of metastases in
15 patients (Table IV.1l) (Figures IV.17; 1IV.18; 1IV.19).

The mean interval between the abnormal scon and subsequent
development of radiclogical abnormality was 6 months (range 1-10
months)e

To 42 patients the presence of metastatic malignancy in the
skeleton has not yet been confirmede In all but 8 of these

patients, however, the clinical features at the time of study
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or during follow up have been highly suggestive of bone involves
mente In eleven patients who died, post mortem exeminations
were not obtaineds In all of these patients there was a high
elinical suspicion of metastatic disease in the shkeleton, and
several patients had metastases in non~-skeletal sites (Table
IVel2)e A Further 19 patients with positive bone scans had
clinical evidence of recurrent ov metastatic disease in tissues
other than the skeletons ALl but two patients have been
followed upe Mean follow up of the remaining 17 patients is
only 5.1 months (range 2-21)s To dote, none has developed
radiological evidence of bone metastases, but in many there is
a strong clinical suspicion of bone metastases (e.ge bone pain,
relief of bone pain following radiotherapy, elevated acld phose=
phatase in patients with carcinoma of prostate) (Table IVel3).
Four patients who were thought to have localised disease only,
were scan positives They have all subsequently developed
symptoms during follow up (Table IV.14).

Bight further patients, asymptomatic at the time of their
positive bone scan, remein well during follow up. Mean follow
up of this group is 6.9 months (range 2=16). All have breast
cancor and 6 were scanned at the time of their initial presente

ations
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ZeRay Negatlve, Scan Suspleious

In 8§ patients with normal radiographs the bone scan was
auﬁpicious of metastatic involvement. 1In 7 cases there was
foeal accumulation of isotope but this was not considered to
be unequivocally outwith normal limits. 1In the eighth pabient
there was generalised lncreased uptake of radiopharmaceutical
throughout the skeleton, and the suspicion of generalised
metastatlc disease was coneidered. Details of the eight scan
sugpicious patients are shown in Table IV.l5. Tollow up of
these patieﬁﬁa has confirmed the presence of metastases in four,

while further follow up is requived in the other pationts.

'

Control Subjects

In 4 of the 75 (5.%%) control subjects, sbnormalitics were
noted on the scan which could be interpreted as metastatic
deposits. In 2 of these subjects the radiograph was normal
and in the other 2 demonstrated a localised concentration of
bone in the avea of abnormality secen on the scan (pelvis).
Follow up of these &4 controls has shown no evidence of metastatic
disease and the scan abnormalities have been considered as faloe

positive resultis.



- 07 =

Summary of Results
AR P

{1

(2)

(3)

()

Our vesulis to date may be suwmarised as follows:

102 patients had radiologlcal evidence of metastases.

In all but two the bone mcan showed corresponding abnore
malities, and in 45 (45%) the seon showed additional
Jesions which the radiograph had falled to demonstrato.
Ten patients had a suepicious radiographe In 7 of these
patients the scan was positive. Three of the scan posie
tive patients subsequently developed positive radiographs.
In the vemaining 4 scan positive patients there was a high
clinical suspicion of bone metastases. The three XwRay
susplcious scan negative patients remain well during

follow upe

260 patients had a normal radiographic skeletal survey.

189 of these patients had a normal bone scan. Of these
patients 116 have been followed up for at least 6 months,
or until their death if this occurred sooner tham six
monthse 98 of the 116 are alive and well (mean follow up
12.8 monthes, range G-2h months). Twelve have died without
evidenca of bone metastases. Six (542%) patients developed
bone metasteses after a negative bone scan,

63 patients had a positive bone scan and negative skeletal
survey. In 21 of these patients the presence of metastatic
diseage in the skeleton has been confirmed by histological

or subsequent radiographic study. Only 8 of the 63 X-Ray
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negative scan positive patients remain clinicelly well and
symptom free during follow uwps 8 patients had o suspicious
bone secan and negative skeletsl survey. The presence of
metastatic disease hos been subsequently confirmed in & of
these patients Lo date,

(5) The incidence of false positive scans in the control group

was & of 75 patients (5.3%).

(4) Diocuesion

Follow up of the patients in this study is not yet completes
radiographic eonfirmation of the presence of bone metnctages
indieated by a positive bone mean moy not be amticipated for a
period ranging up to 18 months after study or even longer
(Galasko, 1969)s Our vesulis to date, howover, hove confirmed
the greater overall sensitivity of the bone scon when compared
with the skeletal wradiograph, in the detection of focal metastatic
dicease of the skelceton.

In virtually every patient with radiological evidence of
metastaces the bone scan chowed corresponding abnormalities and
in 45%, the scan showed additional lesions which. the radiographs
had failed to demounstrates In several cases these additional
lesions have been of profound clinical significancee

The most important group of patients to consider are these
with a normel or suspiclous radiograph, as it is in theso

patients that a positive bone scan provides information unavailable
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from conventional radiological techniques., 4ll the available
clinical data in these patients has been presented.

In seventy patients where the fadiograph failed to show
definite evidence of metastatic disease (either XeRay suspleious
or negative) the scan was positive, and confirmation of bone
netastases by biopsy or the éubsequent development of yadiow
logically ovident lesions has now been obtained in 24 of these
patients. Conversely, 98 of 116 scan negative patients (85%)
folloved up for at least six months remain clinically and radioe
logically free of bone metastasese 'The incidence of subsequent
bone metastoses in scan negative patients is clearly much lower
than in scan positive patients but as these patients were not
strictly comparable clinically, no formal statistical test has
been employeds It should be stressed that a negative bone scan
does not entirely exclude the possibility of bone metastases, as
six of 116 patients (5.2%) with a negative bone sean Followed up
for more than six monthe developed definite bone metasbases.

The question of false positives is clearly the most
important one to comsider inm the clinical application of bone
mcannings The denial of radical treatment to a patient with
early cancer because of the false presumption of netastatic
diseame would ba a disaster, and it is this very possibility
that makes it mandatory to consider all other conditions before

asexribing a positive dingnosis of metastatic disease to any
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focal area of Increased uptake seen on the bone scan. The
various physiological and pathological conditions which may be
assoclated with a “positive" bone scan have been discussede

If the bone scan is reported with knowledge of the clinicel
details and with the corrvesponding radiographs aveilable thon
the incidence of false positive results is acceptably lowe
Four of tho 75 (5.%%) control subjectc had a significant
abnormality on the bone scan. Of greater relevance, however,
is the incidence of non-malignant bone disease cousing focal
abnormalities in the large series of unselected cancer patiente
we bhave studied. Ten of the 372 patients (3.8%) had definite
foeal abunormelities thought to be due to benign disease. In
general, these patients were elderly, and there is no doubt that
particularly in the elderly the bone scan should be interpreted
with caution, and with full clinicel detalls and corvesponding
radiographs avallable,

Overall we have concluded that the 99mTc phosphate bone
sean ie the procedure of first choice in the investigation of
suspected metastatic involvement of the skeleton beeause of 1is
greater sensitivily when compared with conventional radiographye
Cur experience in this respect s similar to that of other
workers using polyphosphate (Yeates et al, 19723 Barrett aud
Smith, 19743 Krishnamurthy et al, 1974b; ¥Fletcher et ol, 1975)3
pyrophosphate (Murray, 1974; Fletcher et al, 1975) and diphosw
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phonate (Silberstein et al, 1973: Pendergress et al, 19733

Papadimitron et al, 1974; Pistenma et al, 1975). We agree

that to wely on the bone scan alone is wwise (Yeotes et al,

1972).  Unlike Yeates, who suggests a radiologicsal ckeletel

survey as the initisl investipation, followed by a bone scan

to reduce the nwnber of false nepative results from the radiow
logleal survey, we would swggest the following protocol in the
investigation of patients with suspected bone metastases:

(1) Isotope bone scan of axial skeleton, including proximal
humerd, and fomori.

(2) Dadiographs of any area of increased uptake on hone sean
to reduce danger of false positiveas due to non malignant
bone discaces If radlographs are negative then wmetagte
ases are likely and biopsy confirmation should be soughte

(3) 1If the bone sean is negative it is extremely unlikely
that a radiographic skeletal survey willl be positive
except in the unusual clinical circumstances described
in the first part of this sections

(4) If the bone scan is negative and the clinlcal suspicion
of metastatic disecase is high, the scan should be repeated

approximately six months after the initial negative studye

There is ne sbsolute contraindication to bone scanning and

in general the sean is well tolerated by the patient as there
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is lees physical menipulation than with conventional radiologye
Using f.H.D.P. and either a gamma camera or whole bdd:;r scaimer.
high quml:i.i;y bone soans nre yeadily obtained within one hour.
For these reascns and becmuse of the greator sonsitivity of the
isotope technique it is likely that there will he a great
inerease in the number of isotope bone seana vequested in pationts
with cancer, and this iz alvoady the experience of many Neeleor
Medicine Cenlress The situation might become similar to that
of radiolsotope brain scamning, where a recent study suggested
that cven in a highly specialised neurological hospital, no
Tever tham 25% of brain scans requested were inappropriate and
unjustifiable on clinical grounds (Claveria et al, 1973).

It is importent, therefore, to dismecuss the clinical
situations in which a bone scan mey provide valueble clinical
informatione In general terms the clinical indication for o
bone seen 35 the elinical suspicdon of bone involvement by tumours
Such a general statement clearly imcludes many differcat 'clzinical
situations in which the index of suspicion may be high or lowe
A detailed study of the clinieal indications for bonme scan and,
the relative merits of bone scenning versus biochemical, heemaw
tological and other studies im the investigation of metastatic
bone disease is not presented in this thesice At the present
time with our present state of knowledge and experience, it is

Justifiable to recommend a bone sean in all patients in whom
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there is a reasonable clinical susplcion of metastatic disease,
for example in patlents with a known primary tumour who develop
bone pain, In patients with local or nodal recurrence of gancer
following primary treatment and in cancer patients with un~
explained annenia or hypercaleasemise. The bone secan is also
valusble iu assessing the cxtont of disease of pationts with
knoun metastatic disease and moy be of value in nssessing
response to therapy, in the acourate delineation of wvadiothevrapy
portals, and in indicating a slte or sites suitable for bilopsy
in patlents with a etrong clinical suspiclon of cancér but 1o
tissue diagnosiss It should be stressed that the bone scan
does not replace the need for skeletal radiology, end indeed in
many patients with known bone metastases the two investigations
ave complementary, providing informetion regarding the extept
of bone destruction and an indication of the dynamie reaponée
of bone to tumour involvement, as previously discusseds

It is Likely that the scan will be of great walue im the
pre=operative assesoment of patients presenting with primary
cancere At the present tiwe it is prebably unjustified to
withhold surgleal treatment from a patient with a cliniecally
resectable cancer because of a positive bone smcang in the
absence of other evidence of metastatic disease. Thore is an
urgent need to accurately define the cliniecal signiflcence of

a positive bonme scan in patients with apparently eavrly cancers
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A study designed to answer this question in patients with breass

cancer is described in the next section of the thesis,
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SECTION V. APPLICATION OF THE °7Mpe  DPHOSPHATE

BONE SCAN T0 THE STUDY OF

PRIVARY BREAST CANCER

A.  INTRODUCTION

The abllity of the bone scan to positively identify the
presence of skeletal metastoses in an asymptomatic patient with
apparently circumsecribed primary cancer at a Lime when convens
tional radiology is normal, is clearly applicable to meny
different clinical situations in routine practice. In this
sectlon of the thesis is described a study which demonstrates
the research potentilal of the technique in the clinical atudy
of patients with malignant diseases. Ve have specifically
attompted to assess the prognestic significence of a positive
bone scan in the study of patients with primary breasi cancer.

