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la tha raootion and tha ;raatax t:« risk of naoruala* It oftan ha;pana 

in pxaatioa (and this will ta obvio ui frcai iha ourna in Tig* 1*) that 

a doaa anal 3. w n u ^  to entail no riak of naaroala haa llttla ohanoa of 

•ffaatinff a ourai and convaraaly, It nay net alwaya ba poasifcla to 

approach a oartetnty of oura without rlaklug a »wry hi«h lnoidanoa of 

naaroala* It oan ba proved that, undar auo.i cirounittanoaa, thara la 

alauya a airurla ortlaal doaa whara tha probability of uaoonpUoatad 

aura without naaroala id lwwiaal. tha aatiaatlon of thia optimal daaa 

and daralopaant of taathoda for aafluring unoonplloatad auraa with varloua 

typaa and ata^aa of m li,Tnant growth, ara tha win objaativaa of ollainl 

radloblology of aanaar,

CLPtlCU IXTdflfi U M M M p

Zn aliniaal rad lot ha*-•’y, tha lntanaitlaa of at laaat two 

aiwultanaoua biologioal raaatiana hava to ba oonaldarad* tea haa 

flratly %a aaaaaa tha raaponaa of tha tuarrur and, baaing oaa'a Jud^nant 

ujam aooirmiat id axpariaaaa an tha radioaanaltlvlty of tuaouxw of tha 

M M  ga natal typa, to ohooaa a tuaour doaa lorga anou& . to da a troy tha 

p u t t .  At tha aaa tlaa, it la a*ually, if not w>r», important to 

ninin that tha tolaamnaa doaa for tha au*To«dln* noraal atruatuvaa 

la not iiTHlrV  Xf tha tiftaua tolarauaa ia aubatantially grant, r 

than tha tuaaur lathal doaa, it would aaaa lo«iaal for tha aadlothasap* it 

to atooua a doaa batwaan thaaa two valuaa, thua affaatlng a oura wi chont 

aaivllaatlano. In ptaatiaa, tha altuatioa la by no aoana ae ainpla, 

aa thara la oonaidarabla individual variation in tha swaponaa af both 

tuaaur and nomal tlaurua. la othar woada, it la net twa flaad 

quant it la a aaa baa ta oj^-mw  but two atatlatlaal diatributlaaa or al^> 

aaid om waa aaah having aoaa waaun of oanttal tandanay (aadiaa 

affaatlwe doaa) aa wall aa a oartain arraad (aoafflaiart of varlatloa)*

In «anaral, tte two aurvwa will ovarlap nova or laaa ac*o*dlns to 

aljrauastanaaa* Furthar, tha ralatlva radioaaaaitlwitlaa o* tuaour 

and aorual tla ua will vary aooardln* ta *h» taataiiaal faatora ahoaaa 

ia tha trwataant proaaduiw.



T A B L * I

13TIMATB3 OF THA STAJVDaKB • R\ OlOftSKSI 'IV ITT F'MAW THS* FOR 

HUkJI AIM AMD TUM0UB8

Data •  pllcahie to finale ’ short' expoattree ti»~ou<rh <1 10 n  

dleaet«r flold ; f 1 ruraa la the rl?ht-hnad ooiuaa 

aay Be used for f*otor *1* la th- leo-effeet formula.

red *  200 kf red •  > 1 Me*

(100 loae/;<) *10 luaa/ )

Medina fry tneiee u>ee, or ' T. f . D. • 700 1000

Modiea De*.qu*aetWe, or Ollnleel 

'Tolereaee* Ooee
n o o 2000

Medlen ftudetlve Oote, or Jlaxlaiai 

Tolareaee -talt
2000 1000

Pro be hie Modiea Metro tl«5ac b t « 2*00
•

4000

gpldermold Onaoer LIV*iO 2000 2VX

Kplderaold C*ooer Lethal Ooee (LD-VO) 2)00 1600

Mw— ery Oaaoer LD->0 1270 id oo

Meaatxr Caaoex Lethal Doeo (LI>-'*0) 1600 2)00



The quantitative value* shown in T*ble X a n  pemastere, or 

•tetletioal festiuetss, of the raitoeeneitivlty of huaan akin end tuaour 

etaaursd undax atandard oondltiona* It will ba r» tad that tha aeaiaa 

Irthal doae for epldezaoid oanoer (hi^-voita«* roentgen ray«» HVL 

1 te 3 aa Ou) la 2000 rad. It than fftllove that 2000 X 1.3 •  2600 

zed should our* ftjt r<f oasss, and thi* quantity aay confidently be 

takau as tha lethal or oenoeroeidal doe* for thi* tuaour* Similarly, 

th* nedJan doe** required to produce other reactions under standard 

condition* of expoeuse ar* tabulated* ft* faat that, in thia Table, 

th* curative doae a— ada tha akin tolerance by a larj* fleet or alnply 

atana that the otandard oondltiona ohoeen, that ie, a single exi-oeuje 

through a 10 m  field, are unsuitable for tieatin* tt i* tuaour* In 

ti* following ohaptere, it rill be ehoen that the relative ran«viitudee 

ef theee teo doaea oan ba altered or reversed by a dl/ftnnt ohoioe of 

faetors*

■ash ef tha reaetlena tabulated la depandrrt aa a particular 

quantity of rsdiatiea or a qpeelfie doaap level* Bile epeoifleatioa 

ia, ia ltaslf, not euffielent, ainae IT a given tlasus 1* euhjeeted to 

the piiysieel doae of radlaviun inter various conditions, tbs result 

is u t  identical ia all euaea* It haa beea ehoaa that tha biological 

effect depends act only aa tha ma*sr of ices «en*nted In the tlscoc, 

hat alee an tha distribution of thoac iena in apace and tine, tha bi*ls- 

glaal effSctlveaccc of a frivvn phyaioal doss of xadlatioa thaa depeadiag
e

upon ssveral technical variable*. In jvastlee, the lecponc* of ao*t 

anlaal tissues, both no real and aalignnat, ia reaeoaably cone 1st eat if
e

the quality ef tha beast, tha owr»all tiaa of the irradiation and the 

■is* ef tha tsected field axe kept eonstsnt* thHe these are naagr 

other varlablee radloeenaitivity to sow mail dagvse, they 

sm of relatival/ Uttle iajwrtanee, ee anot so that if tha doss 

laeeived by *ny given typo at tissw* is spscifisd, sad ths rslatlve 

biological efleet of cash cf the above ftstorn cither controlled or



allowed for, tha iwsionae "it tha tis via to that doee Mgr ba predicted. 

