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ie the reaction and the gpeater tle¢ risk of necruveise It often happens
in prectioe (and this will be obvieis from the curves in Pige 1.) thas
.m—nwmmmnuuummuuum'«

N

effeoting a curej and conversely, it may not alwaye be poesible to
approach o certainty of oure without risking & wery high incidence of
morosise It can bs proved that, under such ciroumstances, there is
alvays & single gptinal doss where the probability of wncowplicated

oure without meorosie is meximal, The estimation of this optimal doee
and devslopment of methods for assuring uncomplicated cures with various
types and stages of w ligant growth, are the nain objectives of clindeal
rediobiology of cancer,

In elinjoal rediothey.<y, the intensities of at lecst two
simultaneous biologionl reastions have to be considered, One has
firstly $0 assess the response of the tumour and, basing one's julgment
upon aooumuiated experience om the radiosensitivity of tumours of the
same gereral type, to choose & tumour dose large enough to destroy the
@ovth, At the eme time, it is equally, if not worw, important to
ensure thas the tolexmnce dose for the swrounding norsal strustures
is not exoeeded, If the tiseue tolerauce is substantially greater
than the tumour lethal dose, it would seem logical for the radiothexapi.t
to chootw 8 doee between thess two values, thus effesting & cure wiihout ;
omplicationss In practice, the situation is by no means so simple, %
nmuuwuwmmmz-umaomnw t
tumour and nomal tiscus, In other worde, it is not two fimed
quantities one has to com~re but two statistieal distridbutions or sige
®0id curves eash having some measure of centyal tendenay (median
eftestive doss) as well a8 & certain syresd (coeffieiert of variatiom)e
In general, the two curves will overlap moze or less acroxding to

o Ty SRy S

elroumstances, Purther, the relative rediosensitivities ol tumowr
and norsal tissue will vary scocording to the tecmical fastore chosen

in the tyeatment procedure, :



TABLE i

ESTIMATES OF THE STANDARD 'RADIOSENSITIVITY PARAMITER' FOR
HUKMAN SKIN AND TUMQURS

Data a; plicable to single 'short' exposures throush a 190 en
diameter fleld; firures in the rizht-hand codumn
may be used for fsctor 'R' In the iso-effect formula.

rad @ 200 kV rad © > 1 MeV
(200 fome/!!) ‘10 iuvms/ V')

Medisn Erythema Uose, or 'T.E.D.' 700 1000
Nedien Decquamative, or Clinieal .
1500 2000
‘Tolerance’ Dose ,
Medisn ExudaSive Doee, or Maximum
2000 3000
Tolerance Limit
Probable Median Necrotiring dse 2800 4000
Rpidernoid Cancer LD-50 2000 290C
Epidermold Cuncer Lethal Dose (LD-90) = 2300 200
Memmary Concer LD-30 5 1270 1800
Nammary Cancer Lethal Dose (LD-90) | 1600 2300

e
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The quantitative vaiues shown in Tsble I are parameters, or
statistionl ustinetes, of the radiosensitivity of human skin wid tumowr
masured under standexd conditionss It will be noted that the median
lethal doee for epidemmoid ocancer (hichevoltage roentgem ways, HVL
1 % 3 mn Cu) 48 2000 yed, It them follows that 2000 X 1,3 = 2600
red should oure 98% of cases, and this quantity may confidently be
takei as the lothal or cancerocidal dose for this tumour, OSimilarly,
the median doses required to produce cther resstions under standaxd
conditione of expomue axe tabulateds The faet that, in this Table,
the cumative dose expeeds the skin tolerance by a large ho.tor aimply
means that the standaxd conditions chosen, that is, a single expoeure
through & 10 en field, are unsuitable for tyeating this tumours In
the following chapters, it will b shown that the relative magnitudes
of these two doses oan be altered or reversed by a differsat choice of
fagtors,