Breast cancer is the commonest malignancy in women in the
United Kingdoms One in 17 women will develop breast cancer,
and eveyxy year over 10,000 patients die because of the disease
(Boum, 1974).  The incidence of bone metastases in pationts
with advanced breast cancer is extremely high » a figure of 85%
is quoted from post mortem studies (Jaffe, 1958), and a similar

1
incidence has been reported from & study with “81" of patients
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known. o have advanced diseamse (Galaskoe, 1969). It is clear,
therefore, that bone scamning is highly relevant bq the study
of patients with breast cancer (Rubin and Ciceio, 19693
Hopkines and Keistensen, 1973), especially as the majority of
bony metastases in this condition contain reactive new bone
(13lch and Changus, 1956) and will therefore be veadily visible
on the scane

It has previously bheen suggested that the bone scan nay
be of use in evaluating patiente with primary breast cancer at
the time of their initial presentation: the inecidence of
clinically occult metastases demonstrable by the technigue in
such patients has been variously reported as 16% (sklaroff and
Charkes, 1968), 2% (Galasko, 1969) end 19% (Hoffman and Marty,
1972)e  The introduction of the ggmmc phosphates and the conw
sequent ready avallability of high quality bone scans in all
Nuclear Modicine Departments mokes it essential to know precisely

ngc

the prognostic significance of a positive and negative 2
phosphate bone scan in patients with apparently "early" breast

cCancers
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Be  MATERIALS AND METHODI

105 female patients with breast cancer were studied.s To
aveid patient selection in our population, all patients with
breast cancer presenting to the participating surgeons were
referred for study, irrvespective of thelr clinical stapge or
symptomss. Each patient had a full clinical exemination, the
clinical staging being assessed by the T.N,M, method (UsI.CeCey
1960)e A full radiological sleletal survey and bone scan wvere
performed in every patient using the methods described in the
previous section of the thesie. Both the initlal radiological
and scaming study were performed before or‘within two weeks of
the patient's primexry {reatment. The result of the bone scan
vas not considered when the paticnt's primary iLreatment was
determineds

During follow up whenever possible the patient wos row
examined ¢linically every 3 monthse. A repeat bone scan was
performed every 5e6 months in all patients, or sooner if the
patient developed any sympbtoms suggestive of bony disease. 17,
during follow up, any area on a repeat bone scan was suspicious
or positive for tumour involvement or if the patient developed
symptoms, corresponding radiogrophs in 2 planes were obtained.
The entire protocol for the study may be summarised:

(1) Preoperative: Clinjcal Staging (T,NelMe)e



= 118 -

(2) Bone Scan and X-Rey hefore or within 2
weolks of mastectomy.

(3) Repeat bone scan every 5-6 months ox
seoner if synptoms indicate,

(4) xX~Rey any area of suspicion on repeat

scan, or if sympbtoms develop.
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C., RESULTS

(1) Clinical Details

105 femnle patients whose mges ranged from 28 to 79 years
(mean 5449 years) were studieds Their clinicnl staging
expressed using the accepted International summary scheme used
in end resulis reporiing, (Cutler, 197%), is shown:

Gtage T 59.

Stage IX 20,

Stage IIT 12.

Stage IV 5
Two of the 105 pationis (one clinically Stage T and one climically
Stage IV) complained of bone paim at the interview prior to the
bhone s¢ams  In no other patient was there a clinieal suspicion
of bony metastases prior to studye The evidence of metastatic
disease in the 5 Stage IV patients was skin nodules on the chest
wall in 2 pationts, and rediologically demonstrated lung wetashe
ases in amother 2 patients. ‘The £ifth patient, who had radioe
logically positive bone metastases, was the only onc of the five
patients Stage IV who complained of bone paine

The patients have now been followed up for a period of time
ranging from 2 to 24 months (mean 10.4 months)e Duving thie
time each patient hos had 1«6 bone scans (meen 2.5). A total

of 261 bone scans have been performede During the follow up
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poriod, 12 pationbs (11l.44) have died, and 15 (14.3%) have
developed definite evidence of hone metasteses as shown by posie

tive histology or rediographic evidonce of bove destructions

(2) Resulte of Rediological Survey and Bone
Scan at the Lime 0F TAvat presontation

Of the 105 patients studied, only one had a positive radiom

logical skeletal survey at the time of presentation. Bone scan
confirmed extonsive metastatic disocase of the skeleton :in this
patient. Twenty four patients (22.9%) had a positive bone scan
ot the time of presentation (Table V,1)e In tuo patients the
scan was cousidered suspicious but not absolutely diasgnostic of
bone metastases. JIn the remaining 79 patients the inibtial bone
secan wes reported as negative. 0f the 88 patients with Stage I
and Stage LI breast cancer, 16 (18.2%) had sean ovidence of bone
metastasess Three of the twelve patienis (25%) with locally
advenced (Stage ITI) disease had a positive bone scan at the
time of presentation and in a fourth patient the scan was
suspiciouse ALl five of the Stage IV pationts (100%) had powis

tive bone scans at the ¢ime of first presentation.

(3) Resulis of Follow Up Scong

uring follow up, all the initially scan positive patients
have rempined positive and in most cases the scan has shown

rrogrescion of discase, demonsirated by the appeayance of new
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lesions (Figure Vel)e Ome of tho 2 scen suspieiovs patients
bacome scen and X-Ray positive seven montho after the initial
study. The other scan suspicious pabient's repeat bone scan
shous no change after en 8 month intervals. Nine of the seventy
nlne patients who were initlally scean negative have become soan
positive during follow up ("scan converiterst'). In these 9
patients, the mean interval between the initial negative scan

and the positive study wos 10.4 months (range 5«17 months).

In 70 patients repented hone secans have remained normol.

(4) Clinical Follow Up

In this study, the basgic reason for detailed follow up wes
to obtain dnformation regavding the subsequent prosence ov
pbsence of bouy metastases and to coyrelate this information
with the results of bone secan and vradiographic skeletal survey.
For thie puvpose the patients ave classified aund discussed om

the basis of the reswlis of the bone sgan (Toble Veldl.

INETIAT, SCAN POSTTAVE GROUP

Twenty four patients had a positive bone scan on initiad
study. To date, 10 of these patients (4 Stage I, 2 Stepge IT
and 4 Stage IV) have evidence of bone destruction on subsequent
radiographs. Included in this group is the one patient with

positive radiographs at the time of presentations Nive patients,
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therefore, vho initially had positive bone scans and normal
radiographs have devéloped radiological evidence of metastatic
disease at the sites indicated on the mcan (Figures Ve2§; V33
Velt)e  The mean interval between the initial negative and the
positive radiographs was 6.4 monthe (range 2«12 months).

Three of these patients have since died and post mortem cone
firmation of metastases obtaineds AL present, therefore, seven
patients are alive but with radiographic evidence of hone
metastases.

Four other patients have died, without radiologicsal evidence
of bone metnstases. In one of these patients (initially Stege
II1), post mortem examination confirmed metastases in the skull
and spine as indicated by the scan (Figure IVel6). No post
mortem examination was performed on the other 3 patients who
dieds one patient (cliniecally Stage II) whose bone scan showed
rib involvement died with pulmonary metastases 4 months after
mastectomys Another patient (clinically Stage II) died Vof
carcinomatosis! mix months after mastectomy. Hew deéﬁh oceurred
in & distant hospital while she was on holiday and no furthez
details are availables The third patient who died presented
with a lavge tumour (T4), Llung metastases, o positive bone scan
and negative shkeletal surveys She died 10 months later.

Four patients heve developed bone pain suspicions of hone

metastases but serial radiographs remain negetivo. In one



pabient (initially Stage 1) a bvephine blopsy of the ilime erest
has confirmed the presence of webastaltlce tumours The remaining
three patients have evidence of hone metastases c¢linically
although there is as yet no radiographic or pathological coil
Tirmetions one patient (initially Stage 1) is bed middea ab
home with severe generaliscd hone paln 16 months after the
initial studye. Doune scans have shown exteunsive sbnormaliiles
despite nogetive X~Rays. Another patient (initially Stage I1I)
has developed lower lumber pain 9 months post masiectony.
Radiographs rvemain normal. alithough o repeat scan 1s positive.
A third pationt preseanted with locally advanced disease (Stage
I1L), bone pain and negative radiographs. The bone scan vwas
grossly abnormale Tollow up inbtexval is only 3 months and ot
pregent hor bone pain has been controlled by aundrogen therapye
Six potients (L Stege I, & Stage II and 1 Stage TIL)
remaln alive with no evidence of boue metastases w16 months

(nean = 7.7 months) after the initial sbndy.

SCAN SUSPICTOUS GROUP

Two patients had a “"suspicious® bone sean at the Lime of
dnitial presentation. One patient (Stage III) hecame scan and
awray positive 7 months later while the obther (Stage ) remoins

clinically well eight months after the initial study.
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SCAN NEGATTIVE GROUP

In geventy wuine patlents the initial bone scau was negative.
In all patients the initial radiographs were also negabive.
Durdng follow up 9 of these patients have developed posibtive
bone scems. The patients with an initially negative scan may
be gongideraed in 2 main groups « those vhose initial scan vas
negative but a subsoquent scan became positive (M"scan converiorsh),
and those patlents in whom repeated hone scans sre persistently
nogotive.

Nine patients whose initial bone mcan was negative developed
abnormalities on svbsequent mcans. The mean interval betwecn
the initial, negative scan and the positive scan was 10.4 months
(vange 5«17 monthz)e Thyee of the 9 patients (2 Stage & and 1
Stoge 11) have developed vadiological evidence of metostases,.
two at the time of the positive sean, and one patient 7 wmonths
laters Ooe of these patlents died 8 months afber the positive
radiographs weve obtaineds A further patient (Stage II)
developed o nosltive scan six months after ﬁer nastectony «
Repeal, radiogrophs were negative (Figuve V.5) but the presence
of metastatic tumour was confirmed by post mortem examination
two months later. Two patients (one Stage T and one Stage IIT)
have developed clinical symploms of bone metasiases dempiﬁe
pereistently negative radiographs. JTn one patient metosiases

wore shown in the dorsal epine 11 months after wmastectomy for
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Stage I disease. At bhe time she had back pain radiating to
the ormse A further 15 months later she developed severe
generalised bone pain. Radiograpbs remain norual.

The gecond patient is of great dntorest in that the conw
veraslon from o negative to a positive scan preceded the developm
ment of symptoms of metastatic bone discase by 6 wmonths, ond
ocevrrad at a time when the primaxy tumour had vesponded
fovourably to systemie treatment. She presented with a lavge
T3N0M0 tumours Because of an axillavy vein thrombosis she
did not have a mastectomy but was treated with cestrogens.
Initial bone scan and radiographs were negabive. With oestrogen
therapy the primary tumour vegressed fo a groat extent and by
1 year was clinically impalpable. TPourtoon months afteyr her
indtial presentation & bone scan showed evidence of disecase in
the right clavicle and wight lst ribe. This abnormallty clearly
progressed in subseguent scous and further lesions developed
(Figure Ve6)e ‘Tuenty months afiter her initial presentation
she returned with ulceration of the brgasl, and hone pain- and
tenderness localised to the scon positdve aveas.

Three patients (all Stage T indtially) in vhom the scam
hag Ygonvertedt yemsin well at the time of follow wp 3, 7 and
2 months wespectlvely after the positive bone socans

In 70 patients repealted bone seans have remained normad. e

These 70 scan negative patients have been followed up from w2k
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months (mean 10.9 months)e. No patient has developed clinically
obvious hone metastases. Two pabtients have died: omne patient
(Stage IT) died of pulmonary embolism and congestive cardiac
failuve 16 monthe after mestectomy: post mortem xévealed ﬁo |
hone metostases. The second patient (also Stage I1) died of

corvebral secondaries 11 months after mastectomy. No post

mortem wans obbained.

Sutmary

The clinical course and confirmation of bone metastases by
positive histology or subscqueni radlelogical evidence of bone
destrustion in 105 waselected patients presenting with breasih
cancer after mean follow up of 104 monthe, is sunmarised in

Table Vele

(5) Propnostic Sipmificemce of a Positive
Bone Scen in HEarly! Breast Cencer

It cem be seen from Pable V.ls that a simple clindeal
comparison of the scen positive and scan negative groups it
invalid, os the clinical stage of the disease s diffevent in
each groups in particulary in the smcun positive gronp theve
ave four patients with known soft tlosue metastescse To
accurately define the clinical significance of a positive
bone scan in primary breast cencer it is necesmary’to atudy

clinicolly similar patients in whom the only major vavlable
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ia the status of the bone scan. Tor these reasons we have
examined the results of the bone scans and radiographs perw
formed in the 88 patients who presented with Stage I and Stage
II breast cancer, to specifically answer the question: "What
is the clinical significance of a posibtive bone scan in patients
with "early" (Stage I and II) prinary breast canceriM.