Conversely, If tha effects of variation of quality, tine and field-eiee 

art eliminated by mint&inln^ standard onnditione, or alternatively, 

bjr intxoduoiivr appropriate oorrsotion factors, it is poaoible to 

specify the doco ehiah will pr^duoc certain veil-defined reactions, 

and eetiaata ury indlwldual variability in this regard*

Moifloic^ ixx*^  a s m m  a m m *

In clinical radiotherapy, there are ftound to be eix factors 

which can affect the outoooe of treatwent significant ly. Biree of 

thaea are tec' nieal variablee aore or lccc under the control of tha 

prescribing radiotherapist, ani, ia a strict rtatietieal sense, should 

ba teracd Sariat— *» Theee include >

(1 ) tmalltv. a tax* collectively deaoribln* such attributes 

as tha half rvalue layer, equivalent wave-length, quentun energy, 

specific ioa»dcnsity, or linear sneray tranafer, all of which cay here

ba subauaad under th*# aingle quality*, function tensed 'relative biological 

efficiency' fcr the radiation usedi

(2) The famtav. that ia, the o«er-*ll duration, aeaaursd 

either la d ^a  or ia the maker of fraationa, epeoifyin*? the inteimal 

between l'raatione, ewer which the ceurca ef treatwent ia epxwed| and,

(3) n *  flslA-claa. that is, the area, vo!une,or acaa 

equivalent asaanrs of sxtsnt, of tha irradiated blooh of tissue.

The three other factors cannot be controlled but axe 

determined by the oat use of the tissue or tuawor irradiated. Ifcajr 

sue, ln a aanae, statistlaal constsnts, or ♦parapets CT*. wbd«*» lacluiai

(4) Itm reriionenaltlvlVy of the tlaeua or tunour ia fusstlca aa 

sasssaad by tha doee required to produce a fim * rsspeneei

(3) Tim swoowrr rata af the irradiated tla*ws or t«our, aa 

tetsndned by tt» the doee haa to ba lncrcnaai to oompaneete tu* 

tfca affaat of protraetica or fraaticaatiaai aad.



(6) thm diffusion oonatant for the irradiated toIum aa

eatiautad from, tha aff»*t on th* reaction of ^mrlatloa la field-eiae 

and shape*

Hie relationship U t v * n  t h e  p h y e i a a l  doaa (O )  delim ad with 

a partioalar combination of q . « l i L y ,  t i a r  and flald-eiae, and t h e  

biotasloal eenaitirity ( e ) ,  aa aaaasaad t y  tha doaa producing a 

given resetIon \ndsr oertain sjwoif led atanr’ard ocjr,<tionn, oan ha 

expreeaed arrg^riealljr aa

» •  H. a* b* a, (l»Ql)

w*are a, h# and a ar* tha ffeetore by whioh th* ■tanaai* doaa ha* to ba 

adjust*d to ooafimaat* far diffOraneea in quality, tia* and area 

xwapeetlvwly* If, under a standard sat of oonditlane, a* b. o* •  L, 

than I  •  9 ,  and oan hanaa ba aaasusad dtreatly. Tor tha purp*** of 

this analyadLa, it i* convenient to tala a •  1 wtien th* apaoifio iw • 

d*a*ity 1* air.inal (aa* neat seatian), say around 10 ionê jA , wtlek 

fwl4* tr a  ftor raya and photon* with a fuantua energy abov* 1 

Similarly, b •  1 whan tha tln*-f*ator is ninlaal, aa with singls »ahart* 

ssjiqsuxw* (the ■*— of •ahsort* in thi* oontoxt will b* dsflnsd lat*r)| 

aad a •  1 at an axt>itnurlly shoss.. lari?* fisld-alae, a one daoiaatar 

dlaaatar sirele being a ollrdoal lgr convenient standard.

■■vine onaa detetmiaed *E» for a xiven reaetlon under th* 

etaadasd eonditiaaa9 it beeon** poaaibl* to oaloulate the dose '3* 

giving equivalent result* -ndar any other eoablaatlon of factors, hjr 

latr.Hueing tha appropriate values for a, bf aad o in tha eqiafctiea*

Fairly u ao at* eatinatss ef th* aagnitui* of thaaa thaw fast ora aaa 

be derived, at least for th* skin aad for epidaxwld and aaanaxy 

eanesr, so that abaolat* tuaotr lethal doeea aad tilM* tolsrsn*** say 

ha speeified ia thaaa aaaaa and rsaaia valid under all paraetieabl*



v4.' ao-ammrt

mi trm* tin err^rt at ito

I

2 *  n ia  i f ) < j  m a n  :> • ;'7 «taa  &an £3.. tolivato rit* 

a pur* J« « U r  w a t o n 'i n  af t in  aa* f u k n l a ,  ato tto

ta.aia>--i aa-1 an*ix iri *7 U )»  u  l i w m k  87 tto tun *

p « K  saani.aa ja-cr a r r u x  *»-alfito rtac4o* aatoitin*, o n  a*

■ PIM HI MCOlZiMlIj M

•  •  I* at* v. *, ( i * * )

