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It is apperent from the figure that the protracted irradistion obtained
with the longer-lived sourcee such as Te-152 has, in certain difficult

situations, very ssterial advantages over conventionally used msterials
and procedures.

ZEECAICUIATED OR INDIVIDALISTD DOSAGE D

The foregoing analysis on the relation of therepeutic retio
to the statistioal promosis permits one o compare the merits, and
perhaps tc selemt, for a givea patient, ‘be rore appropriate, of the
two common radiostherspeutic approaches to ihe nucasement of ~urable
canoer, through rreealculated and individunliced dosajce schame.
respestively. The former approsch implies the reesoription of an
optioal dose derived either from ascumulasted exporiemce or by ovloulation,
to be deliverd regandlase of the individual resctiong arguing that any
departure fyom optinal doseie ol the mu‘ of en oarly obesrved respCnee,
would be tantasount to wninformed gues: ng as o tha fiaei outonan, and
benoe likely to dimimish the patient's chance of cwe. n the othey
hand, the 'individuslised’ school requires that the early response be
observed closely during the course of tyeatnent and the final dosage
adjusted sccording "o the 4ndividusl yesetion, perhaps reducing the dose
in onse of uwnusual seneitivity, L “iding complications, and giving
additional treatment ghould the initia. response be milder than expected.

Fundasertally, che difference between these ' wo &; veoaches
depends upon wiwther the toure' and 'necrosis'! ourves are considered
stochast ically independent or otherwire, If thay are, that is if there
is no correlation between the cuwrsbility of the tumowr and the observed
skin and mucosel resetions, then there i no way of a- aesing the
curability of individual tumours, and individualisstion of domage is to
be avoided, Conversely, if the two curves are fully correlated, hem
um-tbluﬂ.r resotions and & tendency to Decrose
«i11 also be onved st correspondingly low
st shwuld be wholly individral, aining at
observed resstion in each case.

these canes & owl
at com, aratively low Jones,
dosesy ir. which cases treat
the production of @ standard
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In practice neither of the altermatiwe postulates can be wholly
correets To get @ true picture of the situntion would entail
mecgurement >f individual rediosersitiviiies of twusowr and skim (possibly
adapting the graphical methods devised) in @ sufficient mumber of patients
to perndt a statisticel analysis of the compunents of variance in both
ourves, It appears thet there must be some inderendent veriation in
tumour sensitivity to sccount for t'e optimal dnssse histograms reported
by Tod (* 180), by Paterr.n (* 139), Gareis (* 8) ond Nolan and du
Sault (* 135)s ihere must e a 'yirtyal gorrelation’, in so far
as chanves in epyarent re » ivity are attributable to dosimetrie
fluctuat ions, which would a:fe ' the whole trested axwe, skin and
tumowr, simultaneounlye There is also some evidenog for the existence
of a t}drd element, & true individual correlation between the radio-
sensitivity of tumour and host tiscues (* 69, 70, 106).

It et be comcluled, therefore, ''ai some individusiisation
is permissible and rerhaps desiracle, but only to the sxtent of &
gtriotly limited deviatich from ‘he precaleonlated optimum, In the
absence of definite statistical estimates of the degree of corrzclation
betwoen the rediosensitivities of skin and t-n.:fo safewt to assume
the me jor correlated variation to be dosimmtric, 5o that the peumissgble
doviation from the optimum should be little sreater than the doainetriec
error. Since the mcowmulated error in total dosage is, in moet clisdes,
of tie omrdld,mwm-zmdl.nmlhgl’
individual adjustoent, TVis means that won & course of treatment is
long enough to permit evaluation of the resction intensity before
completion, say over 4 weeke, it {s permiseible to reduce or inorease
the rescrived dose, accord ing to whethar the reaction is more or less

m\ntmtum,w.rmamml’.