Bighty eight of the 105 patients in the study had Stage I
(59) or Stage II (29) disease. The detailed results of the
bone scans in c¢linical follow up in these patients is shown in
Table Ve3e Sixteen of the 88 patients had a positive bone
scan at the btime of first presentationes Ono patient had a
sugpicious area on the bone scan, and the remaining 71 patients
had a normal bone scane. In every patient the radiographic
skeletal survey was negative. Ropeated scans in the inltially
scan positive patients have shown progression of the discase,
demonstrated by the appearance of new lesions, in meny. In
no patient has an initially positive bone scan reverted to
normale There has been no progression of the suspiclous areas
in the "scan suspicious" patient. Of the 71 patients with an
initially negative bone scan 8 have converted from scan negative
to scan positive during the repeated studies while 63 have
remained persistently scan negative.

The mean follow up is 11l.2 months (range 2«24 months) since
initial study. The initially scan positive group have been
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followed up for 8.2 months (range 3e16 months)s The "scan
converter't group have been followed up for S-2U4 months (mean
14 months) and the persistently scan negative group from
w2l months (mean 11.6 months). The mean age of patients
in the scan negative group (53.08) was no differvent from that
of patients in the scan positive (53.56 years) and "scen
convertert groups (53.00 years).

The eight patients whose bone scan was initially negative
but hecame positive during follow up are of interest. Five
of these eight patients were either pre~memopausal or within
2 years of the menopnuse (age 27«40, mean 38.6 yeowrs), and in
these patients the mean interval between negative and positive
scan was 7.6 months (range 5~13 months)s TFour of theee 5
patients have since developed significant symptoms and radioe
logical evidence of metastases within 12 months of the positive
bone scane. The remaining 3 “scan convertert patients were
elderly (eged 75, 76 and 79 respectively) and the intervals
between the negative and positive scans were 11, 17 and 14
months respectively. Radiographs remain normal at 2%, 2k
and 14 monthe respectively although one of these patients has
subsequently developed severe bone paine

The relevant clinical detaile in the individual patients
have already been described. In Tables V3s and Vebe ave

shown the elinical resulits recorded in these patients during



follow up %o dates, The two most importent elinical paraneters
are clearly subsequent moréality and significant morbidity,
which in this context refers to the occurrence of histologically
proven or radiologlcally evident bone metastases. The differw
ence in mortality and morbidity between the 3 main groups:

acan positive patients, scan “converters®, and patients with
persistently negative scans, was found to be significant using

a standard chi squared test:

mortality 3%? 2 7463, P < 0.0253

hone metaerbases)ca = 5060, P < 04005
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D. DISCUSSION

Follow up of the patients in this study is not yet complete.
Radiological. or pathological. confirmation may not be anticipated
for several yearse A previous study has shown that during
follow up of 12 X=-Ray negative scan positive patients with “earlyM
breast cancer, only 67% were confirmed as having bony metestases
at 12 months although subsequently all 12 developed evidengce of
bony dicease (Galasko, 1969)s It is also well known thet there
may be a delay of many months between the onset of symptome due
to bony wetnetases and thelr subsequent radiological confirmalion
(sharpe and MeDonald, 1942). Our results to date, however,
demonstrate that in a large number of patients presenting with
breast cancer, a positive bone scan does indicate the presence
of clinically occult skeletal metastases ~ to date 9 of 24
patients with an initially positive bone sean have developed
radiclogicelly evident bone metastases at tho areas indicated by
the scan as being tumour~involved and in another 2 patients
definite histological proof of metastases has been cbtained.
Conversely not one of the 70 patients wilth porsistently negative
scans has yet developed evident bone metastases. Not wnexpectedly,
the incidence of occult bone wmetastases is higher in these
pationts with known metastatic (Stage IV) or locally advanced
diseese (Stage III) than in those patients with appavently “earlyn

(Stage I or II)tumours.
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The incidence of positive bone scans in the 88 patients in
our series who presented with Stage I or Stage II tumours was
18.2%, and this figure is similar to thai reported by other
workers who studied similer nurbers of patlents using the less
suitable bono scanning apents 8BSr (Sklaroff and Charkes, 1968),
87gs (Hottman and marty, 1972) and OF (aalasko, 1969).  Tho
results presented heve suggest thad o positive bone sean af
the time of presentation im a patient with Stage I or Stage IJ
disease lg of serious prognostic significence, both in Gterms
of morbidity (i.ce. subsequent development of bone metastases)
and mortality. The significontly greater morbidity and
mortality in the scan positive groups is not due to longer
follow up, as the mesn follow up of the scan negative group
(1146 monthe) was longer than that of the mcan positive group
(842 months) while the follow up in the scan “eonverter! sroup
was 1l months,

The ability of the isotope bone scan to identify the prese
ence of oceult melastases in patients with apparvently eoxly
breast cancer is clearly of great prognostic significance in the
individual case. It also moy be of great importence in the
design of prospective clinjeal trials which compare different
forms of suygical treatment of primary breast ceamcer. The
selection of patlents for such trials requirves acourate sitnging
of disease and an isotope hone scan is an essential part of

vreoperative ascespment.
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Another important application of the bone scan is in the
follow up of patients after treatment of primary breast cancers
Because of the very suitable properties of the 99mTQ phosphates
repeated bone scans are readily performed and such serdal
studies, which have never been previously reported, provide a
unique opportunity to study the development and progression of
malignont disease in patients in whom symptoms are entirely
absent and radiogrephs ave nowmal (Figure Ve7). In this
context the conversion of a previously negative scan to positive
is a highly significant event: eight patients who were initially
soan negetive became scan positive during follow up and 4 (50%)
of these patients have been subsequently shown to have hone
metastases.

It is clear that a negative bone scan does not exclude the
presence of bony metasteses, but in general terms, the lilkelihood
of a patient developing clinical or radiological evidence of bone
metastases within 12 months of a negative bone scan is lowe An
exception to this rule may be younger patients or patients with
unfavourable histologye It is suggested that in postwmenopauszl
patients a yearly bone scan should be part of the routine follow
up, while in younger patients, and possibly in patients with
less favourable histology and/or clinical staging, a bone socan
should be repeated at six monthly intervals during the first 2

years of follow up, whether or not the patient has symptoms.



SHOTION VI FUTURE = DEVELOPMENT IN ISOTOEER BONE

STUDIES IN MALIGNANT DISEASEH

A. JINIRODUCTION

This thesis deseribes the evaluation and comparison of the
new 99%0. labelled phosphate bone scanning agents, Those
pharmacological properties of importance in obtaining reliable
high quality bone scans havo been discussed. It is clear thab
a high target to background ratio, good counting statistics,
easy collimation and therefore high resolution, and low radiation
absorbed dome are all provided by ggmwcéE.H.n.P. The resulis
of the clinical studies described, although to some extent
preliminary, demonstrate the value of the technique in the
investigation of patients with suspected tumour involvement of
bones In this concluding section possible future advances in
the use off bone scamning in the study of wmalignant disease ave
discusceds

Future developments in the use of bone scamming may be
anticipated in two main areas, firstly further improvements in
the technical aspects of the technique, and secondly in clinical
studies designed to eritically utilise the bone scan to improve

the diagnosie and treatment of patients with metastatic disease.
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Be  INCHNICAL JIMPROVEMEBNTS IN  THE BONE  SGAN

The quality of the visual image of the skeleton obtained
from the rectilinear scanner or gamma camera (scintiscan)
depends on many factors, the most lmportent of which aro

(1) adequate information denslty,

(2) adequate targetsbackground ratio,

(3) adequate resoluiion of the physical system

and

(%) satisfactory display of the wecorded dotae

Technical improvements in the bone scan can be achieved by
improving the radiopharmaceuticals used and also by improves

ments in the physical detecting and display systems.

(1) Jmprovements in the Available
Raddopharmaceuticals

4s discussed in detail in this thesis, the 2o™p¢ phosphates,
particularly ggmmenﬂ.H.D.P., represent a major improvement in
the available bone scamning agents. The physical properties of
Pins ave nearly ideal, and 99mTc*E.H.D.P. provides high infor~
mation density scans with higher target Lo background ratios angd
better resolution than conventional bone scanning agentse
Higher targetibackground ratios than those now available moy be
achieved either by increasing the uptake of radiopharmaceutical
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in tumour-involved hone or reducing the levele off activily in
surrounding normal bone. In this respect wethylene diphouw
phonate (M.DJP.), which has a merginally faster blood cloarance,
may be superior to L.H.D.P, (Subromanian et al, 1974).

It io clear that the limiting factor which determines the
targetibackgromd ratio, and therefore whether a tumour is
visualised or not, is biologlcals There must be olearly
minlmum degree of bone reactlon helow which the foeal concens
tration of radiopharmaceutical will be too low %o permit
visuvalisation of a lesions. ALl of the beone scanning agents
deseribed depend on the principle of increased blood flow o
metabolic activity due to tumour involvement causing increased
focal concentyation of radiopharmaceuticals The 99mTc diphoaw
phonates are certainly the best of the available agents and one
cannot envisage ony major improvement in terms of physieal or
rharmacological properties in this class of compoundse Measures
aimed at memipulating the biocloglcal sysbtem to incresse the
uptake of 99“Te~$.H.D.P. might improve the scau guality but these
measures are pobtentially harmful to the patient, snd further
research should probably be divected towards doveloping new
agents vhose mechanism of localisation dn tumoursinvolived bone
is entively different, based perhaps on the metabolism of the
tumour c¢ells. Such a compound would be a true positive thmour

label. Tt ie likely that the use of such an agent would pormit



the identification and vismalisation of dumour cells in bone at
a time when bone reaction is minimal, and a gngG&E.H.D.P. acan

is nogative.

(2) Improvements im the Available Physical

L i)

Detection and Displey Systems

A detriled discussion of the physies of detection and

display systems is outwith the scope of this thesis. At its
simplest: level, however, the most dmpovitant property of the
systen used to detect focal hot spots (whether gamma camera,
rectilincar or hybrid scouner) is spatial resolution. The
introduction of the 99mTc phosphates hag itsolf acted as a
great stimwlue to the development and markebting of a new
generation of whole body scanners ond gamma cameras with improved
resolution which are capable of providing high quality images of
the total skeleton with J«l hour of patient scomning tincs

Mot of the clinical ctudles described in this thesis wore
corried out with an older instrument with relatively poor vesow
Jubion, and an example is shown of the improvement in image
quality which the latest generation of commercially availablo
pomma cameras provides (Figure Viel)e Differing exposure of
the scintigram in diffevent “spott views of the skeleton s

nok o problem with newer instruments which provides a complete
dmage of the whole skeleton on one 35 mmy 70 mm or radiographic
Tilms These images can be viewed throuvgh trancmitied 1isht,_

as with a conventional radiographe
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Anothey eree where improvements may oceur is in the area

of image manipulation and disploye 7The whole field of domputer

analysis of scan data has a greai potential, Improvements in
scan image can be obtained by a veriety of compuier techuiques
(Figure VI.2) (Barber end Mallewpd, 19715 Vaxman et al, 1971).
whother or not thove is a consequent dmprovement in terms of
diognostic aceuracy has not yeot been cstablished (Kuhl et al,
19723 Galasko, 1973). Of greater dmportonco is the ability
to convert the analogue gamma camera sclnbigram into dlgitel
forin and so provide quantitative data which may be objectilvely
assessads There are now comuerceislly available bard wirad
systems and digital computers which can be operated on-Lline %o
the goemma camers, and provide reliasble quentitative dnto.
Thepe advances are particularly welevent to the 99mTc phosphotes
a5 the higher injected sctivitles of these compounds provide

mach betier counting statistics for quantitative situdics.
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C. USE OF THE RONE SCAN TO IMPROVE

THE DIAGNOSIS AND TREATMENT OF

MALIGNANT DISEASE

In general the technieal developments in bone scanming over
the past few years have made available a reliable high guality
investigative technique for the study of malignant disease. The
potential value of a technique which can positively ddentify the
pregence and possibly the bioclogical activity of bone metastases
in agymptomatic patients with normal radiographs is great.

What ic now more important than further technical advances is
that clinical studies be undertaken to critically determine
those c¢linical situations in which the bone scan is of value in
improving our understanding and treatment of patients with
metastatic cancer (Table VIe.l). Although these techniques arve
applicable to many different malignancies they are discussed
here mainly in the context of breast cancer.