v » a , >, cat 1 art t*» fa ra n  kjr ito t t m a i i  ta a  Im  u  la

M.'tnR-to w ni— wn w i a for (Lftwrmamm is  ̂jlIi t , tu a  ant n w  

s n p rru  va ly . If, n te r  a u n ia ia  awl af •naUuan*, a« V* «• •  1, 

ttna *  •  1 , asnd on  m a n  ha aafcr-j** txrmr.lj* Far ta» ;w r» n  a f 

ik la  aaoXrrj t ,  is -..a w a r * K t  ve u J i a  •  1 r « a  tfca apa& fie  

to n & rj u  r t - r m i ( n r  tmad m l a ) ,  n y  a rw r f It »n «  <- ,  vsiafc 

teifec tr re  far , •  iw *  ««* ■■'mom a lt *  a f n e t n  *f«a«r a fc n  1 * Y ,  

*xX'M rlft h « l  « «r um to  ir t r in J , n  r i >  c v U  *a M A '

n jiam  m i (th i -sf 'st-wn ’ ua it :.* oeannet a i i l  a* to f lr arf l n n ) |

aat « •  1 «  n  fcXtitncUjr tarns l w p  flalt-olaa, a on  * » c u » w  

ttim tr curala totoat * tlijcLn- ^  «M«a*Mrt «.n4j-rU

■ *>* 

« » ,  *r

•  m u t u a l  *E* fw  •  < m  ?aar.taa aa 

i t t n , it ataa—  ^ n iila  1*  n i rrcU w  tn  

d *U «  afiinkct 3iwJ.t« -jrtmt mq r la r  1 unitn t in  af 

tecratocLbr tto ap^a* n l n a fax a* S  ato « te tta

hkiTl/ i n n t a  a n m taa  af tto A p d i ^ i  a< tk*  * * •* • *

»• teztnt, aft k u t  far via art*

■ raw, n  n r  aojootoaa t a w r  tomm ato t

to wvwc. ?iM ia . u m  a u M  t o  rum  1 n )14  to ar  all

' I W M



In t.. onaa of most humr tiamae and tumoura otter thnn acntl 

nkin, epidermoid onnoor, and msnar.; oo.,onrt it. haul not boon poaaibla 

ta eeteblieh median eff< etive doaaa "ndar Mu atandard ione

doerrihed. In praetloa, tha quality, tiaa, urea, ai.d dcea^e faotore 

era uauallj dataminad by clinical axi^aiciaa, so that < niarativa radio* 

scnaitiwitlea aan only be aatimted by ex.mpolation, If a 1nr&  

of clinical data ia av&ii«> 'a , imp*ioal tatnc** auoh aa plot tin* tha 

ao-aallad ^"v-mffaot* aum s 'ill whan aaat thia requixwnent with 

aufflaftant aootuwg •

rjaf4 rical knowledge of optinal doeaj* procedures for oliniaal 

pugpoeae, and aca  of the affaata of ohanglag tha quality, tine and 

voluee Ihjtore haa aeowulated with rodiotherapeutio experience 

throughout the yeare* Oaraia ( •  67) and trandqriat ( •  173) first 

ahowd In 1943 how such dlnleal experience could be ayataaatiaad by 

plotting tha raaulta af doeage agalnet time ,'xephioally, a d 

Aiatinguiahintf an tha under-auid or*er*doaa«ee responaea*

Strandfriat*a analysis of t*»e tiws-doee rslationahip, ti ough neglecting 

aaaa aaaantl:! refinemente, aaa tha firat diraat applioation of thia idea*

^  y j ng suitable aoalaa «raovii> tba T *i^n oau ba t xmnefcemed 

lata a at night 11m  aaaily fit tad by aya, aa aa to dalinit with fair 

assureay tha optiaal dosage r»n,m for all tiaataaat tinao* The 

'paaltlon* of thia lim. on tha doaa axla thim *i**a a aaaeure of tha 

abaolut* sadioeen ;itiTity af tha tumour, uhila ita •elope’ ia indioatiwa 

af a apaaifia r **  n iy  faotor.

3t*mndfriat 'a graphe iadioata a lethal doaa for apidamoid 

sanoer «f 2250 xmd ffivwn ia a single cupoeuaa, inereaeing with protreat ism 

•eceading to a apaaiflo power lam to ha daaaribad* 9emarel othar 

«a]|aaa af attoy nernth and genital eiddeemeid tunmaw hawe giwan tha 

aaaa remults, tUn« a eiailar imdireat ^aphiaal methmd, tha U>50

t



for — mirr eu m r hM bean NtUeKtf to be 127C ;iii (* 40) vhioh ia 

tha corroborated dlreet w^tiaate of 1800 n l  (Q^qq) 

by Kriedama and R»rlaaaa ( •  6$)* 3 »  bowt available enririaal eetixntoe 

for tha radiooeoeitivity pararaetera for hwaan akin find c?ldem.Qld and 

«sc*ry onncar ora given la Tab la Z« Da* alia of thair derivation will 

ba diaou:* sad in tha following ohaptara*

Fbo attomjrta »iave been aada to aub>ot tha foregoing eupirleal 

lata to Vtm *igurou» atatiatloal analyaoa ahlaa will a nab la opti%*l 

doaaga to ba ooapu'ed with a Imown degree of o^nfldenoe* Hrtm reined 

algabrala ani atatiatioal 7»thodaiwhwreby tha -wcnituae of tha blologleal 

rjneaji factor *E*t aa wall aa tha biological cffOota of varying tha 

ttooe technical varlablea doaorlbad above, oan bo eetlaated froa

1 lad tad data to a kn<wn degree of praalaloa ‘icve baan developed, and 

thair derivation will alaa bo deearibed ia tha following ohaptara*

* * * * * *  oy o »A P r «  u

tho  o atare  o f  n d l a t l n  roaotloma la  mm  la  a t a d la i  f W l  
tt* qaaatltatlwa a a p a a t , aad t ie  doaas r o .u ir o d  to prodaao epeolfla  
•d- r M a l t a  la  a w a ir lo t y  o f  t la *a a a  «iad tuaoara ara  ta tala tad . 
n ia a a  tolerance oa4 t w o w  latftol doaaga law ala  a ro  daflaod U  t a n a  
• f  aad Ian a ffa a tiv o  do coo aad tha  aaao alsta d  o o o f f l c i w t a  o f  TarlnlM t