™is conclusion is supported by Friednan's (* 64) clinical
experiment on 'single portal, massive dosae' irmdiation of certain
oropharyngeal tumoure. thttmwwmwm
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equal daily frectione over & period of 4 weeke. During the final

woek cf treatment the aversge petient (that is at lesst half of all
cases) will show a moderate desquamative reaction, which, it is

known from experience, will evertuslly reach an exuda.ive stage and them
heel uneventfully, In es~me cases it wiil be distinetly worse than
average, and treatment may be curtailed somewhat but not to less than
5000 yedj in othere the reaction will be less severe and “eatsent can
be continued to 7000 rad. fSirce, in the latter instance, the time-
fact.r hae been extended to 5 weeks or mere, & further increese in
dosege bocomes possidle, and doses up to 8000 red have been tolersted

by = few selected individuals, ‘e cure rate hus been shown to be

substantially grester whem these very high ski: doses can be glven,

SOMCLISIONS,

he foreming arguments were more=or-less risorousl: baved
upon static!ieal considerations, and tims give a fair eetinate of the
dooe of radiation wiich is cptimal in the sense that it peruite the
greatest probability of uacomplicated curs that ocon be obtained within
the limitations set by the extemt and imheveni radio.ans)tivity of
the twsur. Use of the texm ‘opiimal’ in this resmxd is, however, W
overeeimplification, Implieit in this apyroach is the assumption thal,
while uncomplicsted ouxe is desirsble, all railures, be they early or
late recurrences with or without high=dose effecte, necrosis or other
oomplicat ions, are equally undesirsble. From the viewpoint of the
patient's well=being, it is sbviously incorreet to give equal weight

to these various sequeloe-

Taking rn exireme exnmple, consider a lowegrade PUMATY CANOCET,
which, it is knowe, will not Muaqimaﬂcoqwm“
a period of many years, {n en elderly womsn whose norml expestatiom
of )ife is shorter than the natural histoxy of the tumoure Unier these
circumstances, low=dosage irredistiom, riving temporary remiesion,
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is obviously preferable to the wevere reactions with the conocomitant
risk of high=dosae effacty, unavoidably cesociated with optimal curetive
doses, In other woxds, some individuslisetion, provided it is based
upon avcurate knowled  of the probebilitios operating in each situatim,
is not without me rit in many, if not all ceses,

If all the essocisted bismetrical exigencies are to be taken into
account, the probability cwve for the tumour lethal effect would have
to be replaced by a much more complex statistical fumetionm, in which
the probable duration, as well as the frequency, of tumour regression
in relation to dossge i@ weighed againet the grede or expected ;rowthe
mte of the recurrent tumour, and also against the expectation of 1ife
of the patient as determnimed by euch factors as am, intercurrent disease
or other complicmtions. The 'tolermnoa limit' or 'necrosis risk'
functions would bec e even more complex od would necessarily eomprise
seny imponderable vari@les such as the paycholosical, seonomde,
occupationa) and social implicatione of & radic-neerotie lesiony its
situation, extent end severity, the subject's threshold for pain w
other discomforty the euwitability end efficeay 3f anslgesie or rehadi-
litetive milication) and the anatomical extent of the lesion ir relatien
to possible reparative surgery or other jrecedures deaigned far
aymptoant io relief,

T™e mathematical procedwae required to compute the ‘quantum of
satisfaction® sseociated with » given treatosnt in relation to the
foremming statistionl end pereaval consiveratione, is exceedingly
complex and beyond the scope of this thesise It 48 probably met, %o
some extent, by such modemmn statistionl approsches as tle ‘theory of
games’ (* 21) the jroblem being essent ially one of & complex strategy
with incomplete information, Such yrebléms any wolleguited to the cape=
oity of the larger digital computeres
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It now seems that & new and rdicel sivance in thy radiation
therapy of human ciucer might becom® posaibles With the introdustion
of the md, physical dosimetry hns become sufficiently acourate and
consistent for true intemetional comparisons, permitting the
exchange of dats and experience, tc be made with confidence, Sesondly,
the development and wide acorptance of ragaveltage gensra’ors for
therupeut ic use, has eliminated all jurely physical factors limiting
the ability of the preseribing rediotherepist to deliver a denired
dose to & tumour in almost any situation. Finally, the biometrical
methods developed im this themis perui’ ome .9 &scess snd control the
effects of a variety of blological dosame fastors, and point the way
to the possibility of computing optinal doses snd other conditions ot

