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THE RADRIOBIOTOCICAL IHPORTANCE OF_SPECIFIC TONIZATION

R. E, 2irkle

Then & cell or organism ia oxposed to any ionlzlng radiation, the lons are
nct formed singly and at random throughout the cell or organism, but are
localized in ionization tracks. These tracks, sc clearly demonstrated in
gases by means of the Wilson cloud chamber, may be produced by primary beta
-orvalpha rays, by secondery elecirons set in motion through absorption of
rrizary x- Or gamma~ray energy, or Dy secondary swift atomic nuclel set in
motion ithrough absorption of kinetic energy of primery fast neutrons. The
total volume of the tracks formed, 2ven by very injuriocus doses of radiaticn,
i a gmall fraction of the total wolume of the cell or organism.

S> far as is krovn, the propertles of the lons (and also of the molecules
activated to stales of excitation lower than ionization) which are producsd
along an lonizetion itrack are independent of the properties of the ionlzing
particle. On the other haad, the linear spacing of the lon pairs and excited
molzenles along the wracus variec wifely with the velociiy and charge of the
ionizing particle, 2ud these properties depend greatly upon the nature of the

srimary radiztions. This linear gspaclag is custowmarily dlscussed in terms of
* 1%te resiprocal, tha gp~ci:§c ionizziion, Uy whick 3ig meant the number of ions
forued per undd length of ionlizatlion track.

calzply wiihin the last Jecade, munerovs radioticloziecal in-

T2 lgen carricd cut wilh two or morc radiations wnica differsd

specifis ionication produced, and in a large fraction of thecs

has been fouad that the tovel dese t(lonization preduced or

& per unli casy of Lissus) reguired Go produce s standard degree

?ogical cifecy ig vot constant ul way vary comsideralbly =itk the
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Urioualy inwolvrs iwo Diwsical requirements: (1) prac-
vio racdiablona which produce fonization tracks dif-
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even 1f the initial velocities of all the ionizing particles are identical. Second,
the initial speeds frequently are not identical, and this also contributes to the
heterogeneity of the specific lorization.

In ~iew of this non-uniformity of the specific lonlzation produced by most of the
radiations which have been used, it le expedient to characterize each radiation by
means of 1ts average spacific ionization, which i3 simply the total number of ion
pairs produced per unit volume of irradiated cbject divided by the total length of

all the traciks produced in that voluxe.

ionization has been used, and this will be given special attention in the proper

places.

0f the numerocus types of ionizing radiations now known, only the ones listed below
have been used irn the investigztions pertinent here. They are listed in order of
increasing average specific ilonization.

A. Fuat Electrons or Radiztions Which Produce Them.

10
2,

3'

r‘V

Hard beta rays (mwean energy 0.4 MEV or higher)

Hard geama raye (e.z. those of RaC with 0.5 mm Pt filter, which
ionizs almost entirely by recoll electrouns,; the mean initial:
energy of which is atvout 0.32 MRV {Gray 1937)

J-rays of various wave iengihs. With the usual ‘ube voltages,
the averags cpecific ionlization of the ejected electrons is

considerabiv less than that of the electrons ejected b gy 25 MEY
rays. For vary nard x-rays (wave lergth O. 05’&.‘5§~IEE§7%§§EEEE_

nroduce pracliically l\Op Comntion recoil électrons, the average
gpecific lonizatica increases as the wave length 1nureasesa The
game 1s true for sofi =-rays (wave lengihs 0.4 A. or greater)

woich prodnce praciinally 1CCE ot totoelectrong.  In the Intermediate
range of wave lengtus {0.03 %o Q.4 Lo rougely), where ooth the -
photo- and Comphon 2liectrons make signiflcant contributions, the

; si‘tmation i3z corplex (Mayaneord 1’313 The average specific ion-

lzation passes ihrough a =maximun 2t vave lengths in the vieiniiyr

0[@"'“cf 0.1 .1 A., and then, 7lih increasing wave iength, decreases to &

1118563

nearly constant value which is maintained between O. % ‘and 0,4 4.
This peculiar hchavior cossibly explains certain aptarently cone
tradictory resvlis, and will bs referred to again.

; Atcrdc Teelesil or Rediatlone Thich Produce Them.

g nirsng. nese rays icuilze prependerazntly by mezng of light
suckel woidl: they 2ject from atows of the biocloglcal meterizl,
e

Sincz thz prsdocinaiing atoms in soft tissues are d, C, U, and 0,
their nueclel azre the cnes of interest. Moreover, since in a sof¢
tiemue of a- z content the U atoms outmumber the ¢, N,

A&Feraze
and O haizen Sogetrsr bty 2 ratle of aboutr 1.7 ; 1 and sirnce the
ZVeTAge Snergy v from a2 rast nsuiron to an H nucleus is
Jfar srcater o of the other nvclei mentioned, the proton
tokes a place importence in the production of ionization

A}

In a few experiments fairly uniform specific



tracks. The individuel proton tracks are unequal in length and
-therefore in averege specific lonization. The average spceific
jonization of the whole population of tracks is more than 10 times
that of the eleciron tracks produced by 200 kv. r-ray, tut not much
greater than that of very sof% x-rays (e.g. 8.34)

5. Alphs particles. fT¢ date only the alpha particles from matural
radiozctive substances (chiefly radon and polorium) have been used
in pertinent inveestigations, alihough artificial alpha particles
ara availabie from cycletrons and other types of accelerators. The
specific isnization in the tracks of the naiural alpha particles
i3 higher than that produced in pro’on tracks. (Vhen thsir veloci=
ties ars equal, a proton and an alpha parilcls will procace spec=
ifiz ionizat;ona roughly proportional to the aquares of their
- ( charges, that is in ths ratio 1:4).