ttx teoh alaal v a r la b le a  (qaalltjr , t l a a ,  w olana , **dlo-

S S 0?* • '  ■ raa lp ro aal  fu n c t io n  o f  tho r n la t lv a  y  
* f l e l M o y  for the p a rtic u la r  qu al i t y  o f  r a d ia t l c *  caad . aad 
*  faaotioa* o f  tho  ovor- all t l a a  aad  f i e l 'V a l i a ,  laaorporatta* 

*»•**■ recovery and d l f  u a lo a  peruse* « r a ,  ra a p a a tlv e ly .



D m ANALYSIS or T E  U^'ATJKK BSUIS) TO gji

QPAUTt. TOE AKP AREA F A C ^g  ASP UK  . ^ A T I C *  AT

t f - .A ^ y s c T  M B i f  

cb a h s b  i i i « a c  »aaii?r» factor.

ly.IATIYl, BIOLOGICAL "FFICr:. JY (RIB).

In tha c a m  of aaigr biological ob>ota, including woat huwua 

tio8*»« and tuiwura tha blelofrioal effect produced hgr a glean phyalaal 

do an of radiation vurioa with tha 'quality', or rather tha onertgr, 

of tha pbotdha oar part idea oonoamad* In order to echiewe a giiwu 

biological raaponaa, therefore, tha phyaiaal dona, ao datenaimd 

i u r  etaad^id ooniitione, m jr hewe to ha oerr*oted by tha factor 'a ' 

froa tha fbnaila (lr 01) daaoribad in tha previous chapter. TWa 

factor ia, of oouraa, a iwolprooal function of tha 'affiaiaaagr' of 

tha radiatioa la producing tha particular biological afreet obaerwod, 

that if.

» • & ,  (a. « )
9

ahere ^ la tha talntiwa blo]r>,r1 eal tfttalaMBr (»■») o{ th* 

quality of radiation uaad• la thia venae, tha la a function >f tha 

'ioa-<lenaiVy • or 'linaar energy tranafar' (C-'T) wi thin tha 

irradiatad tiaeia. **>«■ in turn daianda on auoh ptgraioal factc.*e aa 

the eavelangth or pbotou-enerfar, or, what aaouB*.a to tha aaaa thing, 

tha twhc-roltase, filtration, aud >alf-walue la*ar of tha baas*

•I8T' ia aapiaanad in tana of tha ewaaaflp ena*«jr de;oeit«'i in 

•ash linaar w it of traak of tha aeooodary a k i l l « a , and la aaaaiuwd 

la alaotroo-volta par niaron, or, nora praatioally, in •

Btc lE^valuae for mdiatione of varioue qtmlitlaa aajr ba obtained

aowaiwion of On* 'a ( •  7*) <*»*• m

•pproprir.ta unite, 'Hnaa tha fcreation of aaah ion*pair abBtruo* about

55 a? flan t>» lonlalng particla (* 20), tha oontaraioa factor aill ba

•f tha order of .05 Wf/iA • eorreeponaing to am  io»-pnir par aiarca in



thi older tables* On thia basis ths rt»aolute niaiaua wait* for 1ST sf 

any ionising psrtlols obtains with ths flat slsstrons or hasd rays

iwntJ1-| 1 MiT la snar& , which have bssa ui own to lonlas si s rats 

ao/respondiag te IXf •  C.28 KsY/^ , Rjr comparison, tha sparsely* 

ionising photons, rush as tha hard y''- lays of xadiaa or Tls-ld2, 

hsve 1XT •  0*35 faVv I ’ *»t for 1000 kV rontgaa rays being 0,5| for 

ICO te 200 kf zadlation arouad % 0| sod rasohlng a aaslaus of shout 

15 C*T/|< for tha uoftsat grsns-reys at a watelsngth of 8,3* i . For 

soxo haswily ionising rartlcles auoh aa ths pare tons raoolllag tna  

fist asutron boshaxdaant, ths ooneapen&ing values renga bs twees 8 and 

43 W l/jj • thi Is ths saaalwe ,> - partlelss froa polonluo or reioa 

tuna tmlusa of ICY aniad 120 to 133 Ul/f, (* 17*). " » « •  sf 

sllalaal latsrsst, aonrwring photons with siargles bstwsan 10 sad 100 

V , is shoaa la Ft* 2, which Is bassd largsly on data by Oxay (* 72).

