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Abstract

It ia now clear that the initial geometrical distribution of primary radiation
products in irradiated biological matter is fundamental to the observed end point (cell
killing, mutation induction, chromosome aberration, ●tc.). In recent years ❑uch evidence
has accumulated indicating that for all radiations, physical quancitiea averaged over
cellular dimensions (micrometer) are not good predictors of biological effect, and that
energy-deposition proceesea”at the nanometer level are critical.

Thus irradiation of cells with aoft x rays whose secondary electrons have rangea of
the order of nanomecer6 is a unique tool for investigating different models for predicting
the biological effects of radiation.

We demonstrate techniques whereby the biological recponee of the cell and tile~.~ysical
detaile of the energy deposition proceaaes ❑ay be separated or factorized, ao tha:
the

given
response of a cellulsr system to, say, soft x rays, the renponse of the eel’. to any

other radiation m~y be predicted.

The special advantagea of soft x rays for eliciting this information and also informa-
tion concerning the geometry of the radiation oenaitive structures within the cell are
discussed.

Introduction

It is now well accepted that the inchoate spatial distribution of primary radiation
producc~ iB fundamental to the biological effectiveneaa of ionizing radiation--in general,
the effect la larger, the more clouely Epaced the energy depositions, Therefore, very low-
energy x rays provide an excellent prnhe for investigation of different roodela of radiation
action, This is because these x rays interact to produce ee:ondary electrons whost range8
ale much smaller Lhan cellular dimensions,
diameter.

and in fact can be of the same order &s t’,leDNA
Data on cell survival and cell mutatlonl 12 and yields of chromosome aberra-

tion3~4 after irradiation with low-energy x rays have been published.

The moat precise characterization of the initial spatial dlatribution of ener y
tranafers is currently provided by the results of detailed, ●vent-by-event , Monte fCar o
Bimulaciona of the passage of the radiation of in.tereat through the cell, and thus aeverul
Broupn have developed such computer codes.s-g However, ver

!
few modelol” ’l] ●xist relating

such det~iled dcacriptlons to the injury directly reaponaib e for the oboerved end polnte,

The Generalized Theory of Dual Radiation Actlonl” (GTDIU) quantitatively predicts
rudlation i;,juryyleld!ng observed biological end points, baaed on the detailed m~croscop~c
patLern of ener~y trunaferu (dcposlt~ona) in the •ennit~va oite of a b~olog~cal object.
The GTDRA an originally formulated ●asumea a uliifurm field ●croas the sensitive ❑atrix of
the call. However, ● particular impediment to the interpretation of the eoft x-ray data is
the fact thtitthe low-energy x rays ●re strongly ●ttenuated over dimensions comparable to
the cellular size, Thus there ●re significant varlationa in dose acrono the cell (to bu
di~tinguiahed from ●tochmstic varimtlona fn energy deposition).

in this papel we first deecr~be the MOdLfiC8KiOnE neceaeary to the GTL)KA to take into
account the attel)uation of the x rays, and we then use thie formaliam to examlnt critically
tileinterpretation of the soft x-ray call-survival resultn in the fraroawork of the GTI)RA,
All the analyues in this paper wI1l refer to the published data) j~~ll on inactivation of
V79 Chinane hamster cello.

The GTL)RA for uniform fielrlu— ,__, _.. .-—.—_.. _ .—

Thr t;TDRAhen two tenete, which are that



(b) these sublesiona interact in pairs with a probability, g(x), that is dependent on
their ae aration, x,

E
to produce injury directly responsible for the observed biological end

point, t eae injurie~ being termed le.siona.

If T(x;D)dx is the average number of paira of sublesions whose separation is betw..en x
and x + dx, then the second tenet states that the mean number of lesions E produced by a
do8e D ia

Z(D) - ~ B(X) T(X;D) dx .

T(x;D) is comparatively airnple to evaluate12 and E becomes

‘(x) t(x)dx +1 2MD( ax) ~E(D) -
# i

D~-g(x)m(x)dx) ,

(1)

(2)

which shows the familiar linear-quadratic doee dependence. In this equation K is a
constant relating the energy deposited locally to the number o.c aubleaione produced (see
tenet a). t(x)dx, termed the proximity function of energy transfers, ia the expected
energy in a spherical shell of radius x and thickness dx at a randomly sel~;;~d energY
transfer point (here the random selection of transfer points is weighted by
deposited

energy
at these points), Also in this equation it is necessary to account for the fact

rhat on average only a fraction of the mass, M, of the spherical shell considered above
will contribute to eublealon formation, due to2the finite size of the sensitive matrix in
the cell. This fraction is denoted by m(x)/4wPx , where P is the cell density.

The physical interpretation of Eq. (2) is the description of lesion formation from the
interaction of KDM aublesione produced throughout the sensitive volume with ocher lesions
produced by the same primary particle (first term) And by different, uncorrelated, primary
particlee (second term).