In the previous chapter the use of the bone scan in the
study of patients with primery breast cancer was descrdibed.

The results in that study, although not yet complete, indlcate
how the clinical staging of patients with primary breast
cancer coan be significantly altered by the bone scans It may

well be necessary to resdesign existing surgical trials for
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the treatment of carly breast cancer, in the light of the
significant noew developments in preoperative staging which bone
seanning provides.

By permitting serdial bone scans to be performed, 99mT0“
BeHeDoPo now makes it possible for the first time to document
accurately and non-invasively the progression of occult bony
metastases in asymptomatic patients with no clinical nor radiow
graphic evidence of local recurrence nor metastatic diceases
This has enormous implications in the definition of the
diseasewfree interval, the length of which is considered at
present to be of considerable prognostic significance (Kennedy,
1973).

The bone scan is also of great potential benefit in clinical
research aimed at improving the treatment of metastatic disease,
an area where present therapeutic eiforts are generally
unsuccessfule The conclusion thai conventional foxms of
treatment of metastatic cancer are unsuccessful is drawn from
experience of treatment of metastases identified by conventional
methode of diagnosis. The earlier use of systemic thexrapy,

’ initiated because of a positive bone scan, may well improve the
; results of treatment in patients with metestatic disease. Of
) relevance also is the use of the bone scan as a guentitative,

objective index of respconse or fallure of remponse of metastases
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to systenic treatment. In this context the opportunily to
obtaln repeated bone scans with 99”{1’%1&1 J.DWP. i particularly
importent, and serial studies may be used to ratlonalize the
treatment of patients wilth estoblished metastotic disease
(Fipguve ¥i.3)s The only problem with sveh o scheme is the
fact that the phosphate bone scan does not refleet tumouw
activily directly, but reflects the rosponse in surrounding
bhones This technigue moy, therefore; be more useful in the
study of radiologioally invisible metastases vhore bone dese
truction is less markoed.

Further useful vescarch applications of the bone scan may
include the ptudy of haematologleal malipnencies, whexe the
combination of bone scanning and bone marrow scanmuing techniques
may be used as en index of successinl theropys

Another possible application is the development of radiow
therapoutic compounds based on diphosphonate, wheye 99'"1':3 is
replaged by a suitable /;_ enitting nuclide such as 3 233- Local
radiotherapy ueing conventional padiun or mevoys is ofion of
great valve In treating local manifestations of cancers Such
treatument is simply pelliative, however, and it is clear thal
metastatie cancer requirves systemic breaiment 1f sy hope of
cure is to be anticipatods "Radio-chemotherapy" with 321’-
diphosphonate or similar sgent would resull in lrradiation of

all meotactatic foeol in the skeleton, with the added advantage

™
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that those areas which are most active metsbolically would recelve
a propartionall& greater radiation dose. Prior to such treatm
ment an upbake study with ggmms diphosphonate could be performed
and the thevapeutic activity to be injected caleniated from this,
wuch in the way radiometive iodine upteke is measured prloy o

treatment in thyrotoxicosin.
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The relative insensitivily of standard radiologicel methods
in the diagnosis of early metastatic dicease of the skeleton is
well recogniseds The development in the 1960%s of isotope bone
acanning weing BSSr. 87m8r and laF permitted the eariicr and
more accurate diagnosis of malignant involvement of bone, but
as none of these radionuclides was ideal the technique of bone
scanning has not been optinally applied in clinical medicine and
surgery. In 1972 and 1973, new radlopharmaceuticals were
developed which have made available to gll hospiials with even
Limited facilities the capacity Lo obtain high quality bone
peans. Theso new radiopharmacenticals ave the 99mTc labelled
phosphates. This thesis describes the laboratory and clinical
evaluation of the available 99mTc vhoaphate compounds,

The introductory sechion describes the principle of the

bone scan and how it differs fyom the radiographe There follouws

a description of the conventional bone scanning agents 85Sr,
87m8r and lgF. and a brief dlscussion of the dimadvanbapes of

gngc phosphates

each of these nuclides. The development of the
is then described and the velevant physical and chemical prow
perties of these agents is sunmarised.
The choice of which of the available 99mmc phosphates,
ethane hydroxy diphosphonate, pyrophosphate, polyphosphate and
monofluorophosphate, is the most sultable agent depends on a
comparison of thelr pharmacological properties, as they are all

very similar chemicelly and all utilise the same radiomuclide,



gngc. The second section of the thesis describes a delalled
guantitative comparison of fthe pharmagolagical propexbies of
each compound. Several new investigative techniques wewe
developed for this study and these techniques ave described in
details On the basis of the comparative studies, it was cone
cluded that ethane hydroxy diphosphonate is the most favourable
agent, because of the higher tavgetibackground wratlos it prow
vides, and because of its more rapid blood clearance, greaiter
urinary excretion and lower whole body retention,.

A detailed evaluation of the in vitro and in vivo pro=
verties of ethane hydroxy diphosphonate is then described. The
in vitro properties studied are those which ave of importance
to the use of the compound :in voutine clinical use. It was
concluded that the compound la very flexible and that high
guality imoges can be obtnined despite the variation in pre-
sentation, labelling and injection procedures which may occuy
in a busy Department of Nuclear Medicine.

The in vivo experiments performed in volunteer subjects
and in patients with known bony metastases demonstrate that
BeHeDePo ¢loarly satisfies the dmportant biological criteria
necessary for a satisfactory bone scanning agent, namely

(1) ropid skeletal uptake of a significant
proportion of the administered activily.
(2) skeletal binding which is irrveversible,

in the short term at leaste



{(3) higher uptake in tumour~involvwed compared
with normal bone,

(%) no significant retention in soft tissuc.

(5) rapid urivary excretion of the diphosphonate
not taken up by bone.

(6) lack of toxicity.

The clinical sectlons of the thesis are introduced with a
discussion of the probiems of technique and scan interpretation
2o,

which ave pavticularly zelevant to the ¢ phosphatess The

atudy performed to assess the sensiiivity and clinical value of
the 99m’c phosphate bone scan in patients with malignant dilscase
is then describedt three hundred and seventy two patients and
75 control subjects were studied aud the wresulis support the
couclusion that the 99mTc phosphale bone sean allows eavlier
and move accurate ldentification of bone metastases thewn the
radiographe If the bone scan is read with all clinical details
and the results of complementary radiographs available, the
dncidence of false positive vesulis is acceplbably love

The application of the gngc vhosphate bone scan to the
prooperative staging and clinical follow up of patients with
primary breast cancer is descrlbed din the next sections The
high incidence of bony metastases in patients with breasi cancer
ie well recognised and the value of a techuique which permits
the identification of metestases in asymptomatic patients with

normal radiographs is potentially great.e Previous studies



with strontium and fluovine have suggested that aboul 20% of
patients with apparently curable breast cancer (Stages I and
II) have hone metastases at the time of first presentation,
and a similer incldence of occuli metestases vas observed in
cur study using 99mmc phosphates. The clinical importance
of this otudy is discussed.

The thesis concludes with a brief discuesion of fubtuve
developments in the use of isotope methods in the study of
malignont discase of the skeleton. Technical improvements in
scanning eguipment and avallable radiopharvmaceuticals have
been significant, and the need now is for critical cliwical
studies which utiliso the isobope bone scan to dmprove the
diagnosis and menagement of patients wilth malignont discase

of the skeletone
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Physical Prcperties
Active Constituents

Solubility
Ir Vitro Stability

Iabelling

Sterility

P

Teble Tole In Vitro Properties of 2% Phosphates

o te E .mm Owtm » mm () mwamdmum.ﬂm ?M.Mn on °
A11 compounds are presented as white lyophiiised powders (non-radicactive) *
{2) 100mg DII Polyphosphate 512 BeHeDoPe 1C0mg Pyrophosphate 100mg HeFoPe

2 mg Stanncous Chloride Osonmg Stamnous Chloride  l.7mg Stannous Chloride 2mg Stannous Fluoride

(b) 40mg INEN Polyphcsphate
1 ng Stannous Chloride

All compounds are soluble in aguecus solution

Stability of 211 compounds is improved by storage in oxygen-iree
(nitrogen) atmosphere. E.H.D.P, is chemically the most stable,
All compounds have a shelf life of at least several months,

A11 compounds ave easily and repidly lsbelled with > T (per-
tecknetate solution)es A low concentration of oxidising agents
in 9900e generator eluate is necessary. 1abelling yield may
be repidly checked by paper chromatograplly or more accurately
by Sephadex gel chromatograpiye

A1Z compounds are presented in sterile and pyrogen-free conditicn,.
Pillipore filtration is not required,

* Pyrophosphate is now available lyophilised. The preperation studied
in the experiments described in this thesis was in aquecus solution,
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Table I.2, Comparison of wmm? mﬂamm and T F with the mmﬁmo Phosphates

Prinsipal Estimated Radiation Dese

Shysical X ay Injected (Peds/poi)
Huclide Half life  Zmergy = Activily Yhole Body Bone
mmmu. £5 days 514 Kev 100 vCi 13 55 (1) High ragistion dose
{2) Injected activity restricted to 100 uli
(3) Use restricted to adults with known
caucer
m.wamu. 248 hours 388 KeV 1=3 5Zi Cel2 .16 {3) Low target:backsround ratio
{Z) Faecal execreiion may obscure or mimic
lesion in luwbar spine or pelvis
Hmm. 11o min 510 KeV 2=310 w3 Gt 0u28 (1) Cyclotron production (expense,
availability)
{2) Heeds additional collimation for gamma
camera, or positren camera
IR 6¢2 howrs 1450 Rev 10=20 i GeC2 Co05 {1} Attenuation of photon by subcutaneous
phosphates fat, items of clothing

(2) Activity in bladder or kidney may mimic
or cbscure pelvic lesicns

(3) Cccasional radiopharmaceutical unw
Teiiability (polyphosphates)



Table Il.l.

5
15
30
L5
60

120
180
240
300
360

Blood and Cumilative Urinary Activity levels

of B.HeD.Ps in 10 volunteer subjects

(Mean i SoEqM.)

Blood Activity

mod
7.22 £ 0.6h
he?h £ 0426
3,66 & 0420
2,74 2 0.2k
2436 £ 0420
1.38 £ 0412
0.99 % 0.10
0473 = 0406
0459 £ 0.0k
0.443 £ 0403

uCl
8400 2 0476
5407 £ 0459
3450 % 0430
2.88 % 0.27
2,52 £ 0431
1,56 £ 0412
1.10 £ 0413
0486 £ 0409
0460 % 0.08

0452 & 0,08

mod
12,98 & 1.13
21,89 & 1.42
29,20 £ 1,80
34,50 & 1,98
48,10 * 2,58
55480 £ 2,9
60,10 & 3425
68440 & 1465
70,60 % 1.80

gumulative Urinary Activity

uci
14,02 & 1,37
2halio & 2,07
31457 ¥ 2,40
37.22 3 2,65
51.06 £ 3,43
60403 & 3.88
66416 L 4407
69489 = 4,12
72419 = 4420

Hach subject studied on 2 occasions following intravenous injection

of 5 mCd and 20 uCi of 2 CPowEJHDePo



Table IT.2.

Comparison of 99‘“‘)}:: Phosphatess: Site of Primary

Tumour: in Patients with Bone Metastases

Breast a5
| Lung 6
Prostate &
Occult 1
Colon 1
Bladdex 1

TOTAT, 38




Pable IT43e

Number of Patients and Tumours Studied

with each Q%Tc phosphate

No. of Patients * Noe of tumours
EoH.DoP, 35 123
PYRO 19 70
Del.I. POLY 17 Ly
NoBoNe POLY 9 b2
MeF oFe 12 55
TOTAL 92 U

' A1l patients had at least two separate studies
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Table IL.%.

HoHeDeP e
PYRO

EaHeDoPs
Delele POLY

E ﬂI‘I OD!I".
NoleNo POLY

EeHeDoFo

MaFoke

PYRO
DeY.I. POLY

PYRO
NeE.No POLY

b -

Comparison of TumouriBone Ratios.
Results of Paired ‘&' Tesls

n Mean * SelelMe P
1.90 £ 0.1
5h " < 0,02
1-80 bl 0'39
1.8% £ 0,12
59 < 04001

1.59 % 0,07

1497 4 Oulh
3h + < 0005
1082 - 0-12

1.82 & 0.07
55 " < 04,001
3..58 - 0&06

1.79 3 0,13

33 " < 0.02
1.68 - 0&1}.
1.85 £ 0412

37 + < 0440
1.80 - 0‘12

n = nunber of tumours in each paired studye.