Bach of the reactions tabulated is depenisnt on 8 pavticular
cuantity of rediation or s speoifie dosage lovels This specification
h.hunu.mnamm.-muonmmuumu
the same plycical dose of radisiiun under various conditions, the result
10 rot identicnl in al) cases, It has been shown that the bieological
effect deponds not only on the number of ioms gensrsted in the tissus,
but also on the distribution of those done in spaee and time, the bieles
glenl offectivensss of & giwen physical dose of redistion thus depending
““nl.toduulvuublu. In practioce, the response of most
mcum.bouuanmmw.umumtu
h.“liv.tthhu.tbmnu-dtbmninﬂt&
sise of the tzeated field axe kept constanis Vhile thewe are many
other variables affecting radiosensitivity to some srmll degree, they
—«nm:wnuu:-mnu.u—unmumm
m'llbngmwefumuwim.ﬂﬁtnlﬂlﬂ
“ologionl effeet of eash of the abowe fastors either controlled ox
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ellomd for, the response of the tisvue to that dose may be predicted.
Converesly, if the effects of varistion of quality, time and fieldesise
are eliminated by mmdntaining standard conditions, or alternatively,
by introducing appropriate correction factors, it is posaidle to
specify the doss which will produse certain welledefined reastions,

and estimate any individual variability in this regaxd,

In clinical rediotherapy, there are found %o be eix fuetars
which can affect the outcome of treatsent significantly. Three of
these are tec'nicel variadbles more or less under the control of tie
preseribing rediotherapist, an!, in a strict statistioal sense, should
be terwed ‘varisteg's These includes

(1) ™e gualily, & term oollectively deseriding such attributes
us the halfevalue layer, equivalent wave-length, quantum energy,
specific iomedensity, or linesr emergy transfer, all of which may here
be subsumed under the single qualityefumetion termed ‘relative biologiecal
efficigncy’ for the radiation usedj

(2) ™e timp fagtox, that is, the over-all durstion, measured
either in days or in the number of frestions, specifying the interval
between tructions, mrvhich the couree of treatment is spread) and,

(3) Tw gisldesizs, that is, the ares, volume,or some
equivalent measure of extent, of the irradiated block of tissue.

The three other factors camnot be contyolled ut are
deternined by the mture of the tisme or tusouwr irvwdiated. They

e, in a sense, mmmmmuw-.mmm
(4) ™e zadiosensitivity of the tiseus or tumour in question as
asssssed by the dose required to produce & riven response)
(5) T gogovery raje of the irvedisted tiseus or tumour, &8
deternined by the anount the dose has to be increassd to compensste fo¥
%o efrest of protrastion or fraetiomation) and,

i .




(6) ™e diffusion constant for the irrediated volum as

estinated from the effeet on the reastion of variation in field-sine
and 2hapee

The relationahdp Lctwien the prysieal dose (D) delivered with
8 perticular coubination of qualiiy, timn and field-sise, and the
blologionl sensitivity (B), es asnescel Ly the dose producing a
given reagtion under oertadn specified stantard ocn'itions, can be
expressed em:irically as

Dol 8 be o, (1,)
were &, b, and ¢ are the factors by which the standard dose las to be
adjusted to compensate for differences in quality, time and axes
respeotively, If, under a standard set of conditions, a: b. 0e o L,
then & ® D, and can hence be measured dirvetly, For the purpose of
this analysis, it is convenient to tale & = 1 when the mpecific for »
dengity is minimal (-uumnau-).mu-mx-/lu , which

T ,,;:fg;a.

S

holdés trus for Yﬁmu photons with a quantum energy above 1 MeV,
Similarly, b © 1 when the time-fuctor is minimml, as with single ‘short !
exposures (the mesning of 'short! in this context will be defined later)s
and ¢ * 1 at an axbitrarily chose.. large fieldesise, & one decimetex
diasweter aivele being & olinioally convenient standard,

Having onge dsteimined 'E' for s siven reastion under the
standard conditioms, it becomss possidle to ealeulate the dome D!
giving equivalent results under sxy other combination of fastors, by
intr Aucing the appropriate valuss for &, b, and o in the equation.
Pairly wiouwste estimates of the magnitude of these thiee fagtore ean
be derived, at lesct for the skin and for epidemoid and mammary
cancer, so that absolute tumowr lethal dowss and tissus tolerances way
be specified in those cuses and remain valid under all preeticable
trestment oanditionse

SHPAR
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) 2o &wmioe somstamt fur to Lretisted volue ae

opt_ustel frou the efTegt o the wemetico of waristion i fisldesive
e SR,

e relaiionerd; between the preisel dose U Geliversd with
s o ‘pular oocikimsiion of gualdiey, time and fielé-sdise, and the
dolartonl senmitivity (D), sa srseseed by the Som jrofucing 8
pwer Teaeiics wmber oeriei: mecified staderd comiitioms, cen e
aTeeed SNATLeilly a8