Tm biologloal cfflslsaoy Incmassa conti.iously with increasing

Jlty, or 'LET*, Which la *»*• ral, lnorsascc «ltb diminishing 

klloroltaga, tha resultant dejeadenss of HE on kllow»lta«o is ant 

oantusMUS, being prsetloally oonst«Kt batwaea 10 and 100 If, onsowing 

nlowly thrwugh 200 to 1000 kf, aad rsialning at a rslatively constant 

alniaua at all ana xglen ioows 1 Ms* (* 72)*

Wth the saasption of rows slaplsr orpuiisss aubjaot to 

'•ingle-hit • effeets (* 115), «**h as wirusss or bastsrla, this ruls 

wees to sgply generally to astaaoa, and la oartainl/ followed

•oasistently by all i--— tissues, Coaparsbls data ham bssa

obtained la such dlwwrsw tlasuea aa Drotop lla sperm, a mrlety ef 

■Maallaa systems ( •  172), as well ae huaan akin and tuaour* (• 93* 149)* 

Be I S  is ainiaal wit** •hsid* sadlatloa of low ioo-dsneity, aad if 

w» aeeira a wall* of 1.0* for the "JK of radlua ^aaa-joyi ( • ooaw< ■Oeai 

•b l  .ary stairfaxd ef alnlaal ion-dwnsity), all leee ensrgstle ladlatiea 

«U1 haws ICK'i greater th^n un<ty.





For sanapls, under standard oondltlona ef tins and u u  (say 

a 10 os* field *4v«n n sing Is short exposure, taking Qulflfty's (* 150) 

data), tm threshold »nthw » do— af h w u  ■kin for #*nmrn-m/o, or 

for rontifen-rsys of surs than 2 'ST energy is 1000 rad, with 200 kT 

X-rays It is only TOO rad (liHB •  lOOQ/'JOO •  1 .4)1 with 140 kV X~ruys It 

ia SOO rad (KH3 •  IO0C/500 •  2.0)| aid * t h  100 kT, or eoftsr X-raye, 

it is 500 rad (KUK •  3 ), It will ba a)**a that eiallar valueo foar 

the &BK of eatfi partlovlar typo of radiation obtain with aoat other 

■tajmllan tieauee tested* Consistent results ate obtained with 

avoh diverse end-point a aa tieeue *ol« tnoe doers, total-body Irradiation 

orvrtallty, and tha xw spsnsss of anltal aad hxajsa tumours,

Zt 1b peenlblo thsrafejs to naloulrte the asb-nltuds of the 

fart or ‘a* ia formula (l, 01) froa the published sxperiaental data 

ea KBK appropilate to ths «uallty of ratlatlen under oonsidsrat Ion.
a

A distlaetloa should be »de  between the onida apeliratioa of KBK ae 

an 'ordar-af-MMnltuds' oorreetlon for jarsoanel r oteetloa purposes, 

aad its no re roflnsd usage la the present oonts*t . pamaatsr ia 

sssssslng biological dosage* Obdsr theee oirsunstanoee, only 

comparatively reeent publlshsd lata oould b« ussd for tha ptrposs of 

RK. tstsraimi Ions if ssrlous errors ers to be avoided*

r though flret refbrenoo to the oonsept of KBE appeared in 

s papsr by Kell la end Hens haw sntltlsd, "Kelativw diologisal L’f feet iro­

ns ss of X- and y'-reye" la 1951 (*  6 0 ) , it is obvious that their 

estt«*«.es of this ratio are invalid due to Inadequacy of the nethoda of 

/-ray doslnetry availabls at thst tlsa. Aa enphaeieed by Keha (* 10T), 

the relative blologieal efliele noy way be tefiesd only in tsras sf tha 

m is  sf squally effective ftbenrtsd doeaa ea^reeaed in rede. Ia this 

etrist acnee, ths UK Is deaixmted • Y j Qs tha olfcer hand, satiaa 

sf 'rontgwns* do not give a trus measure of T O , and ehould strict ly be 

teraad the •ieo-affsat exports ratio* (desigaats *s') •  Pw^idad all
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th* phyaiaal abrorption and Matter data, including KCcurat•  knowladi* 

of th* ratio at tod* P*r rontan for th* radiation quality ua*d, 1* 

available, tb*n ' ^ • aay b* ao*put*d from '**•

Siao* imffleiantly pr*oi*a data war* not availaol* prior to th* 

adoption of *h* latcmational ront#*n unit a* a «wa*ur* of )C  and 

^  -ray* in 1997* * • o n  foro#d to con fin# our *tudy of thia probl** 

to infcraation pub' ah*d aino* k940, that la ovar tha paat 20 yacra*

Tba data auBiaariacd in !Mkl* II and Piirtr** 9 and 4 »**• a*l*ot*d 

fraa a  tailtl publiabad during thi* period.

t t r w f f f  ft. a g - a a m i  m -

9i*ra 1* ataa *vid*noal t)ou*h by no naan* ua*<iuiTO<ial, that, 

la ooaperla. tvo qualities of radiation, varying aatiaat** of th*lr 

m  ialuM will b* obtainad with different to at organlaae* thi*

1* an i^ortaat oomaideration, aino*, If auofa diff*amo*e ar# real 

aad d*nifloant, it i*roa<*i a r**tri*tioa of th* type of data whioh 

say legitlaat«ly b* extrapolated to tha aanaalian **j*ria»nt or 

olinioal situation, la •  strove oa**a, aa with ‘single-hit' *ff*ot* 

o* <iru*aa or airrle ipaa* (* 115), aoft radiation with large I£T 

▼aluea ha* a wary low effi*l*aagr ooapared to th* l**a densely loninine 

M^h-enerjgr photor*I whil* th* nonwar** hold* for 'atiltipl*-hit1 efieete 

on whol# ahroaoaoaa* and <*i>*t intaot o*ll*. Siailarly, bacteria and 

prot*aaa aay differ aoaawhat in thia reap**t froai aataaoal aniaala, 

whil# other raaot* phyla auoh a* plant* aad in*#nta, and to a l**a*r 

extant alao bird* and r*ptil»a, a*y {iwa ran-ilt* rathar different firm 

thoaa obtained in aaawal*#

V* aa* of oovara* priaarily coao*raad with th* raaotioa of

*.....   tlaauaa, and fortunately withia thia jraoup at laaat, ra**nt

aatiaataa of KBS hat* b**n auffioiantly oo neiatent ftor all pra*ti*al 

pwrpeo**.