P < 0405 considered significant.




Teble I1.5. &ginemack&a ound Stugx.

Number of Patients

Male Fenale Tokal

EoHeDeP o 6 3 9
PYRO 4 5 9
DJX.I. POLY 5 5 10
NoEeoNe POLY 2 5 7

TOTAL 17 18 35




Teble IT.6.  SpinesBackground Ratios

(Me&n 3 E?QEQ}I.)

1n 2 hy % hye 6 hr

0.12 3,01 ¥ 0410

1 22

EoHoDePs 9 2.12 2 0,08 2,70

0,09 24,69 % 0,10

2

PYRO 9 2,19 £ 0,07  2.67

0.1  2.04 .11

-+

DeI.X. POLY 10 1.83 % 0,11 1,93

i+

NeBoN. POLY 7 2411 % 0,08 2,19 £ 0.06 2432 £ 0,05

n = number of subjects studied with each compound
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Table IT.7. Total Counts from Spine and Backeround Areas in Control Subjects:

gounts/mCi of injected activity

(tean £ S.E.M.)
2 hr b hy 6 hr
Spine Background Net Bone Spine Background Het BDone Spine Backsround KNet Bone
E.H.D.P, z79 L 216 1525 2107 1654 2820 £ 162 1060 £ 73 1760 2438 f w6 @8iumé 1620
PYRO 3082 £ 266 1363 L1035 1719 3203 £ 195 1209 = 83 199k zok2iz;z mear e 1921
D.I.I. POLY 1189 £579 2170 223 2019 3850 T 428 1950 Ta73 1900 3828 T 357 188 I 16 1g8e

N.EJ. POLY 3457 £ 361 1650 % 180 1807 3280 £ 321 1500 % 152 1780 3280 £ 347 1419 ¥ 157 1861

* Gorrected for vhysical decay of nuclide
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5 min
Z hr
b hr
6 hr

Table II.8. Blood Ievels of mCi Activities: ¢ activity/litre whole blood
E.H.DoPo BYRC D.I.I, FOLY NeEeNe POLY
Mean % S.E.M. n Mean % 8.3.M. z Yean E §,E.H. n Mean = S.E.M.
5.88 ¥ 0,37 26 5426 < 042 16 7.99 £ 0.88 21 8.2 £ 0,73
1.h2 £ 0.8 24 1.71 £ 0,16 23 3,08 £ 0.38 21 2459 0ok
0.5 % g1 25 1 £ 0.3 23 2,53 £ 0.29 22 2.15 £ 6,20
0459 = 0407 25 1.24% £ ¢,12 23 2.22 £ 0.27 22 1.97 £ 0.2
n = number of patients
Resulis of unpaired *t* tesis
2 hr k& ne & by
EeHeDePs VE PYEO P < 030 < 04005 < 04001
EHDoPe vs Del.I. FOLY P < G001 < CeC0L
BoHeDePe ¥S NoE.N. POLY p < 0,001 < 0.001
PYRO  vS D.I.I. POLY P < 0.005 < 04005
PYRO  vS H.E.Ne. POLY B < 0005 < G005
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Table I1.9 Measurement of Kinebtics of Microcurie Activities
of 99'"‘1‘c Fhogphates in Control Subjects

Nos of Subjects - No. of Studies

EoHoDoPo 10 10
PYRO 10 10
DeXoXe FOLY 5 >
N.E.N, POLY 5 2
MeFoPs 10 10
TOTAL | 20 ho

* Bach subject had 3 studies in this experiment



Table II.10.
n
EoEeDoFs 10
PIRO 10
DeI.I. POLY 5
N.E.No FOLY 5
HeFoPe 1c

Blood Ievels of

17
07

27

«26

2 br

L &

1.68 = ,13
1.69 £ .08
3.10 £ .28
2,18 £ .10

168 % 22

jected Microcurie Activities:

(Hear £ 5.8.1.)

3 hr
1429 = o0
1.55 £ .10
2.95% .11
1.91 % .12

1.51 ¥ .19

& hr
1.03 £ .07
1,39 £ .09
2469 £ .17
175 T 06

1,32 £ .18

% activity/litre of blood

S by

90 = .06
1.27 < .10
2455 T o1k
1.62 2 .05

1.3% £ .16

6 hr
77 2 .06
1,21 % .08
2.1 12
1,59 £ .05

1.21 £ .16

n = number of subjects



Table II.1lls

EeHeDePo 6
PYRC 6
DeIoIe POLY 5

HeFoFo i

1 hr
42,11 £ 1,15
32,09  1.k2
33665 < 3439

29,79 & 1,72

Cumulative Hourly Urinary Excreticn of 30 Microcurie
Activitiess & of Administered Actiwity
(ean ¥ 5,2,1.)
2 hr 3hr 4 nr 5 br
57,95 % 1.h0 71,91 % 2,66 76,52 £ 2,8

b2,97 T 1,47
43,52 £ 4,39

38,91 £ 1,91

65.52 £ 2,52
47,95 £ 1,59
40,16 £ 4,73

43,407 £ 1,86

51405 + 1.64
53438 £ 5,23

46,78 £ 1,92

52487 & 1,74
56438 Z 5,46

49,11 £ 2,01

6 hr
79488 £ 2.87
5h.43 & 1,77
58463 £ 5460

51.21 £ 2,21

n = number of subjects studied



EeHeDePo
PIRC
DeI I FOLY
Ne.BE.N. POLY

MeFoFe

10

io

Table IIelZ2e

1 hr
70475 % 1,50
7141 £ 1,33
6.9 L 1,73
75.92 £ 1,49

78.00 £ 1.23

Whole body retention levelss % of administered activity

2nr
56466 = 1459
61497 = 131
70.10 < 1.81
67.06 % 1.15

68.91 £ 1.28

(lean < S.EJMe)

3 br
48,50 = 1465
56469 = .42
5.1 £ 2,00
62.67 = 1.26

63,91 © 1,21

& br
52,82 £ 1.62
Shoi8 £ 1,45
62.26 & 1,92
57499 T 1.31

6040 1,21

5 br
39416 T 1.4k
52,28 < 1,49
59.92 £ 2,11
56496 % 147

58,22 £ 1,13

6 br

35496 & L.47
50429 % 141
58477 £ 1.75
597 £ 2022

56,48 £ 1,07

n = number of subjects




Table II«1l3. 95_1_ culated Whole Body Rediation Absorbed
Dose for ggm'ge Phosphates’

EeHeDePs 15 mRad/mCi
PYRO | 20 mRad/mCi
DeI.I, POLY 22 mRad/mOi
NaEoNe POLY 21 tRad/mCi
MFoPo 21, mRad/mCi

*, Assumess

(1) a1l the energy of the decaying nuclide is absorbed
in tissue.

(2) The fraction of the activity remaining in the body
decreases exponentially with time due to excretione

(3) Mass of the patient is 70 Kge

(4) The radiant energy is absorbed uniformly throughout

body.
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Table IT.i%. Radiation Dose from Radionuclide and

Radiological Procedures

Radioisotope Progedure  Radiopharmaceutical

Liver Scan MMy sulphue Colloid
Brain Scan 99mTc as Pertechnetate
Pancreas Scan & Se methionine
Blood Paol Scan 151y 3abelied H.S.Ae
99m,m albumin
Renal Scan 203}{@ Chlormerodrin
Thyroid Studies 1y
Radiological Procedure g{:ﬁn Dgsglin 2
Lumbar spine 80 « 17000
Dorsal spine hoo - 10000
Palvis A.P. 350 = 4700
I.V8 500 « 1750

velvimetry 1500 = 120000

Whole Body Radiation
ge {miad/mii

Mid plaue Dose

600 = 1500

550 « 1000
50 = 60O

50 « 600

200 = 3300
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Table I1T.le DLffect of Varying Volune of Bluate

Pationt Primary Disease TargetsBackeround Ratio

2 ml Study 8 ml Study

1 Breast Cancer 2407 2405
2 Prostatic Cancer 2.18 1,98
3 Breast Cancer Lol 2el2
Zd2 292
1.29 Lk
130 1l.52
3e3k 358
313 lh5ll~
:?.-30 2.11}
4 Breast Cancer 1.39 1.0
1,89 1.73
2414 2.25
o3 2482
5 Paget s Disease 8497 8alt7
6 Oceult Primary 1.61. 1.54

(Meen £ 5.E.M.) 2.68 % 0448 2,69 3 047
(0-90 <P < 0095)



Table III.2. Effect of Varyine Quantity and Activity of Tabelled Radicpharmaceutical

- lS -

Patient wu.mamu.w Disease mmn_uo
1 Breast Cancer 2e 10 mCi
Be S mi
2 Iung Cancer a, 10 mCi

De 5 mCi

Volume cuantity of E,HeDsPe

8 ml 3 mg
Lm 15 g
2 ml 1 nmg
lm Ce5 g

TunoursBone Batio

=3

L 4

1.60

1.56
1,81
2e21
1460
1.89
N. .ﬁ_w
1.37
256
1,81

1.36

b

1.60

1.67
1.31
2.21
1.47
1.90
1.98
177
2445
1.76

1.36
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Table 11124

con't

Patient g. Disease wmam_n Yolume 0Ff EoBeliaFe TumoursBone Rabio

o a ]

3 Iung Gancer 2. 5 i il 0e5 Mg 3036 3232
.W! N.W auc. th Eu- OQNW mg

L Lung Cancer ae 10 2Ci 2nt 3 og 1.51 1.7
bs 10 m3i 2 mt 1lnog

5 Cecult: Primary a, 10 zmCi 2l 3 g 1,86 1.77
be 5 mCi 1lal Ced mg

Kean % 5.E.H, 1,9 ¥ 0.1 1.9t Z0.3

*

(Ca975 < p < CaH)

' a and b peired studies. Quantity of E.E.D.P. and 7°Fc activity in a > b.



Patient

LA I St B At I )

Primary Disease
Breast Cancer
Iamg Cancer
Control (Benign)
Breast Cancer

Breast Cancer

Iung Cancer

Iumg Cancer

Prostatic Cancer

Table III.3. Storage of Iabelled Froduct

Delay between labelling

and m. m,mnwwnm.
3 hours

3 hours
.w hours
5 hours
5 hours

5 hours

5 hours

5% hours

Sean Hamm

Satisfactory qualiby
Satisfactory quality
mm,wwmmmnwwa Bumu.u..«w.
Satisfactory quality
Satisfactory guality

Satisfactory quality
Positive

Satisfactory quality
Positive

Satisfactory quality
Positive

TumoursBone Ratios

Right shoulder 2.

Leff rib

ieft scapula
ieft clavicle
Right rib
Lumbar
Dorszal

Iumbar

Tunmbare
Lunmbar
Porsal
Dorsal
Dorsal

Right pelvis
Ieft pelvis

W N i
BRI 2YIR

~1
0

bbbyl i ol y
NESVNEY
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Table IIL.4s Whole Blood and Urinary Levels of 27"Tc Ji,H,D.Pe

(Mean * §.5.M4.)

Time after injection Blood Activity Cumulative Urinary Gxcration

(% of injected activity/ (% of injected activity)
litre of whole blood)

5 min 7022 & 0,64 -
15 min Lot & 0426 1540 & 1413
30 min 3466 £ 0420 2149 % 1,42
45 min 2474 L 0,24 29,2 % 1.80
1 he 2436 £ 0420 3he5 & 1,98
2 he 1438 2 0,12 48.1 % 2,58
3 hr 0,99 £ 0,10 5548 % 2,96
4 b 04,73 = 0406 6041 £ 3,25
5 hr 0.59 = 0404 68a4 1,65
6 hr 043 £ 0,03 7046 & 2,80

{n = 10)



g

Table IiX 05 .

Pre injectlon

Post injection

- 20 .-

Sexrial Blood Caleium and Phosphate Levels

after intravenous diphosphonate

(Mean £ 8.5.M.)