Dol % B o G.a)

wese & b, B ¢ are the fuoters by weded tde standard dnee loe to be
aljurted v copensste for & fMferences i gmlity, wae and ees
smpeetively, If, under ¢ stondard set of coflsions, S B % o I,
Gen I o3, s cax demoe b mearowd direetly. For the pumess of
s malywis, 1t L8 coowerient o e & + 1 ven the mpecific lone
-vuuuun(-u-.m),q-uuz-, » wdok
Wifs trw for e rws o totons with & guatan evergy sbowe 1 iV,
Matlsrly, b o 1 e e tlaeefuctor L8 misiml, a0 wit: stagle ‘shesnt
moeces (e waning of ‘shert’ ix 128 comvext will e deftmed laster)y
i ¢ o ]l ot sr syvitrerily choses larse Tleldesise, & cme decimtery
Clamvter cirele veins & clixics . y covvexiewt mundesis

Heveoc. omoe weterr.med "I' for s  fven Teagiior T e
rtoubes comd:t some, it beoomes sossidle o ealeulats te lose "3
Giving epuivelest mwrlte wder wy other cabimtios of ‘ueiers, W
ttpratucing the =y ToiTisw weluse fr & O, Sl ¢ i3 U eTETSN.
Furly seowate o omites of tre mumdiahe of these 1tI8e fmetoTS e
n derived, &t leset for tre iz snd for ejideriedl Ml Timwry
SuIoer, wo tne: suoolste tumow letlal doses and tisswe tolesuness wy
W st flel i nese ceses end remsis valil wsier all jveet semble
ITut e sont tionse

n
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In t. ocase of most humar tiscues and tumoure other than normal
skin, eridermoid cancer, and mammar; osucor, it has not been possible
to establish median effvetive doses 'nder “he standard sontitions
doseriveds In prastice, thn qualit), time, nrea, and dosage fastore
are uswumlly deterndned by clinical exigencies, so that ¢ aperative redio-
senaitivities oan only be estimated by exizupolation, If & largs body
of clinical data is aveilabiae, aaphical cetnods euch as plotting the
somcalled {roeaffaot' cwrves vill chen meet this requirement with

sufficient acouswaye.

Engpirical knowledge of optimal dosage procedares for clinieal é
purposes, and scme of the effeots of changing the quality, time and
volume fudtors hes acoumulated with radiotherspeutic experisnce
throughout the years, Oureda (® 67) and Styandqvist (* 173) firet
showod in 1943 how such clinical experience could bo systematised by
plotting the results of dosage ageinet time gruphically, and
“M-tb”ﬂn*d over=dosage responses.
Strendqvist's analysis of the time-dose relatiomship, though neglesting
some esvent ] refinements, was the firet direet applicatiom of this idea.

1
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By using suitable scales moreover, the v “i.n oau be * ransformed
into a straight line easily fitted by eye, e as Lo delimit with fair
mmmmw“muxsw--‘m The
tposition! of this lim on the dose axis thun gives a measure of the
absolute redioseniitivity of the tumour, while ite ‘eclope’ is indicative

of a spevific recovery fastows

wumm-mmmw
eancer of 2250 red given in a single euposurw, inoreasing with protrastiom
scoming to @ spoeific power law to be deseribed. Several other
wulyess of skin, mouth and genitel ejddemoid tusours have given the
*m results, Using & siailer imdirest grephical methed, the IDgo
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Smaitivity, recovery amd diffusiom constants) are showm to xﬁ
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for mamfMary oancer hes beeh sstimoted to be 127C :ad (* 40) which 18
oconpatible with the corroborated direet cwtimate of 1800 red (IDyy)

by Friedasn and Ferlmanu (¥ 65)s e bewt available empirical estimtes
for the rediossnsitivity paremetere for human skin and cpidervodd and
auwayy oancer ore given in Tebls I, Details of their derivation will
be discucsed in the following chapters.