In certain instances, the specific lonlzation hog been experimcnt:lly
varied by using biological objects which were small compared to the
length of pclonium alpha particle tracks in tissue. BSince the sps
ionization varies along these {racks in a well known way, it we:
sihle hy interposing suitable thin foile between the source -t b
glls, to cause wariovs samplee of cells tc avsorb cnergy from dif-
feranf linear poriticaa of ths tracks of %the alpha particles itraverse
ing thoxr and thersifcors to be treated with radiation of different
reacifle ienlzation. This way of cbteining verious spe'lf:c Jlonizes~
LLene AL be ceferred (6 as the "alpha tirack® method. Incidentally,
saia method, one can more nearly spprorimate homogenzous speclfic
ghan Ly =ay other, %y all the other methods, one usos
s 4onizaiicn track, clong waich, wheﬁher 1% be produced by
an atomic mucleug, the ggeciiic ilonizastiza variee

in coft diszues sxposed Lo various radiations

of ihe Tollowing rounded fisures {lez, Huines
Mﬁél}, waLeh werc Lased on the assuwption thal the anergy required
jon pair in tissue i3 the same as that required in air

o . .
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Essimation of Dose

At present the most acesptable method of expressing doees of all the various
types of ionjzing radistions is in terms of cnergy absorbed por wmit volume

of biolozical material. OSometimes doses are estimated as "tissue ionization,”
that is, the number of ions or jonization wnits produced per wnit volume of
cells or tissue. Tahis quantity camnot be measured directly because of the
high natural conductivity of tissue. It is uswually calculated from the
measwred icnization in air, sssuming that the ionization per wnit mass of
tissue 1s the same as that in atr. This assumption is hardly justified, since
the fraction of a swift particle’'s emergy which is used in ionization varies.
evan among different gases and might therefore be suspected of differing
widely between & gas (air) and a liquid system (tissue). However, as usually
calculated, the "tissue ionization® is a quantity proportional to the energy
absorbed per unit volume and therefore may be used without obgcction as a
maasure of relative doses of various radiations.

i-rays avd Gsyma Reys

The commonly accepted method of estimating the amownt of energy absorbed
per wnit velumo of tissue from the electrons set in motion by X-rays is based
upon ionlzaticn measurements in standard air. The accepted wunit of cir ionizaticn
is tke roecatgen (r), which was defined im 1927 for X-rays and redefincd in 1937
for both X-rays snd gamua reys by intermational committoes. Lccording to the
definition of 1237, "the roentgen shall be the quuntity of x- or gamma-radiation
such %hat the associated corpuscular emission per 0.001293 gram of air produces,
in air, ioms carrying 1 e.s.u. of quantity of eleetricity of eitheor sign."

This corrasponds to 2.08 x 109 ion palrs per 0.001293 gram of air, or 1.8l x 1012
lon peirsz per grem. Since the average energy abscrbed by alr per ion pair '

prreduced i8 very nearly 33 electron volts for all ionizing radiations, the energy-
eboorhad pev grem of air per roentgen is 5.7 x 1033 electron volts {84 crgs).

From this valus the snergy absorption in tissue can bo calewiated, 7
i:i sravity and  the atomic ccmposition of the tissue are know., Tor
tisoues the specific graviity lies Letween 1.02 and 1.03, so thabt ao
1 Tror is involved if one uges the median valus of 1.05 Tor all soft tissues
Tnoany cuse, wnen cne is interested only in the relative amowmis of energy :
absorbed per cc of one certain tissue, the specific ;ravity can be neglected.

Toe atomle compositicn, however, may sometimcs be important, beczuse the
absorpticn coefficiants of air and of certain aboms in tissuec vary with wave
length to different degrees. TFor ozumple, in a tiscue of Talivly representative
avomis compusition she eneryy qbsoiacd in tissue per roamtgen may vary as much
poiche cen* vhen ths effsetive wave length is variad from 0.014 4 (Ra gamma

to C.383 A {soit-Z-rays) Lasnitzki and Lea, 194G). I2 ths i asue of intercat
ne 53 c:"”pt¢onally la¢ge apownt of ooms heavier than oxygea {2.g., ckin,
g is Jigh in sulfwr), the variabicu of emcrgy ahsorption arith wave length sy
bo muel zreater {Ovay, 19/“‘
L2388 Tars

Iz all of the gertinent Leba ray invastizations the sourzs oy :
ner pozy radlun or radom in equilibrium width Sae veva-smitting dscay oo

s"‘—s ot - 2 [E I R N Tem e ~. PR
Rl ifs oooe cabination Lave Gze In gne vhe
e euana B e 2 - - - e ~e A N - . P - 3 ~ TN
per un t az2as ol Tactlky Dprasured ¥ means of apecial smell ionizavicn
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chembers with thin wallsz conteining only elements of low atomic number
(Crabtree and Gray, 1939; Zimmer, Griffith and Timoféeff-Ressovsky, 1937).
The ionization i1 air thea Lhas the same relation %o energy ebsorpiion in
tigsue a3 in the case of gamma rays.

The other method (Lea, Haines and Coulson, 1938} is not so direct. Tirst, the
numbar of beta perticles traversing a small volume of air at the position of the
biological material is calculated from the beta emisesion per millicurie with

the filtration used and from the géometrical relationships between the radon
source and the irradiated materiel. This calculated number of beta particles

is then multiplied by an estimated avermge value for the ionization per betm itrack
in the selected small volume of air. From the produot of these two quantities
is calculated the ionization per wmit volume of air, and trensition from
icnization in air to tissue enpergy sbsorption is then made as ebove.

Fast Neutrons

Neutron dosimetry has in all cuses been carried out by means of small lonizatiocn

chambers with walls of carbon, "Aerion™ or bakelite. The relation betieen the

observed ionlzation in the air of the chsmber and the energy absorption in
tissues varies with meny factors including the wall material. 1.ith certain
carbon-walled chambers Gray and Read (1939) calculated that 1 e.s.u./cc of
ionization in the air filled chamber would give the same energy absorption per
wit volume of tissue as 7 r of gzamma rays. Viith the Aerion chamber the
corrsspondin; velus is about 2 {1.8 uccording %o Simmer 1928; 2.1 according

to Cray and Read 1923). In the Thited States ihe chamber almost universally
usal nas been the Victoreen condenscr r-meter, which has bekelite valls.