treotmente

It 4o felt thet the mext logical step should be u internat lonal
conference, or similar conou: ‘e’ effort, to Lring together the combined
resources »f madiotharapists and ciometricians, Its main object would
be to exyleiff the latest sdvances in compwtor teechnology, in order to

oalculate ovtimel dosase paremeters for sll human tumours, Vhem the

vast mags of quantitative iaforwation on the matwal history and

resvonse to treatment of all cancer patients has been extraoted froa

hompitel reenrds throughout the world and subjected to the apprepriate | i} |
stat istionl operations, it will no doubt become rossible to deviss A

individus lised and well<balanced preseriptions for clinical cancer :
therapys It may not be too optdmincic to ex; efit that this approsch ]
x
:

would lead to substantially impr ved cure rate..

Using the mathematical models developed in (he
previous chepters, the optimal dose (that t\vtu the areatest .
probability of uncomplicuted oure) for a gnn tunour Styre
trestes with amy required set of techniece)l variables, is
computed. ‘The effeet of the time and area factors uron the
prognosis 18 estimated, and the relative sdvagbaces of the
precaloulsted and individualised dosage sonemes comrared.
Clinical dosage nomograms, facilitating the wenoticn) use of
optimal dosage faotors in radiotherapy, are oconstructed. %
coucluded that statistical snalysis of enovxA relovent olinieal
dnta would permit optimsl dosage sonemas to be anplied to most
humsen tumours, with & ocor-resronding {mnrovement in oanoer

cure-rates.

P
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DEPINITION OF TERMS

Much of the terminology applied im tais work is used
in a more limited and exaot sense tham ‘n the uswal climieal
context. The analysis nlso entails the juxtapositiom of
tecnnicel terms from several discipliney - biology, physies
u~1 mathematics - 1in which the same words have distinet
nesdings. ror these reasoms, the following list of teras,
re--defined in u*utﬂou‘ sense of tnis thesis, is sappemded:

BIOLOQICAL DOSAOE: If, with a given set of techniesl faetors, a
paysicsl dose of 'D' rads gives the same biologienl end
result 8s 'E' rads would ender stomndard ¢snditions (a
single exposure of high-energy radiation to a 10 on
field), the 'E' is the blologlenl dose corresponding
to 'D' rads under the conditioms of trentment.

BIOMETKY: Application of mathematioal or st tistical methods
to quantitative diological data.

GORFFICLIN? OF VARIATION: The'standord deviation (qv) expressed
ap a percentage of the mean; suited for comparing nomn-
normal distridbutioms sround means or medinns of varying
nbsolute magnitude.

CURE: Fermanent resressiom (qv), or apparent disnppearance of a
growth for a specified period, semerally § genrs.

GURATIVE or LETHAL DOSE: That quantity of radiation whiech will
result in oure of a speciried proportion of cases,
usually 506 (LD-50) or 95% (LD-95).

DIFFUSION: See FIKL D-SILE.

IOSE: The amount of emergy {mperted to matter by loalzing
particles per unit mass of irradiated material at the

place of interest. It is sxpressed in rads (uv).

0SB, BUYTABN TARESROLD; (TAD): A qeamtel measure of radie-
sensitivity tqv). The quautity or radiction whioh will
produce a perceptible reddening of the tre:ted area,
visible 2 weeks after exnrosurs, in a sivem vroportion
of cuses (80% after Quimby's method).

5t 4.."'v.,’ﬁ.w"ﬁf»\‘-lr\'\'mw“



.) ‘—‘w’

oS8, INT.GR\L: The totul amount of -cu absorbed in the
irrrdiated orgenism; the sum of the absorbed doses in
esch uait mass (or volume) of the organism; expressed
in ergs or in gram-rads (= 100 ergs) or in megagramrads
(1 Moger = 10 joules).

DOSE, OFTIMAL: That particulsr level of dosage at which the
prognosis (qv), or probability of uncomplic.ted cure,

: is at A maximum.

g%, TOLERANCE: A quantal messure of rodiosensitivity (qv). The
maximum qu-ntity of radistion permit.ing healing without
permanent structural dsmoge or loss of functiom.

DSE-RATE or INTANSITY: Dose per unit time: rads per minute.