Few atteupis have been made to subject the foregoing empirieal
data to the riguroue statistical analyses which will ensble optisal
dosage to be computed with & know) degree of oonfidence., loxe refined
algebrade end statistioal -tm-}m the nagritude of the biologloul
dosage fagtor 'E', as well as the biologisal effects of varying the
three techmionl variablee desoribed abowe, ean be estizated from
limited data to & kncwn dogree of precision have been developed, end
their derivation will also be desoribed in the following chapters. .

SO0URY Ov CEAPTER 11

JTue Bature of rediation rections u-um.a;

, uz:t and the dpses required to produce
, Ss inew dﬁofmuo--umom

effective dosos end the assooistod eoefricients of
"... “1“‘ w*

) L e
tolerance and tumour lethaal levels are m

8ix technical variadles (qeality,
reaction, and am ‘iso-effest’ formula imeorpora these

;mmd. Thais fumction has the general form L ®

U.'

a.b.0 !
4s the physical dose im rads, 'S’ hmm.m'.z

s '8’ {s a reciprocal fumetion of the relative ogienl
ey for the tioular quality of radiatiom and *®*

“," functions the over-all time amd field-size,

Feoovery and dif ‘'usiom peruneters, respectively.
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In the case of mmy binlogical objects, including most human
tioown and tumours the biological effect produced by & givem physicel
dose of radiation varies with the 'quality', or rether the energy,
of the photohs or particles concerneds In oxder to schiewe a given
blologioal response, therefore, the physical dowe, as deterwined
wder stand.ixd conditions, mey have to he carreated by the fustor 'a'
from the formula {1, O1) desoribed in the yrevious chepters This

fastor is, of course, & moiprocal funetion of the ‘officienay' of
the reddation in producing the partioular biologiocal effeet observed,
that ie,

..2,1), (2, o2)
vhere 1) s the fulative biglogies) sifisiensy (UE) of the particulas

qulity of rediation used. In this sense, the HEE is a function of the

averege ‘fonedensity! or 'linear emergy tvensfer' (IS7) within the
frrediated tissue, This in twm depends on such physical factc.s 48
the mavelength or photouseneray, w,vﬂwohﬂn-mlc.
the tubeevoltage, filtration, and lalfevalue layer of the besm.

'wuwun-ccmmwmmu
“Musauummmuuw
in electronevolts per mioron, or, more practically, ’-l.'//""

The LiT-valuss for redistions of various qualities may be cbtained
W comversion of Gray's (* 72) date on specific ienedensity imte the
Wpropriste unite, mmtmwummmm
5% oF from the fonising perticle (# 20), the conversion fector will be
"DOMd.m‘V/ft.Mun ionepair per migrom in
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the older tabless On this basis the sbwolute minimum walue for IET of
any ionising particle obtains with the fust electrons or haxd /E--n
exoseding 1 MeV in exergy, which have been shown to iouise at & rate
mmum-o.ubv//u. Ry somparison, the sparsely-
fonising photons, sush as the hayrd Y-motauucbm.
mm-o.”?'%|thttu1woﬂmtﬂmm0o”ﬁ'
100 to 200 kV radistion around 3,05 snd reaching & smaximm of sbout
15!.7//‘. for the coftest grwns-rays st a wavelength of 8.3% A, For
more hesvily iouising jarticles such as the pretons recoiling fma
fast neutyon bombardment, the corresponding values range between 5 and
al'.v//.. Vhile the msssive - particles frem polonium or ralon
mmo:mmmuusu%p (®* 172)s The range of
clinicul interest, covering photons with erergies between 10 and 100
IV, 10 shown in Fig 2, vhich is based largely on data by Oray (* 72).

"= biological efficiency increases conti.ouvsly with inereasing
lones. sity, or 'ILET', which in geme ml, increases with diminishing
kilovoltage, The resultant dedendence of on kilowltage is mot
cont inuous, being prectisally comstaxt betwsem 20 and 100 KV, chenging
nlowly thawtgh 200 to 1000 k¥, and remaining at a relatiwely constant
sinimm st all emexzies soove 1 MeV (® T2).