This instruncnt is cslibrated in r for x-rays by the manufacturcr, and the.
sustom has heen to uss the 100~-r chamber of the same instrument for meusurements
of fast noutrons in n-wnits, one n being the amownt of neutron rediation which
crafucss the same scale reading us one r of x-rays.? The number of r of A=-TEYE
A sroducs the same emowmmt of tissue enerzy absorption as ome n of nautrons
;&b Leen ostablished with precision. Aebersold, whe hus investigated
:aster, states that his meuasurements indicate - a value of 2 », but that.

govrces i orror which are difficult to eveluate might increuse 4 s |
Aeberscld and Lawrence 1242). mhe ilavier figure has been used in
Tt in order that the offectivensss of fust neutrons relaitive %0 x-Tavs
¢ ceaservatively low. ’ =
Alvha Pargicles

Two types of alpha particls soursc have been ueed: polonium deposited oa a mebal

dise; radon and its ahort~lived decay products ilavroduced inito the culturz
nedium.

Polonium sourcss have been used only iu investigations of very small bio-
legieal objects, upualxy single-celied forma, because of the low .=aetration
of the wolenium alphs pacticles {about 33 microns in water or tissus). To
X tho =nergy absorpticn in the Oe~“o, one [irst measurcs the ntmbor of
cizs emittad per umit time per wmis surfece o the netal diss.
«ither by =n icnization method [Leoa ot al 1935} or bv = seinsi

laers La comasiderant

@ T 3¢ of Ailf¥erent 100-r ¢hs
52 the qe:e been of fash : iYin onr exnericnces. 1
: b me o 8 ndard. .8 have *"ovﬂoz*wally
E &TL'DS e “-b'{&ﬂ“f)[i OUT Gl \':—n ere d cisima
newsron he Thdoeagoe by & AEY deuzoprons on & el




method {Zirkle 1940). Then, from the geometrical relations between source and
cells, one calculates the number of particles traversing & small wit volume of
cell in wit time. This number is then multiplied by ths product of the
exposure time and the emergy sbsorbed on the average when en alpha particle
traverses the wmit volime, the latter quantity being determined from the

kmown energy absorption along the track in air and the ratio of the stopning
power of tissue (approximately that of liquid water) to the stopping pover of
gir. The result is the energy absorption per wnit volume.

Then radon is introducsd into the culture medium, the determination of energy
absorption in the bilological material can be determined only by taking
precautions too numerous and complicated to detail here (Zirkle 1936).

Gray and Read (1942) have discussed and thoroughly investigated this matter.

Results of the Avallable Inveatigations

In view of the large number of rertinent investigotions, no attempt will be
mede to discuss uny of them in detail. The results are tabulated in Teble I.

Although no claim of complete coverazge of the literature can be mede, &n effort
has been made to include in Table I all of the available experiments in which
were used two or more radiations which clearly differed in average specific
ionization, rogardless of the relative effectiveness observed. Many papers

were exemined but not inecluded, for one or more of the followinz reasons: (1)
¥ost papers appearing before the adoption of the intermational roentgen in-

1927 have been omitted because of uncertainty copcernihg ideatical response of
measuring devices to radiations of different cuality. (2) Most oi the exi;criments
ia which were used only x-rays of wave lengths lying in the zangze 3.07 o

C.4 A have been omitted becausz of the strong ﬂ*obaull*ny that no garserence in
zverage specific icnization gxisted {Mayneord 1934). In general, if the resu;ts
zre clear~cut and net open o suspicion because of complicating factorz, thesze
papers report identical effectliveness within experimental error, which is to b=
expected. A few of these papers are included to illustrate this point and are
Gesignated X in Column 8 of Teble I. {3} Mosi of the papers dealing with skin
have been omitted becauss of vacertainties involved in the dererminaiion of
energy =bscrbed in tae Sissues of interest, or because of inadequate numbers of
inélviduals investigated, or because of the considerations just mentiomed under

(2).

fxvlanation of Table 7

Table I consists of soven golums. The first conteinsz entry uumbers, to be used

for easy reTarence o the vaorious sxperiments. The seccnd lista the various ovjecis

cr systems which wers investizatzd. These =zre arrangsd in e poughly "taxonomicV

oxder; &s follows: inorganic subsiances in aquenus sgolution; s:m“lﬂ organie
guhstances in water sclution; proteins and other colloids, onzymes; rirucses,

ineluiing bactepiopha ages: bathT’&, yoast cells; Lulcel;u“£¢ elgze; higher Tl

orns; wcrms (Ascari s; 1@.3\”3 {chieTly Drosophilal; salamenders; wiris {Chizkons):

leboratory mammals; hunans: sead plants.

In tae thizd colum ars iisted the cwalitsatove affzcto which vere hwdiaed snd,



In the fourth are briefly described the varicus radiations wsed. PFor occh

entry these are listed in order uf asconding average speceific ionizatiosn. Too
brevity, the wmqualified Term "gemma® ig useld %0 desigaete garma radiabion from
a rad.um or radon source Liltered siitkh 3.0 @1 Bt or it3 aoprorximate eavivalort
The te-m "beta®™ in all cases dedipgnetes bkard beta rays from a radium or raden
source, the filtration being such that their specific icnization is derinitely
lees than that of the gamma rays just described. Monochromatic =-rays are
designated by the wave lengths in A. Heterochromatic X-rays are designated

by their effsctive wave lengths in A, or by the kilovoltage znd filtration.

Fast neutrons aere referred to simply as ™neutron®; the average specific
ionization used by different investigators varies somewhat, because of
differences in the neutrom emergy spectrum, but no sttempt has been made to
differentiate emong these. The term "alpha™ ‘means’' heterogeneous alpha radiation
The term “alpba track™ refers to the use of several values of fairly homogeneous
specific jonization by causing smell cells to absorb energy from verious linear
nortaoﬂs of the slpha particle track (see above, 'mder Experimental Veriation of
“ceoific Iontzation).

In columa 5 are givan ths relative values of affectiveness of the various
rrelotionz; the2e sre rociprocals of tha doses weqvired to produce a standard

=R

ormd of efzet,  IP the ﬂf_SCUKJciass of ~LL rediatiors used in a givon
iorogllontion wag Identicsl, shis 13 dundicatced Ly 1.0.0 17 it was nos icensivul,
coninins the relatlive volucs af effectivensss, arranged in the order
vRICL the radistions appear in Uolumm 4. e

-y

Solvmm ¢ comiains referonces o notes which irmediately Follow Table I, and
coiwm 7 is seil-sxplanatory.