Galeiun Phosphate

9,58 ¥ 0.06 3,20 £ 0410

5 min 951 & 0,07 3017 £ 0409
15 min 9.48 £ 0,06 3405 & 0,12
30 min 9.5 % 0,08 3,00 & 0.11
45 min 951 & 0406 3416 % 0431
60 min 9.50 % 0408 3e2h £ 0410
120 min 9451 £ 0,07 3033 % 0010
180 min 9:43 % 0,08 347 2 0410
2ho min 9441 £ 04,09 3462 £ 0410
300 min 9.40 £ 0.07 3071 % 0411,
360 min 9.34 £ 0,10 5480 & 0409

All results expressed as mg/100mle

(n = 35)
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Table IV.le Prima;x Diagmosis in Cancer Pationts
Scanned with 99?@0 Phosphates

Breast Cancer 283
Lung Capeer 23
Prostatic Cancer 14
Primary bone tumour 7
Kidney cancer 6
Colon 6
Tymphoma 5
Miscellaneous 18

(including oesophagus,
bladder, thyroid, uterus,
ovary)

TOTAL 572
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Table 1IV.2. Agents used in Bvaluation of 39y

Phosphate Bone Scan

Agent Patients Control Subjects Total
E,HoDoPe 276 15 291
PYRO » 16 51
POLY L7 Wl o1

MeFeFeo 14 0 14

TOTAL 372 5 L7

&
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Tebie IV.3. Overall Cempariscn of Bone Scans and Radiographs

Total X=Ray +ve X=Ray +ve X=Ray 7 XwRay ? X=Roy =ve X=Ray =ve K=Eay =ve
Scan ive Scan w»ve Scan +ve Scan -ve Scan =ve Sean +ve Scan 2

Breast 283 63 2 & 3 155 S 4
Lung 33 L - - - 7 2 3
Prostate 14 7 - - - 3 3 i
Frimary bone 7 7 - - - - - -
tumour

Kidney 6 2 - - - L - -
Colon 6 1 - 1 - 3 1 -
Lymphoma 5 1l - - - L - -
iscellaneous 18 5 - - - 9 13 -
TOTAL 372 1CC 2 7 3 , 189 63 8
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Table IV,

Clinical Detalls

Vastectomy 3 yrs before,
Complaint of pain in neck.

Stage I breast cancer.
Time of presentation.

Cancer of colon. Complaint
of hip pain.

Mastectony 2 yrs before.
Presented with ascites
and liver metastases

Fungating Cancer of
dﬂwmm.wc

Clinicel Dedails and Follow Up of X-Ray Suspicious Patients

Right sacre iliac
region

Right ribs

Iumbar spine

Bone Scan

Cervical Spine

Extensive

Right sacro iliac

region

Extensive

Lumbar spine
Right shoulder

Clinical Follow Bp

Radiotherapy to neck relieved pain.
Xe=Rzy +ve 6/12,

X-Ray +ve 4/12,

X=Ray +ve 8/12.

Started Stilboestrel. “ery i1l%
3/12.

Repeat bone scan showed progressions
Died 8/12.




(6}

)

8)

)

(10)

Clinical Details

Mastectomy 15/12 before.

Mastectomy 10/12 before.
Conplaint of pain in
pelvis,

Stage II breast cancers
Time of presentation,

Stage I breast cancers
Time of presentation.

Stage I breast cancer,
Time of presentation,

- 27 -

Teble IVl.ite con'd

X=Ray Suspicicus Bone Scan
Right ribs Right ribs
Ieft pelvis Pelvis

Lumbar spine
Ieft pelvis Negative
Right shoulder
Ieft pelvis Negative
Skull Kegative

Clinical Foliow Up

Pain right ribs 12 months.

Repeat bone scan positive,

Repeat bene scan ~ve 12/12.
Clinically well 16/12,

Clinically well 6/12,

Clinically well 2/12,



Table IVe.5e X-Ray eve Scan =ve Potients followed

up for at leash 6 months

No evidence of bene metastases during follow up 98

Died 12
Definite bone metastases 6
TOTAL 116

" lean duration of follow up = 12.8 months

(range G-24 months)
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Teble IV.de Clinical Details and Follcy Up of I-Ray =ve Scan =ve

Patients Dying During Follow Up

Interval betweaen

Clinical Details Study and Death B/ Cause of Death Bone Metastases
(1) Masteckory %4/312 before i month Yes Stomach cancer, liver Xo
studys ansemia, P.U.0., netastases, PeTehey ColeFe
vackachs,
(2) tostectomy & yrs before 812 o Liver mestastases None clinically obvious
study: Iyomwh node
TECUTTENCE.
{3} Stage II breast cancer, 16/12 Tes PeTeEsy CaleFay 10 No
Studied at time of metastases
mastectonye
(i} Stapge IT breast cancer. 11/12 No Surgically proven brain Wone clinically obvicus
Studied at time of metastasis
mastectony.
{(5) Stage I wu.mmmw.nmbom?. 5/12 ¥o pied suddenly at home Fone c¢linically obwious
Age 7De Siudied at time ? cause

of mastectony.
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Table IV.6. conti

Interval hetween

Clinicsl Details Study ard Death P/ Gazse of Death Some Netastases
{6) pPrevious mastectomye 5/12 Ho Liver metastases lone clinically cbvicus
Hepatomegalye
(7% %idmey Concere Age 75 1/i2 Yes Died postoperatively after No
zephrectony
{8) pPrevious Cancer of Cervix. 212 Yes Simple fracture, ccculd e
Previocus simple fracture brenchizl carcinomn

neck of right femur.
Fracture neck of left femur,
biopsy =~ no tumour cells.

{9} Iymphomsz. Back pain. 8/12 No Unknoun None ¢linically obwiocus
Iymphanziogranm positive.
Repeal bone scan 6/12

later =ve,

(10} Iung cancer treated with 3/12 No Inkucwn lone clinicaily obviocus
radiotherapy.

{11} Iung Cancer. Dysphogia, 2/12 Yes ILocal sxtension into Ko
weight loss. sesophagus

{12) Imng cancer treated with L32 Yes Massive haemoptysis from No

radiotherapye. lceal recurrence
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{2)
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Table IV.7e

8ite of Tumorr

Breast

Breast

Breast

Breast

Rreash

- Cecult Adenccarcinoma

clinical Details and Follow Up of Patients with

H¥alse Fepabive® Bone Scans

Clinieal Details

Repeat scan and Xeray +ve. 9/12 after initial study which was
at time of mostectomye. Developed back pain 3/12 after 2nd studye

Developed nodal recurrence and back pain 15/12 after initial study
which was at time of mostectomy. Repeat bonme scan +ve, X=ray
suspicious onlye.

Developed widespread beme metastases 10/12 after negative scan
ant X=ray¥e

Scan and xeray at time of mastectomy normal. 6/12 iater scan +ve,
xwray =ve. Backache, Died 2/12 later, P.M. +ve.

Initial scan and xerey at time of mastectomy -ve. Young woman.
Unfavourcble histologye 6/12 later clinicel deterioration,
Scon and Teroy Ve

Presented with exilliary lymoh node metastasiss occuli primary 7
breast. Initial scan and x=ray =vee. Repeat 10/12 later, both sve.
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Table IV.8. Clinical Details of Patients with

NFalse Positive!" Bone Scans

Age Site of Primary Tumour Radiographic diagnosis
67 Breast Pagetts disease of right humerus.
64 Breast Ununited fracture right humerus.

Degenerative disease of spine,

73 Breast Ostecarthritis left hip.

7h Breast Ostecarthritic left shoulder.

58 Breast Degenerative disease of lumbar spine
with costeophyte.

7 Breast Pagett's discase of skull,

82 Prostate Pagetts disease of pelvis.

70 Prostate Pagetts disease of pelvise

69 Lung Paget's disease of pelvis.

65 Lung Bilateral simple fracture neck

of femur.
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Table 1Ve9¢ Summary of Resulis of Follow iUp of

A=Ray -ve Scan +ve Patients

Yathological Confirmation
Subsequent X«Rays positive
Died without post mortem confirmation

No evidence of bone metastases bud
¢linical. evidence of recurrent or
metastatic disease at time of study

Well at time of study but subseguent
¢linical evidence of recurrent
metastatic disesse

Well at time of study and follow up

19

TOTAL

63




Table IV.10.

Clinical Details

(1) Previous mastectomy
Bock pain,

(2) Presented with
Stage IIT breast
Cancers. No back
pain.

(3) Presented with
Stage II breast
cancers Back
pain.

(4) Iung Cancere
Back paine

(5) Lung Concers
No symptoms of
bone nmetastases.

(6) Iung Cancers
Iocal »ib pain,

Pathological Confirmation in X-Ray =ve

Scan_sve Patients

Site of
Metastaces

Tumbar spine

Skull
Thoracic
spine

Extensive

TLumbar spine

Right ribs

Right rivs

gl#.nical Follow Up

Died two monthse. Pllls +Ve.

Died 2/12 after study.
P.Mn +VC

Leukoerythroblastic anaemia.
Trephine biopsy of iliac crest
+VE e

Died 1/12 after study., DP.lM. +ve.

Rib dinvolvement confirmed at
operation.

Rib involvement confirmed at
operation.
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Table IV.1ls (Clinicail Details of i-Ray =ve Scan +ve Patients where

Clipical Details

Mastectory 12 yrs before. ILocal
recurrense back pain,

Stage I breast cancer at time of

study. Ho symptoms of bone
metastases,

Bilateral primary breast cancer
{Stage III) at time of study.
Ro symptoms of bone metastases.

Primary breast cancer with skin
nodules {Stage IV} at time of
presentation. Ko symptoms of
bone metastases,

Hastectomy 3 years before study.
Loeczl recurrence, Lo symptoas
of metastases.

X=pzys Subsequently Confirmed Metastases

Site of Metactases Follow Up
Thoracic spine X=Rays +ve L.V, one month later.
Luribar spine
Skull Iytic metastases skull 5/12 later,

Extensive metastases in Iumbar spine positive 5/12,
spine
¥ultiple in spine, ribs, +ve pelvis 4/12., Rest of skeleton
and pelvis. still negative,
Multiple metastases in spine +ve X~Ray 8/12.




6

(73

8)

&)

(10)

(11)

Clinical Details

Stage II breast cancer =i tinme
of study. ¥No symptoms of bone
metastases,

Mostectony 6 yrs before. Back pzin.

Stage II breast cancer at time
of study. To symptoms of bone
netastases,

Stage I breast cancer. HNo
symptoms of bone metastases.

Hode recurrence and back pain
7 yrs after mastectony and
cophorecionys

testecteny 10/12 befcre studye
Complaint of low back paing

- 36 -

Table IV¥.,1le con't

Site of jetastases

zeft shoulder girdle

Lower Thoracic Spine

Right ribs

Ribs. Thoracic,
Iumbar spine.

Extensive

Multiple

Foliow Up

Clinically well cne year.
Metastases left ribs 2/12,

10/12 later me~ray +ve., Pain
relieved by DXT and cophorectomye.
Recurrent node and tumour in Znd
breast 10/12.

X=Ray +ve 8/12. Severe zeneralised
bone pain 10/12. .

X=Ray +ve left rib, T12, 13, 4/12.
Back pain 6/12.

+ve spine xeray 6/12.

¥=Ray +ve lumbar spine &/12,
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Table IV¥.1ks con't

Clinical Deteils Site of Metastases . Follow Up
{12} Cervical and axillary lymph node ¥ultiple d=Ray +ve 5/12,

metastases and back pain, 3 yrs
after mastectomye

(33} previous radiotherapy for cancer Right scapula K=Ray e 2712,
of bladéer. Complaint of pain
in right shoulder.

(1) Back pain 6/i2 after cesopha- lunbar spine, right 3rd rib, Padictherapy to lumbor spine
gectomy for cancer of oesophaguse left first rib relieved pain. E=Ray +ve

left 1st rib 4/12,

(35} Scammed 2t time of presentations Multiple, especially cervical Mastectomy and cophorectomy.
Stage IV breast cancer epine Clinically well 6/12 but +ve
{mtiple puimonary metastases) xeray cervical spine.
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Table IV.12. Cliniczal Detzils of H=-Ray =ve Secan +ve Patients Who Died

Without Post lortem Confirmatior of Bone Metzstases

Ciinical Detalils

Scanned at time of presentation
with gross ulcerated breast
cancer., Chronic lymphetic
leukseniae Low back pain,

Scamned 1C/1Z after local excision
gznecer left breaste. No symptoms.