Witk the exception of coms eimpler organisas mubject to
‘single=hit! effects (# 115), such as viruess or bacteris, thim rule
meomwuumuumutm
cousistently by all memwmlian tissuss., Comparable data have been
obtained in such diverse tissues as Drosopiila sperm, & veriety of
-n-q-u-(oxn).-nuau-n-ununma('”.u”o
e B s winisel wit> "esd' radistion of low lonedersity, end if
™ aseisn & valne of 1.00 for the "HE of rediuwm gemua-rays (s convs:iend
Ol ary standerd of minimal fonedensity), al) less energetic radiation

vill have REE's greater than unitye

o
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For exeample, under standard conditions of time and area (ssy
@ 10 oms field Ziwven n single short exposure, taking Quimby‘'s (* 150)
data), *noe thamshold erythems dose of human skin for gamume-rass, or
for rontgeneraye of more than 1 9V energy is 1000 yad, with 200 kV
X-yays it iz only 700 red (HEE « 1000/700 © 1.4)s with 140 kV Xerays it
is 500 yod (RN « 1000/500 ® 2,0)) mud wi th 100 KV, or @fter X-rays,
it 49 300 xed (R « 3)s It will be shown that similar valuss for
the REE of each partiovlar type of radistion obtain with aost other
memsaiion tissuse tested. Consistent resuits are obtained with
swoh diverse endepoints as tissue tole ance doses, totalebody irradiation
mrtality, and the responses of anital and hw.ien tumours.

It 1s posoible therefi.e to caloulcte the magnitude of the
factor 'a' in formula (1, 01} from the published experimental data
on HBE appropriate to the quality of redisticn under oonsideration.
A dietinotion should be mde between the sruds epslication of KIS s
an 'order-of-magnitude' correction for ersomuel 1 otectiom purposes,
snd ite more rofined usage ia the present context a4 . parameter in
asseseing blological dossge, Under these cireumstances, only
Mtnhmm&mcmmn“tnthmd
M dotormimmtions if serious errors wre to be aveided,

A% though the firet reference to the conoept of REE appeared in
& paper by Pailla and Henshaw entitled, “Helative Mologica) Effective-
ness of %= and {««ntm(ou).uummnum
estinnion of this retio are invalid dus to inadequaay of the methods of
Y ~ray dostmetry evailable at that time, As emphasised by Xoim (* 107),
the relative biologloal efficis noy may be &sfirsd only in terme of the
mudoquu.mmmmmum. In this
nm-m.m-uuo@td'y'. Qa the other hand, retios
d'mm'untawatmmof—.dMMbh
terond the 'iso-effeot expor-ie ratio! (designate 'e')s Prvwided all
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the physieal abeorption and soatter data, including rocurate knowledge
of the ratio of yads per romtgen for the rudiatiom quality used, is
evaileble, then '77' nay be computed from ‘e’.

Since sufficiently precise data were not availavle prior to the
adoption of *he intemationsl rontgen unit as & measwre of Xe and
Y-m in 1937, w are foroed to confine owr study of this problem
to inforwstion pub!.shed since 1940, that ie over the pest 20 yeors.
The data sumarisced in Tble IY and Figwes J and 4 were selected
from mterial pudlished during this prriod.

DFLENCE of TEST B OANIS 0¥ ESTDATION O K.
There is mne evidenos, though Ly no means unequivenul, thas,

in comparin: two qualities of rediatisn, varying estimstes of their
RBR values will be obtained with different test orgnnisms, This

is an isportant consideration, minoce, if such differences are real
and significant, it imroses & restrictiom off the type of data which
may legitimately be extrapolated to the mammalian experimnt ar
clinical situation, In extyeme ceses, as with 'single=hit' effects
on viruses or single genes (* 115), soft radiation with large 17
valus s hos a very MQMMto the hnwy ionising

highesnergy photonsj while the converes holds for ‘multiple-hit' effecis

on whole chromosomes and most intact cells, ‘“imilarly, bacteria and
protesen may differ somewhat in this respeet from metasoal animals,
while other remote phyla such as plants and insents, and to & lesssr
oxtant also birds and reptiles, may sive results rather different from
those obtaimed in mammals.

Ve are of cowrse primarily concerned with the reactiom of
mmmlian tissuss, and foartumately within this group at least, recent
estivates of HBE have been suffioiently consiatent for all prastioal
Purposes,

g
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It has been shown (® 177) that the rediosensitivity of single
oslls, as wll as the degree ®© which this sensitivity is influwnoed 'L)'
quality fasiors, depends on fumetional ocmditions pertaining at the
tim of irradistion, In particular, the redicsensitivity varies
acooxding to the phese in the mitotie aysle at which the oell is

" y{rrediateds In this way, the XBE may come ‘o depend upon the

physiologioal status of & cell, Unier g oe¢'al eircumstances such

as the gynchronous mitotic rhythms produced by irradiation with
certain aritical frectionation schemes, or by prior exposure

to mitotic poisuns, this factor might conceivably affect owr estimates
of KEE for various radiation qualities, It soems, however, that
such effects are unlikely to be significant with complex tissuwss or
mltioellular orgunisss under ardinary conditions of trwatment.