11185038



TARLE I

! Tuman breasid
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() (2) (3) (4) (5) (5, {7
Eatry Irrediated Effect Studied Radiationg Ratio 2f | Fste) 2Autlors
0vject Bficct and Year
1 Perrosulfate Oxidation of 0.204, 0.512 Pricks &
in ag. soln, Ferrous 1on. & 0.765 A, 1.0 Morse 1927
2 Fder's Pptn, of 200, 184, 1.0 4 Quimby &
solution HzoClp 140, 100 Downes
- - & 60 kv. 1930
3 | Hp0p & KgS,0, | Producticn 0.13, 0.56, Glocker &
in iil. aq. of 02 0.7 z2nd 1.0 Risse 192i
soln. 1.52 43 Risga 192C
4 Hater {free | Production x; alpha infinity B Rurnberger
of oxygen) | of Hy04 " ’ 1936: Frick
' ¢ & Browns -
combe 1933
Risse 192:
5 Tyrosine in Destructicn 200 kv.: 1.0 3 Ruraberge:
ag.sela. of pherolic aipba 0.03 t 1937
structure i i
T i i -
3 Heroslobln Formation af 2,25, i Fricke &
! ir ag. soln. | mathemoglobin Uo 54 & 1.C i Pctorsen
i | ' ; 0,78 4 : 1927
R e e e X ‘ .
7 Collol i Piocculabion ; 0,25 & 1.G i Dogon 1520
| mastlie P0LT ; \
& § Collodial Change in i Gamiza; ; 1.0 5 ? Gray, Read
| graphiie sleciracho= f neutron 8.0 | & Liebmann
g ; retic aobility . | | 1941
R :
3 Drysein dn L Trectivation 0.23, 0.%3 i Rothstein
ag. 5L 3 0,45, 0.8 1.9 ; lez7
i ) 20,72 4 2 §
! ‘
10! Autclytie . Inactivotion 180 2 106G i { Pavagt 158
: enzymes of i xv, (.04 1.0 | & |
‘ g ' & 0.3 8,888} E ;
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! b
!
» ?
TABLE § (Cont'd)
(1) (=) (3) (4) (5) (8) | (7
Entry Irradiated Effect Studied Radiaticns Ratio of | Note| Author
Object Effect and Year
1 Tobacco mosaic Inactivation 0.7, 1.0 Gowan
virug, ordinary 1.8, 0.25 1940
2.18 0.12
iz Ditto, Auncuba " " 1.0 "
Q.55
. 0.18
13 . Ditto, derivative| " " 1.0 "
I Am O.&
, 0.3
. ]
14 Bacteriophage { 200 k7. 1.0 A Axelrod,
(Staphylocoocus) s | neutrom 0.72 unpubl.
; (See Aebersola
i & Lawrence
i 1942)
! ,
15 Bacteriophase Inactivatiorn | 200 k.3 1.0 ‘ Wollman,
5 : I 0.7 4. -0.87 Holweck &
| i alphs 0,18 -1 Turia 1940
' : ; S SRR S S
) ; Vegetacvive bac~ . Iahibltion 0,58, 1.0 Tyckoff
i teria {Zscher- of colony i 0.71, 0.9 1830
g ichie spll) formation i i,54, 1.0
! 2.29 Q.63
! ; 3.98 A 0.50
H - : B g e T T S e U
7. Ditto | Ditto + beta 1.0 Lea,
; | gamia 0.8 Haines &
: 0.15 A,ef0. 1 0,87 Zretucher
; 1.5 4; G,.62 1941
8.7 A 0.53 { :
neniron 0.56 X
alpﬂ.a 001?
i8 Ditio pitto 95 kv. 1.0 Zirkle
: Beglnning i 0,47 | 1940
: i & end of RS "
| alphe iraci
e “acterial | pitto L beta 1.0 | fea,
speres | i BEdLS i 1.2 j Pzineng &
PR S S Y | : Tratacrgy
‘ ‘ . 8.3 4 L :; 1941
| : alors R : [
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TABLE 1 {Cont?d)
\
(1) (2) (3) (4) (5) (6) |(7)
Entry Irradiated Effect Studied Radiztiona Ratio of]| Note | anthor
Object Effact ané Year
20 Yeast Cells Inhibition of 1.93 A 1.0 Holweck and
(Saccharcuyces first cell di- 8.32 A 1.24 lLecacsazne
Ellipsoideus vision {iame- alpha 0.9 1930
diate death) )
21 Ditto Inhitition of Ditto 1.0 Ditto
second cell 4i- 1.6
vision (deferred 0.8
death)
22 Ditto Ditto 0.5 A 1.0 Glocker,
1.94 A 1.5 Langendorff
& Reuss 1932
23 Ditto {Sacche Ditto Alpha Zirkle 1940
ceraviszias) track 1.1 L
24 Unicelivuiar Irhitition of DEF A 1.0 Langendorf?
algas esll clvieglon 1.84 4 1.8 { & Reuss 1938
\ {
{Zeactaenium) ! !
1 } "
25 Unicelluiar Ditte i aiphs
algae srack b 2.5 L Ziricle
{stichoceccus) i L arpubl.
25 Fungous spores Tahibitlen of Alpha ‘
{Aspergillug) germ tubs STRET - 2.0 L Zirkle 194