Scamned at time cf presentation
with S%age II breast cancer.
Pheuratic heart disease,

Scanned at time of presextation
with Stage IT breast cancer. o
bone symptomse.

Scanned at time of presentaticn
with Stage IV breast cancer
{malignant pleural effusion)e.
Ko bone symptoms,

Site of Velastases

Pelvis

Siull, Pelvis

1eft ribs

Skuil, lefif ribs, thoracie
spine

Extensive in spine

Ciinical Follow Up

Died =t home 5/12 after scane

Died 14/12, ILeukoerythroblastic
anzeming

Died lumg metastases 4/12,

Die¢ 6/12 later on holiday in
distant hospital, Y“CGarcinomatosisH,
Yo further information. .

Died HH_\M.NQ




(6;

(73

8

)

(10}

(11}

Clinical Betails

Previous resection of cancer of
rectume Severe low back pain,

Iung cancer on chest zeray. Terder
left ribs., Presented with pain,

Presented with uvraeniz, confusion
and back paine. Prostatic bicpsy
+ves Both acid and alkalire
phosphatase elevated.

Previous rencval of ovarian tumour.
Presented with metastases in
cervical lymph node and severe
pain in cervical spine.

Iung Cancer. - Presented with
soft {issue pmetastases in thigh
and back paine.

Lung Cancer. Severs back peine.

-35 -

Table IVT.,12. con't

Site of Metastosee

Iurbar spine, Pelvis

Ieft ribs

Extensive

Cervical Spine

Cervieal, lumbar spine

Extensive

glinical Follow Up

Pain relieved by local DXT.
Died 4/12. Ho P.H.

Pain relieved by local DXF,
Died 3/12, No P.H.

Died 5/12.

Developed jaurdice and died 16
days after study.

Died 5/12,

Pain relieved by DXT, Died 2/12,




)

)

)
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(5}

(6}
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Table IV.13. Slinical Details of {~Ray =ye Scan +ve Patients with Clinieal

Evidence of Recurrent or Metastatic Disease at Fime of Study

© Cliniecsl Details

Mastectomy 18/12 before scan,
Pain left ribs.

Fastectomy 5/12 before study,

. On androgens because of lyeoh

nede meiastases,.

Kastectony 22/12 before study.
Supraclavicular metostoses at
tine of siudye

Hastectomy one %mm.u. belore
sfudy. Cemplaint of back
@, mmﬂ, " WWH-ND.M%WMN mﬂ.nwl

mmmwmn&c@ 30/12 before study.
Pain left ribs.

Mastectomy & years before,
Multiple skin nodules. Liver
metastases confirmed on laparctomy
L yrs before. On androgens for
6 yrs with resulting regression
of skin nodules.

Site of ietasiases

Left clavicle and left upper
ribs

ieft ribs

Extensive skull, sternum, -
spine, ribs

Thoracic spine

left ribs

Ribs, shoulder, thoracic spine

Cliniczl Follow Tp

Cophorectomy. Pain relief,
Repeat scar shows progression 5/12.

Scan wwncnémwwww disappeared after
6/12 of systemic radiotherapy.
Hell =t NN.\\ 12

Foliow up N\M.N onlye

Started on cestrogens, Alive one

year later but generalised bone pain,

Pain relieved by DIT 2/12.

Remains in remission one year later,




(73

(83

)

(10)

11’

12}

Clinical petails

RBreast Cancer. Hastectomy 2 yrs
before. Back paine
Breast Cancere. Hastectomy 5/12

before.
shoulders

Pain back and right

Toczl recurrence 25/12 after
resieciony e

Ioczl excision breast cancer.
Recurrence three years later.

Hastectony 2 yrs befores.
¥alignant pleural effusione

Radiotherspy and androgens for
locally advanced breast cancer
2 vo5 before study.
pleural effusion.

1alignant

-] -

Takle IV.13. contt

Site of Heitasteses

Briensive

Thoracic spine

Ieft ribs

imrbar spine

Skull, trhoracic, lumbar spine

Extensive

Clinical Follow Up

Lost to follow upe Ho information

available,
Pain persists, follow up 4/12.

Wo evidence of bone metastzses,
Follow up 3/12.
2/12 £olicy upe

3/12 follcw upe

3/12 follow upe



Clinical Details

Hastectomy 10/12 before studye
Zow bhaeck padin,
Previous mastectomy. Recurrent
nodules in chest wall,
Prostatic capcer. (ereralised
bone pain,

Prostabic cancers Back pain,.

imng Cancers Back pzine
Gercer of bladder. Back pair.
Iung cancers. 3ack paine

-l -

Table I¥,13. contt

S8ite of lMetasiases

Twbensive

wum.swwum“n and left ribs, pelvis,
iumbar spine

Extensive metastases

Levwer dorsal

Pelvis

Dorszl spine

Dorsel spize

Glinical Follow Up

5/12

Pain ralieved by DHT.
follow upe

2/12 follow tpe

Elevated acid phosphatase 6/12,

eterioration. Alive bet bed
ridéen 8/12, 4cid phosphatase

elevatoad,

Lost to £clicy upe

Toxr Hm.&.m.owwmwmww. 2/12 follow up.
For uwmwoawmuwmw,. m\wm follow upe
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Table IV.ik. Clinical Deteils of X-Rzy -ve Scar sve Patients Well at Time

of Study who Subsequently Developed Symploms

Glinieal Delails Site cf Meiastases Clinical Follow Up
On oesirozens because of Stege IXI Right and left ribs 16/12 after positive scan
breast canmcer with axiilary vein developed pain and uwiceration
thrombosis. Clindcally well at of pyicary Lnnmour.

time of Studye

Stage IT breast cancer at time of Extensive Clinicalily well 10/12. Terminal
study. condition with generalised bone

Mum.m.m.w.mw e

Stage I bresst cancer ab time of Extensive Severe leukcerythroblastic
studye anaenia 2/12.

Iunz cancer, Scanned before Left ribs Painful local recurrsnce in
preumonectony. 1left chest wall 8/12.




1)

{2)

(3)

Table IV.15e Clinical Details of A-Ray =ve, Scan Suspicious Fatients

Clinical Details

Stage III PFrimary Breast Cancer.
Ho sympboms of bone disease.

Scammed 5/12 after mastectosy.
Cliniecally well,

Hastectomy 1 yr before.
Abdoming? pain, Prohsble ldver
meizstascs.

Time of mastectomy, Stage II
breast concer,

ung Cancer. Back paine

Frosiatic Gancer.
of boze metasthases,

o symptoms
Cn oestrogens.

lung (ancer. BHackache, Previous
right niddle and lower lobectomy.
Imng Cancer, 3Dackahce, Previous

lobectomy.

Site of Yetzsteses

Suspicicus skull

Hultiple suspicious aress
spine

Suspicious skmll and spine

Suspicious cervical and
thoracic spine

Suspicicus cervical and lushar
spine

Generalised high uptaike,
? significance

Suspiciovs lumbar spine

Suspicious thoracic spine

Glinical Foliow Up

Scan and ¥~pay +ve 7/12.

Loeal recurrence 4/12, General-
ised bone pain, XeRay +ve 7/12
afier scan.

Cremotherapye. Abnormalities
not seen on scam 12/12 lster.
Clinically well at that time.
3/12 follow up well,

Iytic area §/12 later om X-Ray
cervical spine,

Yell 3/12 £ollow up.
Died N\WN‘ PJdie +ve L,Va2, W¢ Se

Follow up 3/12, backache persists,
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Table Vel. FPrimexy Breast Cancer Study.

Besu;.ts of Bone Scans

| Clinical Stage

| Pobal I I LT I
Scan Positive 2k 6 10 3 5
Scan Suspicious 2 1 0 1l 0
Soan indtially
Negative - Positive 9 6 2 2 0
Scan Persistently
Negative 7 46 17 7 0
TOTAL 105 59 29 12 b




t-h_.m,'

fable Ve2e Primary Breast Cancer Study.

Follow Up of Patients

(411 Clinical Stages)

Alive
Aldve Clinical Evidence Alive
Z=Ray Positive Beone Metastases but No Clinice]l Ividence
o Dead Yietastases X-Ray Negative of Bone Metastases
R * + 4
Scan Positive 24 7£3,1) 7 L Q%) 6
Sean Suspicicus 2 w* o G 1
Scan Negative « 4
indtially but later 9 21 ,17) 2 2 3
Scan Positive
Scan Percistently
Negative 70 2 0 © 68
TOTAL 15 12 9 6 78

* X=2ay positive before death.

* X=Ray negative but biopsy positive.




Table V5. Erimary Breast Cancer Study.

Follow Up of PFatients Presenting

with § i and II Disease

Alive

Alive Clinical #Hyidenece A1ive
X-Ray Positive Bone Metasizses but Ko Slinical Evidence
Total Dead Hetastases X-Ray Nezative of Bone Metastases
Scan Pesitive 16 3@ 5 3 (1% 5
Scan Suspicicus 1 ] s} 0 1

Scan Kegative : . -
initially but l=ter ] 21 ,17) 2 h 3
Seczn Positive

Scan Persisiently

Negative 63 2 ) 0 61

TOTAL 88 7 7 4 70

* Z-Rey positive before death. ¥ X-Ray negative but biopsy positive.
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Table Veks Primary Breast Cancer Study.

Summary of Clinical Follow Up

To Date in pPatients Presenting
with S I and Stage IT

Disease
Total With
Proven Bone  MNean Follow Up
Total Dead Metastases (months)
Scan Positive 16 3 v 8.2
Scan Suapicious 1l 0 0 110

Scan Negative
initially but latex 8 2 4 ol
Scan Positive

Scan persistently .
Negative 63 & o 11.6

TOTAL 88 4 1l
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Table VIele Scme Examples of the Research Applications

(1)

(2)

()

()

(5)

(6)

of Bone Scanning in Malignant Disease

Assessment and selection of patients for elinical

trials of treatment of primary cancers

Accurate, non-invasive method for the situdy of

the progression of ogecult malignant disemse.

Barlier identification of patients with metastases
for clinical trials of systemic treatment.

Rationalisation of systemic therapy by providing

a guantitative index of response.

Combination of bone and bone marrow scenning in

haematological and other malignsncies,

Development of therapeubic sgents based on the

availlable disgnostic agents.




Figure I.l. Positive Bone Scan

Gamma camera right lateral skull view in a 58 year old woman
with a T3N1 primary breast cancer. Metastasis in occipital

bone is seen as an area of increased activity ("hot spot").
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Figure II.2. Region of Interest Profile

Gamma camera scan of thoracic spine in a patient with multiple
bone metastases, Region of interest profile is seen as band
of diminished intensity. Area under study here is right rid

metastases,



Activity in A

-— - = Tumour: Bone ratio
Activity in B

Figure Ile3e TumoursBone Ratio for Spinal Tumours

large Qircle represents the field of view of the genma camera.
The central area enclosed by the two vertical lines represents
the spinee A and B represent areas of tumour-involved and

corrosponding normal bone, respectivelye.
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A@ @B

Activity in A
Activity in B

= Tumour: Bone ratio

Figure ITelts TumoursBione Ratio for Nonwspinal Tumours

Iarge Circle represents the field of view of the gamma camera.
The cantrai area enclosed by the two verticel lines reopresents
the spine. A and B represent arcas of tumoursinvolved and

corresponding normal bone, respectivelye



Tigure IT.5. Qaleulation of TumoursBone Ratio

(a) Lower thoracic and lumbar spine of a 45 year old woman
vho had a right mastectonmy 5 years before study. Obvious
metastasis T2, Region of interest Profile is seens

(b) Digital print out from Multi Channel Analyser. (Counts
corresponding to tumour underlined in blacke Counts from
normal bone area underlined in red.

o s
Calculated tumourgbone ratio = 25-3-5-

1.82

it
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Tigure ITe04

Correlation between duplicate results of tumoursbone ratios.
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F Te7e Region of Interest for Spinesbackground Ratio

Horizontal region of interest across lower dorsal spine and

surrounding tissues.
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Figure EI.Q&

Correlation of urinary levels of mCl and uCi activities,
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Figure IT.10

Correlation of whole body activity and blood levels of B iuDJP.-
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60 90 120 210
Figure II1.9. Serial Visualisation of Bone Tumours

with 2Mpo i H.D.P

Serial images at 60, 90, 120 and 210 minutes of the thoracic
spine of a 45 year old woman with metastatic breast cancer.
Note improving contrast between tumour-involved and
surrounding bone,
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Figure IV.l, Gamma Camera Bone Scan

Anterior and posterior overlapping views of the proxémal
skeleton of a 45 year old woman who had a mastectomy 18
years previously. Widespread bony metastases are evident.