EYFECT) OF SURSIDIAKY FACTOES OB BITINATION OF KBS,

Tere is also wae doubt as to whether the HBE can, ia faet, be
exprossed a8 & single fa tor for the radistion in quesiion in view ot
$.° peeadility that it might depend on such subsidiary varisbles a8
*ia type e»” degres of biological demage, the abscrbed doss, dose-rate,

wnusv of freet ionation, oxygen tension, pRy aad temperature (* 94).
d YuM > azee factore are of course constant in most mammslian
17,998 @4 ean safely be ignored, However, in assessing the relative
bMe o, » ificleng of one type of rediation compared with another,
it i isportan:, partioularly in the case of skin erythema studies,
$uﬁmmhmd‘dnutoduﬁm¢‘m~
difforences dus to physical 'transition somes', or to interfering
bologioal factors such as 'volume effeots' in tiscues adjacent o

the irradiated recions.

Specifically, the following six factore require specisl conside=
mations
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(1) Avsoxption Gffeqts.

With loweenergy redietion, the amount absorbed in overlying
inert substances (the 'mratinised layer in skin erythema studies, for
exnmple ), should be known, so that the true ‘absorbed dose' reaching
the reasting lssue can be oalculated, If this correction is not
wede & spurious yplerestimstion of the KEE ocan oocur with very soft
redistion, the dose received by the living basal cells being eonsiderebly
smaller then that incidant on the superficial keratinised layers.

(2) Blegtxonis quildbrive.

At vory high en rgiee ome must consider the effeet of the
predominantly forward soatter in relation to the range of the -econdary
elestrons, Vhen the beam is allowed to impinge upon the skin or other
object tested, without intervemtion of "Solus' or soatter material,
the 'given does' estimated at the electronic equilibriun may be several
aillineters below the surface (* 152), Twe epparent ‘erythess doee’
would then seem to be considersbly greater than ite true value, giving
an ynleyestimate of the MR, It is rececear,, therefore, to interpose
between the souree and the test=cb ot & layer of wmitedensity soattering
material sufficiently tiduk so that the pesk of the depth=dose suve
coineides with the plams of the tissus tested, thus ensuring full
elestronic equilidbrium at that plans, Altermatively, the actual
mmunmucm.muuammmmﬁ
mrima or the ‘exposure’ Gose, should be caloulated.

(3) Atoade muber
A spurious ‘quality’ effeet will be detected if the average

stonic mmber of material in the irredisted region differs from that

of vormal soft tissus. The large photoeiectric sbsorption coefficient
for lowevoltage rediation of bone or other caloified tissues, and also,
to & lesser extent, of the sulpiur content of the skin, gives a greater
effest with softer redistion which would exagumyate differences in IUE.

e
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Thuo the atomic number of all materials, apylicators, or containers
sdjucant to the irredisted tissue should be tissue=squivalent or aire
equivalent or, vhere the difference is an integrel part of the tissue
concerned (as in bume), appropriate corrections should be mde for
estimati:y absorbed dose in the oells concerned.

(4) Suality shenge in depthe

Quality changes in the transanitted and scattered components of
s boan of mdiation as it penetrates to substantial depths im soft
tissuwe may also introduce & real change im KBE, The changing wave-
length of the trensmitted and sost'ered redistion as the beas
traverses tissue-like materials were first fully deseridbed by Clarksom
and Mayneord in 1939 (* 36)s In the cese of the mwe erergetie
rontgens or Y-nlmuu gereruted by exeiting voltages in excess of
250 XV, thewe is a progressive desrwdation or ‘poftening’ of the beam
vith inoreasing depth in tiseue (* 169), with a corresponding increase
in dte blologleal - yiuslency (% 20). do-wmxy. there is also some
‘hardening’ in depth 2 ie.1 omnecus loweenergy beams (under 100 kV)
G to the extra Pl v.is + forded by the overlying tissue (® 169).
T isportanee of dliwing @ ¢ *Ms ~Plest in treating doer-seated
tumours will be disoues< - 'ww. Dme experinental determinations of
R are 1ikely to remain wal i «ly in the cam of relat ively mper-
fisial tissues, or in superti dally plsved test omgmniwme or ob jeot s
exposed exclusively or mainly to the iraidint beam.