forzation
327 Fern spor:s Inhirition of 200 v, 1.0 0 P zirile 1635,
(Fieria) first ceil neviron 1.0 ; 19537; 2iricis
| divicion beginning 2.4 f Aetersold .
: and sni of | 8.0 | Dempster AT
! algha brack ! ; l
; L i ! ‘
2¢ hscarie cgge | Preduction of 0,22 A ( 1.5 : i Dognor. 1927,
I abnormel Q.71 4 10,87 ix P 3GPE, 1933
! emtryos 1.1 4 . N,68 i
: ) 1.C4 % 1.0 ;
i | 2.<9 4 { 1,12 ; i
; 348 i lo';"
i : o | 1
- . ! . - i . i
a2 Titbo ! S LoTLE M zEE, : o v
i_ SR IR X | CbbE
. 1 10 kv i ! TTEE
[ |§ 851 | ' poanrilieved ] ’ "
’, {
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TABLE I (Cont'a)
(1) {2) (3) (4) (5) () ' (7D
Entry Irradlated Effect Studled Radiations { Ratlo of Notes| Autiors
Object -, Bffect and rear
30 Drosophila Mutaticne, sex- beta 1.0 ) Zimmer, Grif--
(fruit £17) linked recessive gamaa 1.0 £ith & Tiao-
lethals 160 v, 1.0 feeff-Ress0v~
25 kv, i.¢ sky 1937
neutron 0.7 Pinoféeff -
: Ressoveky &
Zimmer 1938
ol Titto Ditto 0.94 A 1.0 Fricke &
2.2 A Demerec 1937
- 32 Sitto -Ditto 11 kilo~ . Hanson, Hers
voltages and Stanten
from 99 o 1.0 1931
40, all
filtered
with 1.0
! mn Al.
33 Disse Disto 200 kv. 1,0 A Dempater
neutroa 0.75 it 1941
oz DL tbe .ntatiens, 1.0
' lomdnant Ditto 1.5 A Ditte
i lethals ,
—— . i |€ ' 3
38 Titio Chrososome Gorurs 1.0 Miller 1840
i trznsleocations & kv. ‘
36 | 1tta Ditts 200 v, 1,0 A | Dempster 1943
g neuiron 1.28
37 2 Droseriaila hromesons 70 kv, 1.0 ‘ Eberhardt
¢ Lresks neutron 0.68 1543
— } :
30 } Drosophil.. egen ! Inhitltion of Variouvs '
i (mean a¢ . 2 hatching kllovoltages i Packard
‘  hours) irom 550 1.0 1939
: down to 12
§ 900 kv. 1.0
i 600 kv. 1.0
: 200 kv, 1.2 L
23 Titto (mean age Ditto 200 v 1.0 A0 Zirile and
L hours) neutrc.. 5.8 Lampe 120%
- 20 L tmeom Ditis Dittn 1.0 A,0 fi_-"‘;
SR A Q.84 :S&L ;.- ’
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TAELE {(Conttd)
(1) (2) (3) (4) (8) - (6) { (7)
Entry Irradiated Bffect Studied Radiations |Ratioc of [Nots] Author
Object Effect "} and Year
4] rosophila Inhibition of 200 kv 1.0 A Zirile and
ogcs {(mean age hatching neutron 1.3 0 | Inmpe 1938
4% hours)
42 Ditto { mean Ditto Ditto 1.0 A Ditto
age 6 hours 1.1 0
43 - Ditto Ditto Q.16 1.0 Langéndorfy
0.51 1.0 & Sommermeyer
0,95 1,0 1940
1.23 1.0
2.0, b.9
eff.
44 " Ditto (mean Ditto 1.0 Henshaw &
age 1% hours) gamms, r1.48 Francie
- 200 kv. 3 | 1936
Ditto (mean 1.0
age 4% hours) 11,37
{
45 . Lucilia esgs Ditto 120 k. 1.0 K wallet 1935
<0G kv '
48 Drosophila nitto garas, 1.0 B niller 193¢
i pupae 20C v. Z1.3 |
47 Ditto Ditto | zeqma 0.66 T ] Liechtd,
0.5 A.eff. 1.1 Muller 1938
1l kv, 0.7
48 Drosophile Reduplication = "in- Engoan: &
larvas of organs in neutren finity? F Haskins 1932
aduld £ly. ! :
. ‘. ! : i
<3 Cladoceran Reduction of 0.317 y,effl, 1.0 g Otreshizove
{Simocephalus) axygen cons 1045 4.eff. El“:‘:if
surption ;
g1 Salamander - Nzath of i80 v §
ezgs {Axolioil) | embryos i 0,48 4 1.0 t Tangendorff &
: i 80 Y, . Reugs 1820
. Onij\% .Q.
t
- T, - ) LN - 3 H
5y | Salaacnder . lumipidicool ‘ ; _
{ amblystona) . ox regzmsraiiza ; 80 v, S e Horn 1941
! i neulren ¢ 5.2
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: TABLE I {Cont'd) .
$ i de s
Y (1) (2) I (5) (4) (5) () (7 |
., Dty Irradiated | Effect studied Radiations Retio of |Note |Author and
) Object ! s Effect ' year
52 Chiek Snbryo Lethal action ganmma Y
0.014 A ef? 1.0 H Lea 1941
x’ 0-15 1071
0.36 A eff 1.8.