(a) (v)

IV.2e Artefact due to breast Eo_athuh

Anterior views of sternum and ribs in a woman who had
previously undergone bilateral mastectomy, and wore a special
padded brassiere. Details of lower ribs are obscured (a).

After removal of the prostheses a normal scan is obtained (b).




IVe3e Normal Posterior Bone Scan

Multiple overlapping views on gamma camera, Especially
prominent are the spines and angles of the scapula, the
spinous processes of the lumbar vertebrae and the sacro=-
iliac joints,

In the vault of the skull the region of the frontal
suture is often clearly seen., The transverse sinus is
also visible,
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Figure IV,4, Bone Scan of Lumbar Area in Renal Failure

There is high uptake of radiopharmaceutical in bone, because
of renal osteodystrophy. Renal images are not seen.




Figure IV.5. Concentration of 99"'1‘4: EsH,D.,P, in the Breast

Anterior view of sternum and ribs in a 31 year old woman.
Marked symmetrical accumulation of E.H.D.P. is cloar];y seen in
the breasts. Activity in the lower part of the image is in

the lumbar spine and upper pole of the left kidney,




TV.6.  Congentration of 22™To 1.HoDePe
in a pleural effusion

Ii\

(a) Chest radiograph amd (b) anterior gamma camera view of
the right side of chest in a 61 year old woman with right
pleural effusion due to metastatic carcinoma of breast,

Activity in right pleural effusion is clearly seen.




)

b

(




Figure IV.7. Pagetts disease of the pelvis

Diffuse involvement of the left side of the pelvis is seen

on the gamma camera scan (a) and the radiograph (b)e




(a)

(v)




Fleure IV.0. paget's disease of the skull

Diffuse involvement of the skull vault is seen on the scan {(a)

and the vadiograph (b)e






F IVeDs Osteoarthritis of the hips

Gamma camera anterior composite view of pelvis (a), Increased
sctivity 1o soen in the area of the right hip jointe Radiow

graph shows osteoarthritis with new bone formation (b).
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(2) (b)

m IVel0e Trauma to bone

Serial bone scans in a 64 year old woman who was resuscitated
with external cardiac massage after an anaphylactic reaction
to penicillin. (a) Multiple lesions in ribs and sternum.

(b) Repeat bone scan 3 months later shows reduction in activity
consistent with healing. Radiographs obtained at time of

second scan showed evidence of healing fractures.




Figure IV,1l, Comparison of Paget's disease, Metastases
and Osteoporotic Collapse of the spine

(a) Paget's diseases uniform involvement of the vertebral
bodies without loss of height. (b) Metastases: involvement
of the pedicles. There is also a metastasis in left rib.
(e¢) Osteoporotic collapse: uniform involvement of vertebral
bodies with marked loss of height (bone scan equivalent of
"codfish vertebrae"),




(c)




Figure IV,12. X~Ray Positive Metastasess Comparison
oi_é:@gy and Sean

A 77 year old woman presented 6 years after mastectomy with
abdominal pain and hepatomegaly (liver metastases).

{(a) Radiograph of dorszl spine showed partial vertebral

collapse due to metastases which were confirmed by bone sean (b).
Radiograph of the skull (c) was normal but right lateral gamma
camera scan showed 3 distinct metastatic deposits in the wvault
of the skull (d). Uplake by the tumour-involved bone is so
great that activity has been diverted away from normal skulle
Lesions ot lower part of seintiscan are in the cervical spine

and shoulder.
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(e)




Figure IV.13. Detection of Occult Metastases from

Osteogenic Sarcoma

A 16 year old girl presented with osteogenic sarcoma of the
right tibia. Bone scan showed a lesion in the mid lumbar
spine (a). There were no symptoms from this deposit and
radiograph was noxmal (b). 8ix months later she developed
back pain, weakness of the legs, and urinary retention.
Repeat radiographs at this time showed collapse of 14 (¢).
Residues of a myelogram are also seen, Recause of the
umbar lesion seen on the initial bone scan an amputation

of the right leg was avoidede.
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(v)




(ec)




(a)

Figure IV,.1l4. X=Ray Suspicious Patients
mmEnt of Metastases

A 62 year old patient developed cervical pain 3 years after
mastectomy. (a) Bone scan showed 2 definite lesions mid
and lower cervical spine. At that time the only radio=
graphic abnormality was a suspicion of metastatic involvement
of C7 (b)e She received radiotherapy to the cervical spine
with prompt pain relief. (c) Radiograph 6 months later
confirms osteosclerotic metastases C7 and also in Ch, which

had been previously radiologically normal,
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IVelSe Pathological Confirmation of Metastases
in an XeRay Negative Patient

A 62 year old man presented with right rib pain. Chest XeRay
showed a large carcinoma of right lung. Specific x-rays of
ribs were normal. In view of bone scan which showed diffuse
involvement of right ribs, a formal thoracotomy was not
carried outs A limited resection under local anaesthesia

confirmed extensive tumour involvement of the ribs,
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Figure IV,16, Pathological Confirmation of Metastases
In X~Ray Negative Patient

A 78 year old woman presented with a '1‘31!1 breast cancer. Bone
scan showed a distinet lesion in the vault of the skull, There
was also uniformly high uptake in the cervical spine. Oestrogen
therapy was started and she died of pulmonary embolism two
months later., Metastatic involvement of the skull and spine
were confirmed at postemortem examination,



(a)

ol7¢ Subse t Radiolo Confirmation of
Metastases Bone

A 60 year old woman presented with lymph node recurrence and
back pain 7 years after a mastectomy and oophorectomy. A
bone scan (a) demonstrated extensive metastases in thoraciec
and upper lumbar spine (note especially lesion of right
pedicle 12). Radiograph at this time was normal (b).

(¢) Radiograph 6 months later showed partial collapse T7
and loss of definitiom left pedicle T™8. Right pedicle of
12 is also involved,







(a)

Figure IV,18, Subsequent Radiological Confirmation of
Metastases Diagnosed by Bone Scanning

A 65 year old man presented with back pain six months after
resection of an oesophageal cancer. (a) Chest radiograph
at this time showed no abnormality apart from the rib resection
due to the right thoracotomy. Bone scan showed metastases in
the anterior left ribs (b). Repeat scan five months later
showed more definitive lesions in the stermum and ribs (c).
Chest radiograph at this time showed an opacity at the apex
of the left lung due to metastatic involvement with associated

destruction of the left first rib (d).
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(a)



(a)

Figure 1IV,19, S nt Radiol Confirmation of
Metastases d by Bone

A 36 year old woman developed low back pain and cervical and
axillary lymph node enlargement 3 years after a mastectomy.
Radiograph of pelvis was normal (a)es (b) The bone scan

(a composite of right and left anterior pelvic views) shows
involvement of 15 and extensive disease of the left half of
the pelvis and the upper end of the left femur. Six months
later radiograph confirms extensive bony involvement of the

”1'1‘. (c).




(b)

(e)




Figure V.1, P Breast Cancer: Progression
of Occult Metastases

A 49 year old woman presented with TN, carcinoma of the breast,
Radiographs were normal. Bone scan showed a metastasis in the
left frontal bone (a)s A repeat bone scan five months later
showed progression of the lesion and an additional metastasis
was also visible in the cervical spine (b). Subsequent radio-
logical confirmation of both metastases was obtained.




(a)

Figure V.2. Primary Breast Cancer: Scan Positive Patient

who Developed Radiological Metastases

A 58 year old woman with TN, carcinoma of the breast had a
normal radiological skeletal survey. Bone scan showed lesions
in left ribs, lower thoracic spine and mid lumbar spine (a),
Four months later radiographs confirmed metastases in left

ribs (b) and T12 and L3 (c)e At this time she was asymptomatic
but two months later developed back pain,




(b)
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(e)



(a) (»)

VeJe g_r.l._-_rz Breast Cancers Scan Positive Patient

who Enlggo_g_ RadioloEcal Metastases

59 year old woman with Tzlll primary breast cancer. Asymptomatice.
Normal radiographs. Bone scan showed metastases left ribs seen
in (a) posterior view; (b) anterior view. Confirmed radio-
logically eight months later (c).







(a)

Velte Breast Cancer: Scan Positive Patient

who Developed Leukoery throblastic Anaemia
and Radiological Metastases

35 year old woman with T,N, breast cancer. (a) Bone scan is
positive lumbar spine (there were also extensive metastases
in thoracic spine). (b) Radiograph is normal, Two, months
after study she developed leukoerythroblastic anaemia., She
responded to oophorectomy and twelve months after original
bone scan she has radiological metastases in lower thoracic

spine, Lumbar spine remains normal,







(a)

VeSe P Breast Cancers Scan Converter

46 year old woman with T N, breast cancer. Six months after
normal bone scan and radiographs at the time of mastectomy

she developed lumbar pain and at this time bone scan showed

a lesion in the lumbar spine (a). Radiographs were normal (b),
Treated by oophorectomy. Post-mortem confirmation of
metastases in lumbar spine was obtained two months later,




(b)




Fipure Vo6, Primary Breast Cancer: &can Converter

72 year old woman., Negallve bone scan at the time of presente
ation with T§No tumour and axillery vein thrombosise Frimary
tumour regressed with oestrogen therapye. Fourteen months
later the bone scan showed a lesion of right shoulder glrdle.
(a) Composite view; wuppers anterior view of sternum and
upper ribs. Lowers posterior view of thoracic spine,

{b) Repeat scan five months later shous progression of lesion
in right ribs and a new lesion in left ribs, best seen on the
posterior view. Radiographs still normals. Shorily therew
aftor she developed pain in the ribs and ulceration of the

breasiie







(a) (v) (e)

Ve7e Breast Cancers Scan Evidence of

Progressive Disease

Serial bone scans of skull in a patient with scan evidence
of metastases in ribs at the time of presentation with TZN].
cancer, Same patient as illustrated in Figure V.3.

(a) Normal skull., (b) Five months later early metastases
in vault of skull and cervical spine. (c) Further five
months later gross disease of skull and cervical spine.

(d) Normal skull radiograph at time of scan (b).

(e) Skull radiograph at time of scan (c) confirms extensive
metastases,




(a)

(e)



(a) (b)

Vi,l. Comparison of Gamma Cameras

Gamma camera images of a Standard Anger Phantom filled with
99'1‘0. Each image obtained with 106 counts, under identical
conditions. (a) Image obtained with Nuclear Enterprises
Scinticamera IV Gamma Camera. (b) Image obtained with

Ohio Nuclear Series 100 Gamma Camera. Marked improvement

in uniformity and resoclution with the newer instrument is

clearly seen,



(a) (b)

Vi.2. Improvement in Bone Scan Due to
Computer Smoothing

Patient with extensive bony metastases from carcinoma of
prostate, Gamma camera view of thoracic spine and ribs,
(a) Analogue image from gamma camera. (b) Digitized
image following computer smoothing,.




Figure VIe.3. Serial Bone Scans as an Index of
Therapeutic Response

A 23 year old woman was scanned ten months after a partial
mastectomy for carcinoma of the breast. She was asymptomatic
at the time of studys, (a) Definite lesion in the vault of

the skulls A further netastasis was seen in the left side of
pelvis. DBecause of the scan appearance she was treated with
systemic chemotherapy. (b) Three months later, no significant
change in scan image. (¢) Six and a half months after original
scan the lesion in the skull is wirtually invisible., DBecause
of different camera exposure the images are not entirely
comparable. (d) Serial quantitative tumoursbone ratios
recorded from ckull and pelvic metasteses show a significant
reduction in measured activity following chemotherapy.
Chemotherapy was stopped nine nonths after original scan.
Patient vas c¢clinically very well at that time. Iilve months
lator she developed severe leukoerythroblostic annemia, and

dilcde
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(a) (b) (e)
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