Bologdoal efiects which may vitiste }'w Accuresqy of an HBE
determination arise from difficulties in matehing time and volvwe

fastors with diffevent sowroces and Tenerutors.

) 2um s,
Yith some types of equipment it may not be possible to avo'i

delivering redistion at & dose-rate very different from that of the
reference standard., A redium applioator, for exasple, is llmlv to
take o/me hours to give a dose whioh a rontgen mw ator would drliver

LI b e
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in ninutes, so that recovery proossess could intyoduce a virtual
decrease in IBE, At the opposite sxtreme, radistion frem betatrons
and linear unlon!‘ou is delivered in frequent microsecond pulses
at & very high instantaneous dose~rate, At these great intensitiss,
the large instantansous concentretion of ions in the tissue oculd
produce secondary chemical effects charmcteristic of high ion-density
mdiation, resulting in greater biologiosl effects, and hense, a real
inorease in the HBR (* u.). Averaged or smoothed dose-rutes should
mturally be at least ajproximately the same in any controlled
comparison,

(6) Seometiien) fagtors.

Te sise and shape of the irrmdiated wolumes should, of course,
be matched @8 fa a8 possible in comparstive groups, or one technique,
say a reding appliostor compered with a rontgen beanm, may give a very
different gradient below skin lewel and lence introduse & volume or
fisld-gise effeot ¢ven though surface partals are sompareble, By
ol Jjusting M distances, 1t has, in some investigations (* 195),
been formd posaible to matcoh the depthedose curves of the two qualities
under survey, On the other land, with suffieiently ‘soft' wadiation,
the depthedose is such that anly a very thin slab of skin, having &
smll ratio of volumes bounding-surface might b» irrediated. This
would diminish the intensity of the reaction, or require larger doses
to dve ¢ staniard resction, and thus result in a nar'ed yndersetimation
of the IME, Such u volwm fastor jrobably explaine why publisied
figures for 'grenserny’ irrsdistion of human skin (* 193) shw an
aprarent reversal of the generul tyend to greater effects with low
voltages, the exythema dose being apparontly much larger than with
the more pemetrating conventional 'superficial’' rediatione ¥hem
the appropriate corrvetions for the ‘absorption' and ‘volume' faetore
are intyoduced, the HEE remains araund & value of 3 for 'srens-reys’
and, indeed, for the m«mmw(&:d)-
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In & series of rxperiments carefully designed to eliminate
physical trensitionmnes and similay discontinuities, and using the
true absorbed dose in the appropriate and ysis, Stozer, et al. (* 172)
observed that the over-all variation of HEE with IAT was considerably
smaller than that given in many less rigorously controlled series.
Sinoe their analysie covers nime different qualities of mdiation
ranging from ,/ «Tays ot 03 iﬂ//’u s to heavy recoil particles at
850 h'//,« s each tested on sewral of tem altermative bislogical
mnnui in rodernts, these estimetes can ;Tobebly be acospted as the
best available at the [wresent time,

A sumary of all relevant publidwd informmtion on comparative
HEE values in relation to IFT, using true estimtes of '7' vhenever
the data is adsguate, is given in Pig, 5. The open lettered columms
refer to individwml reports; the slid have are o.evaged values for

each particular quality rang:) and the solid curve has been fitted »
enpirieally to these points. It will be noted that, in spite of |

thedy diverso origine, the warious observed data are in fairly gool

agreement at loast in the runge between 0,5 and 30 b'//q o Beyond

this mange, howover, where heavily loulving sntities such as slow neutrons,

J= particles, and recoil nuclei are comcerned, there are very large

dissrepancies as shown in the dotted right-hand section of the ourve,

It 49 probable that the concept of KBE as n single measure is no longer |

spplionble at very M h ifon-densities, where the bdiological injuxy j

must be discontinuous and heterogencously distridbuted in spece and

time, Fortumtely, the renge of cliniesl isterest falls wi thin the |
|
I

relatively wmlledotermined low-density regione

’ M 5. e

As & genernl mle, studies on human tissued and tumours exponed

to tonizing rudintions of various ionedensities aye also in agrecment
vith the curve given in Fig. 3, and indeed skin erytlema doses for