53 Chick fibro- Reduction in gamma Sea C. Spear, Gray
blasts in mitosis neutron Note C & Rcad 1939
tissue eulture ‘

54 Ditto Ditto \ garma of M Tasnitzki

0.0075 1.0 ¢ & Lea 1940
0.009 1.3
0.014 A eff 1.5
; x of 0.017 3.0 .
0.15 3.0 : )
0.36 A eff. 3.0 ¢
neutron 3.0,
55 Ditto Ditto gamna; 21.0 D Gray, Mottram,
neutron M Read &
Spear, 13940
! i N
85 i Ditto Iphibition 200 ¥v. 1.0: A Lowls, wmpub.
ol growth ! meutron 0.8 Sas Aeborsold
| & Lairence
1942)
: ! :
i N ¢ 3
S . Ditgo ! Dsath of garma { :
e i culture 200 kv =1.0 ‘Paterson 194%
T
23 , Wizole body i Tiedght loss, 200 kv 1.0 A iLc.wrcnce &
i (mouse} j d=ath neutron 1 1.6 Tennant 1937;
i ! ' i lL Tence,
l; é ; i ,’Ae crsold &
; { i i tLivrence 193
e i A= . LA : J ————t
i ; : :
39 { lhole body ! Producsion of Ditto 1.¢ g A Snell
! {Male mousc) sterility 2.0 ; | Aebersold 1857
: i j ‘ ‘ -
30 | Surviving | Inhibition of Ditte 1.0 {4 liavrence,
! tumor tissue "akes® vhen 2.0. | Asbersold &
! (rouse) irjected inso ! ‘Lavrence 1937
t ! j
_ { nerwal animal, f !
5L ! Titto | ]
+ {lympheoma) i Titso { Tiido 1.0: PA i oxelred,
: | i 2.3, ! _:i}‘:‘G‘DC.T'SulC &
- | ; — 1T [ Clomrancoe
on : - f e ‘ T M. I RS
| oo §omeTe ] i
" ‘ | 2,47, |
S | | .
i3 Sitto [ Lymphe TigEe Ponitte 1.0 [ :
g Tosut¥ " 20 ‘
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TABLE I {Cont'a)
(1) (=) (3) (4) (5) (63 | (7)
Eatry Irradiated ffect studled Radiations| Ratio of {YNote] Author and
ObJect Tffect Year
64 Surviving mouse | Ditto 200 kv.
sarcome . 180 filtered & 1.0 Sugiura
- unfiltered 1.15 1934
65 Ditto Ditto gamna 1.0
200 kv. 1.16-1,39 Sugiurz
1939
é5 Surviving tiss Ditto 0.2 1.0 Wood 1924,
of wouse sa. 180} 0.64,eff 1925
- rat sa., 10 and
rat ca. FRC
87 Surviving retinal] Inhibition of beta Crabtree and
(rat) snaerovic gamms 1.0 Gray 1939
glycolysis 200 kv.
£8 Mouse tumors Chromosome 200 kv. 1.0 A | Marshak 1939
in vivo abnormalities neutron 2,3 -
(£2.180; mammary | {cells irrad.
ca.; lymchoma) in prophase)
69 Ditto Ditto Ditto 1.0 Narshal
i lymnhoma) {cells irrad. 2.3 3 is42a
i in eariy or
" i late resiing
L . 8iaze
76 Ditto Ditto Ditto 1.0
{cells irrad. 3.5
in wlddle of ! i
resting stage) | f
prY Mouse tumors ’ Az2grazsion gamma i 1.20 Gray et 4
in vive neuniron appfox. 943
71 1 Skin Zrilaticn; Samya 1.9 v Hottram &
{Mouse tail) xudation, 120 Iv. 1.8 1 Gray 1940
73 Ditdo Erythers; Ditte 1.0
! desguamasion, 1.8
I 5 i EAEE W]
Kz ! Srir {ratbit. Spilation. i G..35 ! Lol {
aip, manan; LTy LasHmA [ I VR ¢ Hodoas,
piggeniotion, % Bmmechwiy &
5 st e, ! | Peryy 1975

|?\ 185719




TABLE I (Cont'd)

(7)

(13 1 {2) (3) (4) (5)
Exiry | irradizeed Effecl gtvpdiad Radiations Ratio of [(5) Authors and
(Wbject effect Note Yosr
jssasmeduuiiioy wi e
5 Skin (rat) Epilation; 1000 xv.; ° | 1.0 Gell, Linglcy
histological 200 kv, & Milcken 1$44
changes
75 Tone (rat) Inhibition of Ditto 1.0 Ditto 1940
y { fermr) chondroblastic
activity
76 Ditto Hypocellular= Ditto 1.0 Lingley, Gall
ity in marrow ’ & Hilcken 1940
77  lov.ry (mouss) |Gastration; ca.0.15 1.0 X Scougt 1928
: histological 0.44, eff.
changes
78 Human zarrow Decrsase in 1000 kv.; 1.0 A Osgood, ALedor~
tin vitro lymphocytes 200 kv.; 1.0 sold, Erf %
and progrants- neutron 1.6 Puckham 1812
locytes
i A T
73 | foman rin Tareshold 200 kv,; 1.C A itone &
z erythema neutron 2.4 Larkin 1942
: »
30 Ditic 5 Ditho Neutrons
: produced wiih
{ : i6 &« 8 wgy §>1.0 Ditto
;’ deuterons I
81 imtto Ditto ganma §,0.7 - NacComb 18333
! 200 kv. 11.C MacComb and
i 100 kxv. Lo Quimby 1536;
i Quimby 1930-41
! i
82 i Theat seed- Retardation {200 iv. 1.0 zirkle, sever-
: Lings {vari= of srowth neutron 2.0 A,C gold & Demg~
oty Big 2lub Y §of root. l ; ster 1937
5 . 3
-, ]
33 j Do Titto Ditio i 1.0:3.5 §A.0 Zirkle &
. (variety Wabob) i to Lame 1928
! | 1.0-4.7
‘ ]
34 b itio Petardation Dikto 1.0¢2.4 |D
! ;o growth ef to
¢ y arood 1.023.6

A
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TABIE I (Cont*d)

(1) {2} () (4) (5) (6 { (M)
Batry Irradiated wffect studled Rediation | Ratlo of |Notej Authors
Cdject Effect and Year
85 Seedlinga, Innibition of 0.56 Sece v Clocker &
gunflcower & growth of root 1.84 4 note ¢ Reuss 1933a
- mstard {death)
86 Bsan ssedlinegs| Ditio 0.18;0.36 | See c Ditto 1933
(Tieciz) &1.54 A note ¢
g7  !pitto Ditto gemua 1.0 Gray & Resd 1942
185 kv. 1.4 Gray et al 1943
neutron 8.7
alpha 9.0
88 Ditto Inhibition of gamna 1 D Gray et al 1943;
xitosis in neutron 1,7 Gray, Mottram,
root c¢elle alpha 0.43 Read & 3pear 1940
88 Ditto Chromosome ab- 200 kv, 13.0:3.2 A | Marshak, 1933,
norcalities in neutron to 1g42
roct cellis. 1.0:6.7
Irrad. in vari- !
! ous parts of i
, resting stage !
I P T Liito. Irred.  { Dlto 1.0:3. A
: in prophase. f
91 {Psz and So- Dito Ditto 1.0:2.5 A | Nersha: 1939
(xato seedlings
s2 Onion seed~ Ditto 0.04 1.0 Marghalc &
lings 0.15 & Fudson 1937
0.28 &, '
35 iTradescantia | Ditto = '1.0:6.6 A | Giles 334G
! flowers Chromoscma noutron 0
: sbnormaiitisg
in Miecroupore
1 forzation
P itto Chrowat’s '5”'_1'_-8_5_ v 1 C,15 4 (1,032, Thodew 1842
Igsonhronal i Ef, 11,003,
“n:-:rzs;l.:s ; neatron
: Stiromogouss brezls 3.0:4.5 ]
Chrozcsome inler- , +.0s5.2
' e g
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F.

7.

Notes for Table I

Tast neutron doses were measured in n wnits. The velue given here
ia the observed x/n dosage ratio divided by a correction factor of
2.5 {ef. Aebersold and Lawrence 1942).