ELSCTRON-VOLT: The incre«se in emergy or the work done om an
eleotrom (or other unit oharge) whem pussing thrcush a
potentinl diffwence of 1 volt. Energies of particles or
o pt tons sre expressed in units ome thousand (KeV) or
onc milliom (meV) times mre.ter. A ronteen ray generated
at a particulsr kilovoltage (kV) necessarily carries a

aumerically smaller quantum of omercy (KeV).

EYEBL; See DOSE.
RIELD or FIM.D-SIZE: The size of the irradiated region isweribed

as the area of an eatrance portal or as the totul
{rradlated yolume. For biometrical purposes, it is bdest

expressed as the dimier (L) of a symmetrical volume, or

as the scuivalent dfameter of a cube having the same ratip}

of volume to bounding surfaoa. The effect of field-size

on radiosensitivity is shown to be governed by a rower

law of the type D ® kL-9, where 'q' is termed the

JRACTIONATION: 3ee TIME-FACTOR.
HETRPOOMNEITY FACTOR: The ratio of max

tumour dose. In the case of external besm irradiationm,
¢ the percentage depth-dose

imum tissue dose to minimm

1t is a reeiproocal function o

at the tusour.

JONIZATION: Ionizine radiation

menns electromagnetiec or corpusocular

L e gt 5 2
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radiation capable of producing ioms directly or indirectly
in its passage through matter. The number of ionizing
events in each miorom of psth is termed ion-deasity
(dons/'\' ), or linesr energy tronsfer (LEY in KeV/m),
each lom amoquiring emergy to the value of n,03 iﬂ. ,
1S0-EF BCT FORMULA: A funotion relatine the biological dose 'E' (av)
with the physical dose 'D' (qv), the RBRE ')' (av), the
over-all time 'T' (qv), the field-size 'L' (qv), and the

recovery and difrusion parameters 'n' and 'q' respectively,
expressed as D = l.l".x.’q/.’ .

LINK\R KNERGY SRANSFER: See IONIZATION.

MEDIAN: A statistioal messure of average tendemcy or position; mt
value of the variate (qv) on each aide of which lie equal
numbers of observations. A median dose is the ED-50.

NECROSI§: A severe resctiom (uv) %o ionizing radiation chnractarised

by permanent destruction of tissue or a non-henling ‘efect.

NORMAL DISTRILJTION or NORMAL CURVE: The distridution of measuremen®
resul ting from chance variation of a qunuuu'n magn | tude.
best described by the Gaussian formula y *® e J:y;x'
~~ being the standard deviation (qv). With rutucltuvl'
dnta the _ogarithms of doses sre generally normally
distributed.

FARAMETER: A Quantity whose value speoifies a populatium; a

statistionl or estimated constamt.
FROBIT: A soslar transforms.ion; am abscissa corresponding to a #w

.

probability in a normal distridution with unit variance, .
has the effeot of giving a linear regression of probabili
agsinst dose, or in this ocontext, ngninst log-4o0se.

FHOGNOSIS: The pro 1bility of uncomplicnted oure (qv) after
irradiation of » tumour under given conditions, ns assest!
by stotistical dose-effect funoctions,

FROTRACTION: dee TIME-FACTOR.

QUALITY: A description of the rature, prtioulsrly the energy, of
beam of iomising rsdiasion, corresponding fn the ocase of
photons, to the LVemg® wave-length, quantam enerey,
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exciting voltege, oF the holf-value layer in o giges
absorbing medium. The 'LET' (qv) amd 'RBE' (qv) are
functions of the quality im this semse.

RAD: Unit of absorbed dose: 100 ergs per grem.

KADIORESIITANT: Descriptive of “a tumour which can be cured (av) only
oy & dose of redistion mxceeding the limits of normsl
tissue toleramee (qv).

RADIOSINSITIVE: Deseriptive of a tumour which responds readily to,
or oun bs cured by, & dose of rediation well below the - |
limits of mormsl tissue tolersnce.

HADIOSINSITIVITY: A meassure of the intensity of' a biologieal
reaction ((v) to a .‘"..““ of radiation (graded resvonse
method). Alternatively, described by the qusntity of
radiation requirsd to produce a reastion of specified
intensity (quantal response method).