M gheenery Y-ny., 200 kV rontgen rays, and fast neutyons have im
faot Leen incorporated in the data. Ome significant diserepanay,
howevey, which onmot be resolved on the tmsis of irregularities in the
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absorbed does per se, remains, At the 'soft’ end of the Jemigen-ray
spectrum, with half value layews urder 0,5 mm Cu, the ABE estimated
from husan skin reactions is consistently sreater than thet obtaining
in the lsboratoxy experiments. Furthermore this apparent HBE in humem
skin of soft romtgenerays is higr-r than that of corpuscular radistions
st idevtiocal ifonedansities. In thia mange, the observed skin erythesa
mu-vyu-u(m.c)m;oor(7-s.s).mxom
valw to “e expected ou the basis of the experimental data from Fige 3,
correspondin; to the thin line shown in Pigs 4y would be at least 500
'()}w')o

The difference is probatly due to the Ligher mean atomis numbew,
and increased nblu‘uon cosfficient, of okin associated with ite
ao.cww sulphur content, This factor, besides giving
a significantly sreater absorbed dose in the skin, would also om«.

a dif forence in the relative proportions and average snergies of
photoeele otrons and Compton recoil particles, The ower-all result
would be an &y reciable inorease, real or apparert, in RER of the
softer rediations with regpect to human skin, over and sbove that
attributable to LET per ee.

5 ' : OF 'REE's

Among the many poseible ‘quality’ faetors used to desoribe a
bean of radistion, the following physical parzaetors ocould be
considered as functionm of EBE: ‘he etlvetiwe wave-langth, frequency
or quantum~c'®Ygy of mntgen o¥ ‘mm the exoiting reak kiloe
voltage, or average energy in MeV ol [lotons or ionising particles)
the sbeorption coefficiemt or halfovalue layer in given absorbing
neterialy speoifio ion-density (lomwpaive/micron) in tissus or

equivalent ¢ sorvery and linear esergy transfer (187, in b'//u )e

Of tiese, the IET gives the most rigorously established measuye
for thsee phyuieal events immediately preceding the biologioal’ injury.

R T i i ot

e



It 10 geverally valid for all types of radistion and for all degrees

of biological action, ineluding excitatory as well as iemizing events.
Bere is, howver, still & considerable lack of agreement and precision
in our knowledge of the physical data reruived for accurete estimation
of IET as an abwolute quality (* 30), Similarly, knowledge of specifia
ionedensity de ends upon estimates of ;hysisal constants which aye by
no means well-determined (¥ 46). :

Of the remaining three quality famotors, that most readily
measured and aseessed in the wide variety of gereretors, sources und
filters used in clinical redistion therpy, is the absorption coeffisiext
or halfevalue layer., Since we axe here primarily concermed with the
EBE of rontgen and !’-ﬂ photons of olinical quality, we nhall
henceforth refer the RBE comparisons exclusively to the halfevalus
layer in copper of the incident beam,

Purthermarw, in olinical radimtiom therapy, only 'hat runge
of IAT applicabls to photons axd tieir sscondary eeattered particles
aced be oonsidered, This corresponds to the fairly welledsteruired
left hand liwh of the ourve in Mg % renging frem 6 to 300 ioms, oF
0s3 to 1C KaV, per Jeron. For pructical purposes, therefore, the
muuum-m-mmmmuuwxusu
ayparent HBE (as distinet from the tiue hf)u:-mu-um
wmmwumu-um.nmmunmm
for the pwypose of camputing the faetor ‘s’ 4n the iso=effect formula.

Te heavy line in Fig. 4 amuubhn-dhbbmm
for the funotioa 1elating the half-value layer in eapper to relative
biological efficiency, or its reciprocal, the skin exythems dose
expressed in surface rontgeLd. ftrictly spaking the 'red’ is not
the appropriate umit in this context unless the small discrepencies
in stomio mmber, vosorbiion coefficlents, and ionisation energy of

skin oan be taken into ascount,
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