Colculated on the essumption that the gamme ray emission from a radon
source filtered with 0.5 mm. Pt is 8.0 r/mg hr, which is conSer¥atlvely
low (White, Marinelli and Feilla 1940). This assumption minimizes the
specific ionization effect.

Tifty per cent lethel dose was the same, but tae shape of the dose-
effect curve was differeat for the various radiations.

Difference in shape of dose-affect curves as well as in the fifty per
cent doses.

Nurnberger obteined positive rvesults with alpha rays but Risse and also
Fricke and Browmscombe obtained completely negative results with x-rays.

In flies developed from larvaa exposed to neutrons, the authors state
thet “reduplication of organs has been fownd in a very high percentage
of mpdified flies, an efTect observed rorely in x-rayed stocks."

The enparently flet cogtradiction between Doginon's results and those of
Lry ; and ifclthusen does not exist. Althousn the radiniicnc,. used in

the two investigations cannot be compared prcoeissly, it appears tiat the
10 kv. x—rays of Ereawm and Holthusen had an effective wave length of

about 2,1 A (Timoféeff-Ressovsky & Zimmer, 1325, p. 270} end therefore
produced an average specific ionipation aot greatly different from that

of Dogncn's 2.29 A radiation, whilkk their 0.5 2 m dz=+von Ul be
zxpected o produce an average spzellice Ilcoizziinn .58 Jeuiisen
tha J.22 and 0.71 A padizticng of Dogron. I% may Le seea o Dogoon's
data that, if 2e had used 0.3 &, e would provably have Zowd its
affectiveness to be close o hat of his £.09 A radiastion of the 10 kv.
radiation of Eraum and Holthusen) - '

ey

¥oraover, ir view of laypeord’s dats {1934), oae would expeet very litils
Aifference in effsctivensss between the 0.5 A and 0,15 A radiations of
Sraun end Holthuszn zince thelr average specific ionizations were
prov:dly imos: iLdsntica

e average epecific ionizations of the 0.135 A znd 0.36 A radiations

dirfer by a vactor of lou a7 less 'Mayneord 1924; Lasnitzki & Lea 1940}
a Taet whick correlatas well with their practically identlcal effectiveness:

The 190 and 80 kv. radiations srobably differad Little or none in specilic
ionization, which corrolates wall with their nzerly ildentical affectivencss.
™™g low effectiveness of the L1 %v: wradisiicr may be due o lack of =
correction for the woscrpiicrn or thzs: sof -ozys in the superficias pupsl
aterisl.
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C.

Note identical effectiveness of the 190 kv. and 117 kv. radiations.

Their specific ionization probably differed little or not at all
(Mayneord 1934).

Probably very little difference in specific lonizetion. Effectiveness
ratio of 1.0 to be expected.

The effectiveness increased continuously with the increase in specific
ionization along the track. Thke number in Colum 5 is sffectiveness

with the greatest specific ionization divided by the effectiveness with

the loywest. .
The technique of counting mitoses vwas nct the seme in the experiments of
Lasnitziki and Lea &s in those of Gray et al. This is probably sufficient
to account for the difference in results with the same biological
material.

Mote agreemant of comparsble data in Fntries 29 and 32.

The value given for neutron effectiveness is too low, because the gamma
rays emlitted oy the cyclotron as & consequence cf the Be-D reaction "

"iiluted™ the neutron beam. No correction for the effect of the gamma
rays is attempted because their contribution tc the total dose is not
known.

118579
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Sy of Results

By glencing at Colum 5 of Table I and at Charts A and B; it is readily ssen
that as the specific ionization increases, the relative effectiveness of the
various radiations may remain unchenged, msy increase or may decrease, depend-
ing upon the nature of the irradiated object and upon the effect studied.-

Cases_of Yo Difference in Effectiveness

If, for the time being, we ignore the chemical offects { Entraes I to 10), there
remain a nunber of cases in which no difference in effectiveness was noted. OF
these, Entries 45, 73 and 77 cen probably ve explained on the basis that little
or no difference in average specific ionization existed in view of Maymeord's
data (1934). There remain Entries 29, 31, 32, 35, 49, 50, 66, 67, 74-76 and 92.
In Entry 29, there is good reason to oconclude that ths biologieal'effect wae
really senslitive to specific lonization, but that by chance the three qualities
of x~rays had identical effectivcnnss (see Notse G to Table I). In &ll of the
remanlng entries except 35 ani 87, .the only radiations employed were different
qualities of x-rays, end although the specific ionmization certainly was varied
in 811 of these experiments, the variation was not great. In Entry 35, a considerable
difference in specific jonization existed; here is evedenitly a biological cffect
which is relatively insemsitive to specific ionization {cf. alsc Entry 35). The
same may be said of Entry 67. ¢ ¢ue Dass,- Cor trmjoc

Talking together all of theso cases cf no change in effectiveness with specific
lonization, one mustv conclude that they are in general correlated with the use
of rediaticns whick &id rot differ greatly in specific jonization.

vases of Decrouse in Rifectiveness with Incresse *n Specific Ic 1aationh

f
In thie class beleng Intries 5, 11-13, 14, 15 -18, 30, 33, 37, 39, 40 and 56.
Entries 14, 30, 33, 37, 39, 40 and 55 display rethor wminpressive decreases,
especially in view of the fact that 21l seven investigations involve neuirons
and the aspparent decreases would mostly disappszar 12, instead of 2.5 one used
2.C as ihe factor for converting Victorszen X/l rutics to relative values of
wmorgy absorption .{ces above, under Hstimaticn of Cose). Impressive dacreases
in effectiveness were noticed, however, in the remaining sight investigations.
ntries 16~18 are in excellent agrsement on the same hiological effeet; all
show & dscrease in effectiveness on bacteria and in Entry 16, which covers
much the widest range of specific iomization, the effectivenenu dserensza by a
Pactor of & {see Chars Lj. Entries 11-13 and 15 cre concerned with viruses,
which lie on the btorder bestween living and nOn~_iTlug, anc hers we see in ocne
case a decrease by & facior of 8 (initry 11). is case i3 espceially noteworihy
because the differences Zn specific ianization wrere not especially grest.
Finally, in Easry 5, we find a decrease by a Tactor of 30 o more. This, it il
be noticed. occurred in an agueous solution of 2 compearatively simple orgunic
compornd.