REACTION: The series or biological chenges ocourring in tissue s a
result of exposure to s su rlelent dose of imising mdlation.

RECOVIRY: Hee TIME-FACTOR.

BRECUKRENCE: A follure to cure (qv). Reappesrance of a srowth
followiag appareontly complete resression (av).

W The resosion (qv/ in am irrsdiated
tweour leading to » progressive reduction in size and
eventusl disappearsnee.

REGRESU L 87 A function relsting one dependent variate
(iv) to one or more inGerendent varizics.

HEL T1Ve Cal KFFICL The ratio between the
sbporbed dose of high-energy photoms and the dose of the
radiation in ’mun“ rejuired to produce the same
vi logienl erfeet im both instonoes, Taken a8 1,00 for

redlum -reys, the RBE 19 correspondingly greater for
redistions of sreater ion-demsity or ‘LET'.
BONTGMM or '¥': "The ronwen shall be the quantity of X« or '
radiation such that the nssoolnted corpuscular omission
per 0.00129) gm of alr produces, in air, iims enrrying
one sleotroststie unit of ‘uantity of eleotricity of

elther .m. (I.«"-.R.". ,0
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mwm The root-mean-s(uare of lwhm
pbout the mesn (0r medien), squal to the square-root of
the varisnce (qv). The standard error of an estimate

1s the stendard deviation of the hypothetical normsl
population of which the estimate is a sample.

THERAFEUTIC RATIO: A ratio of tissue tolerance (qv) to tumour
lethal (Qv) doses. A series of therapew ic ratics
depending upon scceptable risks of necrosis (qv) and
recurrence (qv) may be dufined. The ratio of median
values is, in this contex$, termed 6 .

TIME FACTOR: Factor by which the physical dose, if delivered at
a low intensity action) or if interrupted
(fractionstion) oveér = long period, needs to de
increased in order to produce the same reanchion as a
single short exposure. This effect is showa to follow
a power law of the type D *® k., + -e 'T' is the

over-all time and 'n' the recovery exponemb.

UNCERTAINTY FAOTOR: A measure of dispersion, variation or error §
of observatioms or estimntes derived from a log-normal

population. Algebreieslly, it is the antilog of the
standard deviation (gv) of log-dose, design=ted 'U' in
this context. ?honvz is the "5% uncertainty f=etor®.

YARIANCE: A measure of dispersiom; average of the squsred
deviations of observations from their mean or median.

VARIATE: A stetisticel variable or quantity whose magnitude oan
be selected Or sontrolled, as oprosed to a parameter
( .v) whose magnitudc 18 constint and determined by the

nature of the porulntion studied. l

3
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STAMDRD DEVI.TICN (or NRRDG): Thv root-mean-siusre of deviatioms
2bout the mesn (or mediem), ejual to the square-root of

the varismee (qv). The standerd error of emn estimete
13 the stendard devistion of the hypothetical normal
population of which the estimate i3 a samule.

THERAFEUTIC RATIO: A ratio of tissue toleramee (qv) to tumowr
lethal (qv' doses. A ceries of therarew ic ratios
depending upom scceptadle risks of meecrcsis (qv) and
recurrence (3v) mey be dufined., The rutic of median
walues is, in this contex®, termed 6 o

FIME FACTOL: Fector by which the physical dose, if deliversd at
s low intemsity (protraction) or if interrupted
(fractionation) over = long period, needs to de
incressed in order to produce the same recchiom as a
sing'e short exposure. This effect ia shown to follow

a power law of the type D ® k. ™ where 'T' is the

over-all time ana ‘s’ the recovery exponemt.

UNCERT \INTY ¥iOTOR: A measurs of dispersion, variatioa or error
of observations or estimates derived from a log-normal

population. Algebreleslly, it is the sntllog of the
standard deviatiom (qv) of log-dose, desirwted 'U* ia
this context. hu'z 1s the "5% uncertaiaty fastor®.

YARIANCE: A messure of dispersion; average of the squared

deviations of observations from their meam or median.

A statisticsl variablgor quantity ~hose magnitude eam
be selected or contro.led, as oprosed to s paremeter
( v) whose magnitud. 1s conatent and Jdetarmimed by the

nsture of the population studied.
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