^PLiBmc OF *■ y m p m q ic a l  :msi m w c .

■how# tha radios*saltlvJ.tr  

a* wall aa tha detoreeto wtiich thla aenaltlvlty la inf li» need  

fuailt y fao<.o re, da panda on ftMtlonal ootdltione pertaining at tha 

tine oit Irradiation. In particular, tha radioaanaltivity variea 

acaordlriK to tha pha**e la the mitotic aycle at which tha aall ia 

irradiated. In thla my, tha KB* way ooaa to dapand upon tha 

phyeiologleal atatua of a aall. Uwder m oa'.al elrouaetanoea auah 

aa tha vnohronoua aitotlo rhythaa tvoduoed by Irradiation with 

oartain aritloal fiaotlouat ion aoheaee, or hr prior expoeure 

to aitotlo polonna, thla ftotor ai*ht ooneelvably affaot ow aatlaataa 

af KB  for various radiation quail tloa. It eoeaa, however, that 

auoh off cat a ara unllkaly to ba aigniflcant wi th omplex tlaauaa or 

aaltlaallular organlM* under ordinary condition* of treatment.

m b  <* m a m . ri£ ™ 5 s i  m a u m  <* m l ,

A m  is t in  vtwa doubt aa to what her tha RBK oan, la feet, ba

for  

1

 

9 4

,jr j m  fact ora ara af aourea eonatar t la aoat aaaoellan 

tt'twea •  1 mn aafbly be i«noiad. However, in aaaeaalnc the relative 

bia »  Mficleaagr of one type of radiation ooapared *th  another,

I* ia laq>ertan., particularly In tha caee of akin erytliaaa atudiea*

«**t tha tea teohnlquea be aatohed eo a* to elialaate^ apurloua 

dlf fbiwnoee due to phyeleal 'tranaitlon aonee', or to interfering 

blologlea] factore auch ae 'volaaa effaeta' in tleewea adjacent to 

tha Irradiated re *1 one.

mtloai
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(1 ) Absorption :ff#gU.

With lo*-ensr«gr radiation, the mount absorbed in overljriac 

inert substan©* s (the ’ vratinlssd layer in skin esytheaa studlse, for 

exnapl#)* should be known, so that th* true 'absorbed done' reaching 

ths reacting issue oan be ealsulated, If this sorreetlon le not 

asA# a spurious uadwcstlaatloa of the IWS oan occur with wsry soft 

redlnt lea, the deee received by the living beeal eel Is being eoneiderably 

■sailst thea that laeldant on the superficial ksratlnlewd layers.

At veqr high eiw xgls* one auet consider the effect of the 

prsAoalnantly foiward scatter in rslatlon to the rarvw cf the eoondaqr 

electrcne. Vfcsn the bee* is allowed to lspln««e upon the skin or ether 

object tested, without lnterreatlon ef 'bolus* cr scatter aaterlal, 

the 'glvua dace* set lasted at the electronic equlllbrlua aajr be cevaiml 

jilliaetere be lev the eurfsee ( •  192). Tta apparent 'srythsea deee* 

would then te be eonsldcrably greater than its true value, giving 

m • *  *** * * •  ** ** ttmnton, to Interpose

be tv* c a the source ead the teet—ob Jset a layer of wlt-density seat tenag 

aaterlal sufMoiently tM U  so that the peek ef the deptb-does ruvt 

cciwcidoo with the plan# of the tieme tee ted, thus ensuring fall 

electroalo eq-dllbriua at that plane. Alternatively, the actual 

absorbed deee at the point of Interact, aa dletlnct flwe either th# 

or th# 'exposure' toec, ehculd be oaloulated.

(9) a. to ale madwr.

A spurious 'fuallty' effect will be detested if the arerag# 

ateaic umber of aaterlal la the irradiated regiaa differ# ftoa that 

#f ueraal soft tleeu*. Th# larg# phot#eieetrie absorption oocffldent 

for lew Toltsgs radiation of bone or other caloifled tissues, and alee, 

te a leecer extent, of ths sulphur oontsnt ef ths ekia, give# a gr#atsr 

sf/eet with softer radiation which would samoairatS diffbrsnses ia RiK.
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1^»m the atoale number of ill naterlala, ap; lion tom, or oontainere 

adjacent to the Irradiated tiaaue ahould bo tlaaue-equivalent or ati»- 

equivalei.t or, where th« dlfferenoe lo an Integral port of tha tlaeue 

concerned (ae la bane), Appropriate oorreotiona ahould ha aada for 

absorbed doaa in tha aalla oonoamad*

‘tm lntf tfn—  In fiffT̂ -

CJuallty dhan#ee la tha trananltted and aaattorad ooaponente at 

a kaaa af sad tat Ion aa It penetratee to eubwtantlal dept he la aoft 

tlaeaa my alaa Introduce a raal ahanjje la KBR« Tha ohaa«la« ■ » *  

length of tha txanealtted and noat'ered radiation aa tha bean 

trawareea 1 laaue-like eaterlale were firet fully ueecribed by Clarkaaa 

and Myaaard ia 1959 ( •  3<)« I» th» aaaa of tha atare anargatla 

rontgaa- ar ^-radlatIona «wr»rBted by exalting wo It age a la azoaaa of 

*50 kf, tha at ia a pn>*ieeeiva degradation ar '■nftfnlng' af tha baa* 

with laaieaa1n» -ejpth la tlaaaa (• 169), with a oorrar, ondintf lnexwaee 

ia Ita biol?*laal '  .dent,* (* 28) . Convwieely, there la alao eoae 

'hastening' la depth HwitvSBneeae low-ener«jr beaaa (under 100 kV) 

dua to tha extra flit,*,.!-*. •J^ortfed by tha owerlylar tlas» ( • 169)* 

Ha iapertanee af t l l > < f ' fHhet Jn tiaatlng deep*-eeeted

ttanava till ha dleou»«< >■« axj-erlmental deteralnatiana af

M  axe llhaly ta SMftLa re '»: «Ij la tha cae* ef iwlat iwaly miper- 

flalal tlaauea, or lr aupwrfi 1/  > '»ia l  taat or^nlaaa or objeeta 

nuaaad exoluelvaly ar aalaly to the i'<al* 71 hena.