0 -
s fv
L 2

It is evident thot. z2¢ for 2s the available dass indicute. notable decreases
in 9ffect1ven=s~ af the gnecilic icnizasticn iucrauses sesm to be limited wo

"
ather simnle arstens

LN A
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Ziloviaet ucrsases In ciivebiveness aprear in Datriss 5, L%, 24-2%7, 34, ©IZ, 81,
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With the exception of Entries 8, 19 and 24-27, all of these cases involve

the higher phyla of plants (ferns, seed plants) and of animels (insects,
reptiles, birds and memmals). In general, the radiosensitivity of insects
{chiefly Drosophils) seems to be relativeiy insensitive to specific
jonization, regardless of the effect studied {(Entrics 30-47), but in the other
phyla it is remarkable how frequently the effectiveness incrcuses with
specific lonization. In fact, with the exception of Entry 67, the only

cuses of no lperease are those in which no great differcace in specilic ion-
ization was investigated. Entry 67 deals with inhibition of glycolysis

of surviving tissue, an sffect whieh is to date wique in investigations

on specific ionization.

o’
Vv s

One very ncteworthy erception must he made to the statement conceraing ng # o“’

insecis in the last paragraph. In Entry 48, we have a cuse whers the
effectivenase incressad with specific ionization by an "infinite" factor, -
which is to say that an effect was produced with the radiation of high
specific ionization which was not observed at all with low spocific
ionization. 8uch cases are rare. The only other is Mtry 4, and here,
rather astonishingly, we are dealing with a system of supposedly very

simple composition.

Cases in Which the Effectiveness Passss throursh a Meximm or Minimm

There are two instances iz which the effectiveness appears to pass throcugh a
eritical value. With the yeast Saccharomyces sllipsoldeus (Entriew 2.9-20)
and with mitosis in the broad bean {Fntry 88) it pesses through a meximum,
while with the Asearis egg (Eatry £8) it passes through a minimum. Such
behavior naturally <rouses a suspicion of error in physical or biologleal
measurement. However. all these investigations apparently were guite
axtensive, apd the lovestigators -vere men of experisnce. In any evens,

iz view of ihe present inadeguate state of pertinen’ theory, thers is ao
reazon to rejzet experimantal Jata on the hesis of the manne» in which thes
&ifectiveness varics with ths specific ionization.

Magnitude of the Iifectivaness Retio and the hature of the Irrudiated Objeat

In some investigs ﬁzsns very small differences in the nature or condition of
the biological object havs tesn fownd to change the offcetiveness ratios to
a measurable anc cometimes a remarkable degree. Vith the Drosophile eg
{Batries 39-42) the ratics vary by a9 much a9 a factor of 1.5 depengixw uron
tae stage of develorment &b the time of IZrradiation. Uith wheat ssedliags,
metsurable differecnces in She retics can be cuused by differency in tae
variety of plant {Iniries 32-83) or by tiae nsture of the tissue studicd in
the sams individwel plants {iptries 63-~-84). The effcctivensss ratio for
chromosome injuries iz mouse buncrs variss as ruek 48 a factor of 3 LeT,
depending upon the zitotic stage of the irradizted celis !(Entries 68-%0),
while the ccrrespeniiny ravio for plant cells varies by & factor of £.7
{Cotries 39-90). Tus watio for effcchs o2 mouse skin tiepends upoa bthe
eriterion of akin injwry (atries 71-72}, over shough the comparison was
wals oply with-z- and gemma rays. In yeast zlse {fatries 20-21) the
criterion of lojury inilusnceg iue ratic. The came observotion has boen made
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on the broad bean root {Entries 87 and 88; Chart B). Among viruses it
ig found that mutani streins of the same virus may yield effectiveness
ratios differing by as much as a factor of 2.7 (Entries 11-13).

Certain of the results with nop-living systems are worthy of note.

Klthough most of the effectiveness ratios tum out Yo be 1.9, we find

among BEntries 1~10 a remge of ratios greater than exists amoag the bio-
logical objects. In Entry 5 we have the lowest effectiveness ratio recorded,
in Entry 8 there is a high retio comparable to some of the highest found
among the higher plents and animals, while Entry 4 is one of the two

known instances of an "infinite" ratio. Specific ionization apparently

ray be 2s important in radio-chemistry as in radio~-binlogy.

Remarks

The data summarized above have a certain significance from the standpoint
of protection.

It has been shown repeatedly that, in the production of injurious effects

in both the higher plents and the higher animals, the amount of injury

produced per wmit of absoried energy increases with the specific

jonizaetion of the radiation. In particular, the injurious action of fast
- neutrons is greaeter than that of x-rays or gamma rays by factors ranging
33,* ‘ up to 20 {Entry 70a}, end it must be remembered that the effectiveness ratics
;o are calculatéd in such a way ag to meke them conservetively low. Althouzh
' nost of the effects on mammalian tissues show effectiveness ratios raaging
from £ to 2.5, 1t must be pointed out that to date comparaitively faw
nsutron investigations have been carried out on mammalian tissuss in 7ivo.
Sizca, as was pointed out three paragraphs back, different effects on the
same biological cbject may exhibit conciderably different effectiveness
ratios, & distinet soscibiiity exists that further observation will discliose
imgortant injurious eff2cts on mammals which nave neutron/m-ray effectiveness
ratios renging wp to 10¥. TFrom the protection standpoint, cnly cne such
bviologieel effect, thowd at present unkzovm, 13 a threat. Until extensive
and aumerous investigatione allay this threat by Failure to reveal injurious
effects extremely sensiiive to apecific icunization, speecial precautions seem-
$o b6 indicated vhen set:ing tolerance doses in situations vhere fast neutrons
constitute & sizesble frection ot the total radiation present.

These considsraticns ars especially pertinent in oase x-ray thimble chambers
are used in meesuring the total radiation. I uncorrectec Victoreen zetoure-
nents are wsad in comnaring the effectiveness of fact neubrons and x-rays,

she apparent effzetiveness ratiocs for the kncwn injuricus effects on mammalisn
tigsuss range \p 0 wore than 8. Carbon~walled chambers are oven zore mis-
leading {Gray and Read 19339).

r
SEEY ok

*In mbry 70a {n very receat vepori] we have cn effectiveness ratic of

memaaiiar Sisstve iyvatisted in vive o
28 X8

™o
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