WilTrfiWj  f f v « f  which aajr m i  Me > e  *o uraqr of an KB 

determination arlaa iron dlffleultiaa U  aatehlnf tlm wol«aa 

faetera with different eovreee and «enew*ore.

(5) T jg

nth aoaa typee of equlprent it aa/ not be poaelble to awoJ 1 

daliwerln^ radiation at a doee-rete v*ry different trcm tha* of the 

reference atandard. A radiua eppllaator, for example, la ll<rlT ta 

taha ■ «  hnura to glre a doee which a rontgaa ,»**♦ 'ator w«»ld d’ liwer

f



ia ainutea, so that raoowry prooeeeec ooul* introduce a virtual 

decrease In I V .  At the opposite ixtreae, radiation from betatrons 

and llnaar acoeleratore ia dellveaed in frequent aioroeeoond pulaaa 

at a nrjr high instantaicoue doaa-rate. At thaaa <r*at intai.aitlaat 

tha lar#i instantaneous oonosntratior of lone in tha tissue oculd 

produoe oeoondury aheeioal sffaots oharac  ̂aria tie of high ioa-dsnsity 

xadlation, reacting in Teeter biological effects, end hence, a real 

lnoreess In the KBS (* 24). Averaged or mnoothed dose-rutea ehould 

naturally ba at leaat a;proxtlately tha aaaa in any controlled 

aa^arian.

Ha aisa and shape af tha irradiated volunec »‘ould, of oouree,

ha ant abac aa fair aa poaelble ia comparative (groups, or one technique, 

say a reilep applloat or ooetaied with a rontgsn beam, m j f£vs a very 

different gras lent he lie * in  level and hence introdues a values or 

fisld-elme effect even though surfsoe portals sre comparable. Hjr 

adjecting focue—eJrin dlstanoss, It has, In soas investi§atlent (• 195), 

been fervid possible to estoh the dcpth-doee eurroe of the two qualltlee 

under survey. On tha other hand, with suffleiently 'soft' radiation, 

the deptb-doec ia i«ueh that only a very thin slab of skin, havinc •  

seal 1 ratio of volumei boundlng-aurfaee il#it he irradiated. This 

would diainidh the Intensity of the reaction, or require larder doaee 

to ,tlve e standard react 1 on, and thus xwault la a mi r’-ed uadereatlwatiac 

ef the m .  3u«h n volume factor probably explaiee why published 

figures for 'fprene-raj' irradiation of htasw skin ( •  195) »h'W aa 

apparent revereel ef the gwneial trend to ,-Teeter effects with low 

voltagee, the exythcaa doee be inf apparently auoh larger than wlHi 

tha mare pens t ret li* oonventional • superficial• radiation. *hea 

the appropriate oemtetlone far tha ‘absorption' and *wsleae' fact era 

Me introduced, the MK remains around a valve af 5 far '.rsas-reys'

Mi,, inMcd, for the #>ols of the low-energy range (fig. 4)*



Zb a series of rapsrleant a on re fully designed to elisinafce 

physical tsansltion biwi and alallar discontinuities, and uali« th* 

true absostoed does in the appropriate analysis, stoser, at al. <• 172) 

observed that ths over-ell variation of KBE with U3T was considerably 

anal lor than that *4 ven in oany lass riuorouoly controlled aeries,

Sinoe their snalyale oovwrs nins diffsxent qualltfca of satieties 

sengln* froa ^ -rays at 0,5 KaV/’̂  , to haavy recoil port isles at 

•50 IoT/^ t saoh tooted on aovaml of tea alternatlvo blslopleal 

rssponoas la vadeide, thoae estimates oar ;robebly bo aoasptsd as tho 

boot Available at tho pro sent tins.

k susscary of all zalovaat publish* d inform*ion on comparative 

HBK valuss ia rslatlsn to U ?, us in* trus oat jaates of ' rj * whosever 

tha data ia oioe.uate, is Hven in fi». 5. The open lettsrsd eolusns 

rsfsr to lndlvidtal reports| tno nlid bars sia •  .erarpd valuss for 

sash particular qpuallty rari#*| sad tbs solid ourrs has boon fit tod 

esplrlsally to thsss points. It sill bs noted that, in spits of 

thslr dlvsrso origins, ths mrlous obssrved data ars In fairly #oo£ 

sorseasat at Issst in t tw ron^s between 0,3 and 30 KsT/yM • Bsyond 

this setup* hovovezt whsrs heavily loulv.in« sntltiss auoh os slow neutrons, 

j - psrtiolss, awl reooil nuclei arr o w e n s d , thsra are very largs 

dlsarapanelss aa shown ia tha dotted right-hand section of the starve.

Zt is probable that ths oonoopt of HUE ss a aln«lo asasurs Is no loaflNr 

applisabls at veo' *d<lh ion-densltlss, wher* tha blolooiael injusy 

oust bs diHcaatlnsous end heterogeneously dlstributsd in spsoe aid 

ties. fortunately, ths rani* of dinlstl interest falls wi thia ths 

relatively ssll-detsrainsd low density rs«ion.

'gg* r*v ;nrow it-sirs.

As s gensral rule, studiss on huaan tia«ua» and tuaour* exposed 

to ionising radio* ions of various lon-denelties ase also in a#rsossnt 

with tha surse given la 3, indeed sUn erjrtheaa doass for 

M*h-eaos*y ^-raya, 200 kT ront**n rays, and faet neutrons have la 

faet ueer incorporated in the data. Ons significant Uiserspanoy, 

hwovei, «hloh oa.toot be reeolved on tho basis of lrrsKuiarltlas la tho
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abaorb«d dor* par m , raiaina. At the ••oft* and of tha loatj—  ray 

■raotruw, with half walua layara m W r 0.3 aa Cu# tha rfBB aatlaatad 

tram h u m  akin ruttioM  la aoaalatantly -treatmr th*a that obtaining 

la the lakmtnjr aaparlaoata* Furthermore tMa apparent KBK In huaaa 

•kin of aoft roatoaa-rajra la hl^hT than that of oorpaaoular radlatlana 

at Identical lon-danaltiaa* In thla n n * |  tha obeerred skin optim a 

doaaa heawy line la (FI*. 4) approaahae 900 r ( j •  9*9)* whlla tha 

raltn to va axtaatad mu tha baa la of tha exi*rlwental data froa Tig» 3# 

aorraa,ondln , to tha thla 11m shown la Fl*<« 4« would ba at laaat 900 

» ())<*>•

Tha difference la probably due to tha higher naan atoaio make*, 

and inoiaaaed ab*o ration coefficient, of akin aaaoaiatad with lte 

prnttr thin «tttt 1  eulphur content. Thla factor, beatdee fflwlnf 

a aliwlfloartly ^aatar abaorbad doat In tha akin, nould alao affaot 

a dlf fbzanaa la tha relative preportioce and a a a r a awrglai of 

phota-alaatr«n  ̂ and Co*pton raooll partlolee. fha oaar-all reeult 

eould ba aa ar reatable lnoreaee, real nr appaiwnt, in KBK of tho 

aoftar radlatlona eith saapaot to huaaa akla, ower and abowe that 

atwibutatle to Utt par ao.

XfUOUtk  jM SeLJKBl fit ^  fACT<̂  **' 111 r ,RgK t*

Among tha mu? poaalhla »tuallty» faatora -.eed to daaarlba a 

baaa of radiation, ‘ha followlm rhjfaloal pars-wtora oould ba 

oonaidered aa function af KBEi Aa eir*atiw» wwa-laa«th# frequency 

or quant ua-< a xuj of natfia or tho exei>lag *aak bile

Yolta^a, or w«i«*a ei»r«y la mr oi r.*tona or loniain« partiolaai 

tha absorption ooaffieiea* or half-talue layer la *iwan abeorbln* 

aaterlali epecifia lon-denaity (ioa-pai «/■!«*»»> ln u “ ** *  

e*ulwalent i sorberf and Unaar anergjr tranafer (1ST, In *tV/|< ).

Of ttaaa, tha 1ST (lwaa tha aw at rl^oroualy eatabllehad seeeure 

for thjaa phyelaal ewanta immediately praeadiivs tha biolo#iaar lajvjr.
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It ia tfwnenlly valid for all typaa of radiation and for all dagraaa 

of biological action, including axcltatory aa wall aa ieniain* avonta. 

S a n  ia, howawwr, atill a conaidcrabla lack of agre*a*nt and praoiaioa 

ia our Icnovlitd̂ a of th* pitya1<sal data r«'ruirad far aoeurata **tiu*tioD 

of UJT a* *n a^aoluta quality (*  }0 ). 3iail&rly, knowladga of ap**ifls 

lo* <|*na1tj da end a upon aatlaataa of ,-liyaijal oonetanta whioh a n  by 

no —ana well-<let*r«dn*d (• 46)*

Of th* m ainiac throe quality factor a, Uat aoat readily 

aatund and aaa*«**d in th* wid* variety of serentora, ooureee aad 

f 11 tar* M d  la olinleal radiation thompy, la tha abaot^tion c M ffid t ^  

*r half-walt* layer* 3inaa aa an  han primarily eoneeraed with th*

B £  of rantgan aad r-rajr photoaa of ellnl**l quality, wo nhall 

)w m * forth nfar the HBK ooapariseaa exclusively to tha >*lf-wlue 

laywr in oopper of th* incident b«*a*

TUrthernorw, in clinical radimtion thanpy, only that ntrv#

*f an  applicable t* photon* and treir eeeonrtary ***tt*nd parti ela* 

need b* oonaldend. Thia oorraaponda to tha fairly well-dotarwinod 

left hand Uah of tha aurw* la Jig* % ranging tram 6 to >00 Iona, or 

0,3 to XC BiT, par i*ron. Fbr praatl*al purpoeee, thanfon, tha 

tBrt r )|, 4# ba**d upon akin arythaaa atudi** and ln«J loatm* th* 

ar parent nit (a* di*tin*t from  tha true • rj* ) 1® nlatioa to th* 

)«tlf<«walua laya r of tha been in ooppwr* would awn aoat appropriate 

fa* th* purpoee of casting tha ftatar •*• in tha iw-affb«t fonala.

A* haaay lia* in fig* 4 npnaanta tha baat awailab’a  aatlaate

far tha faction i.letlng tha helf-vel*. l*a*x in anppar to n l*tlw  

biologioal efficiency, or it a raeiproeal, th* akin arytheaa doaa 

aq n aw d  In aurfaaa r o n t g e i t r l e t l y  apaaking tha 'rad* ia not 

tte appawpriat* unit in thia oontext unl*aa th* aaall diacrepeneiee 

U a t m o  nuaber, r.oaoxbtloa ooaffl*i*nta, and ioniaetion aaartty ^

■fcia onn ba taken into account.

4
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