Modification for noft x-rays.—

In Ref. 12 an expression is derived for the average yield of lesions for an attenuated
beam of r~diation as a function of average absorbed dose, ~, of radiation type “i”:

(3)

where ~(ui) ie a function of the attenuation coefficient, II , Of the x r~Ys traverajng
k

the
cell and the of the eeneitive matrix; ~he func ion in u~lty for nonattenuatin
radiatioll~. Eq.g~~~’~~\fera f:om the standard linear-quadratic dose-effect fprediction o
the GTIJRA [see Eq. (2)

1
in that the coefficient of the quadratic term in dose doeB rlepcnd

on the radiation used. In Eq, (2) g(x) and m(x) both deprnd only on the biological
properti~s of the target.)

,
We assume that each increment in the number of leaione elimtl]atea a proportionate

fraction of cellE able to produce coloniee, thuB, the cell survival la given by

si(D) - exp[-ii(ll)] . (4)

Eqa. (3) ●nd (4) ~n principle ULLOW us to fit the ●xperimellt.al uurvivul dntn St(b)
with the parameLrru al ●nd P. We may then uue the remu~L (sM.’Ref. 12):

whero ti(x) 1- the proximity f~~nctior]of ●nergy tranoferfl for radistio!l “i” (a fullcLiol~



only of the physics of the radiation field, and defined in detail above). y(x) is the
probability that two energy tranafera, a distance x apart, will produce a lesion; it is a
function purely of the biological response of the system. Thue knowing Ci from the experi-
mental data and ti(x) (from calculation, aee next section) y(x), tileimmediaLe object of
this analysis may be unfolded from Eq. (5).

In a ❑ore general sense, the confirmation of the GTDW as a tool for interpreting the
soft x-ray data amounts to verifying the following propoaitiona:

(a) There exiata a set of parameter [ai,~] that describe the data in a acatist~cally
accurate fashion using Eqs. (3-4).

(b) There exists a function y(x) which eatiefiea Eq. (.5).

(c) This function Y(X) can be used predictively fur data not used in tile(Iecernination
of Y(x) (i.e., cell-nurvival using different radiations), but ~btained under otherwise
identical conditions.

Each of these points will be examined in detail in the following. Before dealing with
the unfolding procedllre to obtain y(x), we firat discuaa the evaluation of tt(x) and Ci.

Evaluation of proximity funcciong

Proximity functions for all the radiations of interest in this analysis (carbon K
x raya, aluminum K x rays, titanium K x rays, 250-kVp x rays, and helium iona of varioua
energiee) were calculated using the detailed event-by-event Monte Carlo transport code for
water vapor described in Ref. (5). The resulca of such simulations (the poaitiona and
energies of all nonelastic interaction were then analyzed using the procedures described
in Ref. (6) to obtain proximity functions. This procedure basically involves calculating
the energy-weighted point-pair distance distribution of ene:gy transfers irtthe field, anf
binning the product of the two

The x-raj- simulations were carried out by transporting the secondary electrons aet
into motion by photone. In the caae of the low-energy x rays the electron energies were
270 eV (photoelectron from carbon K x ruy), 955 and 516 eV (photo- and Auger electron from
aluminum K x ray, initial electron directions randomly oriented), and 4026 and 516 eV
(photo- and Auger electrons from titanium K x rays, initial electron directions randomly
oriented). For the 250-kVp x raya, the initial photon spectrum N(E ) waa aaBumed to be
that given by Johnsls for a half-value layer of 3 mm of cop er .

!
For t~in opectrqJm a nor-

malized secondary electron distribution N(E ,El
PHOEL2 ,16 with each photon und~;~~!;g only one interaction.

was calculated uain~ the code
Then the proximity funccion,

t(x), may be calculated]7:

c(x) - !,‘MaxtE (X) Ee N(Ee,El)dEe/~e ,

where tE (x) is tt,eproximity function for ●n electron of energy Ee and
e

(6)

(7)

The lntegrqclonu were performed uoing 75 electron energlea.

The raaulta of the calculatlonu for low-energy and hiah-energy x rays, and fur n
represent~tive helium-iun anergy ●re ●hewn in Fig. 1.

llvaluatiol~of (i
— _—

An ❑entioned above, the ●im is to fit the experimental survival dnLu to
(4) *nd

liqn. (3) ●nd
thun obtain the rattoo aL/B(- c ) for the radiation- of interent. Iluwrvet-,

/nee Ref, 12),
~(lli)

in ita~lf a funcclollof th~ unknown Y(X)



60

Figure 1. Proximity functiong for various radiations.

(8)

where ~ and m are described in detail in Ref. 12. Hence, an iterative
T
rocedure was

carried out (see next section) in wilich, initially, m(x;u)/m(x;o) was rep aced by 6
m(o;ui)/m(oo).

Oi -
Then IC(Ui)becomes

M
Ko(Pi) “ —

R(ui) ‘JOf “ (9)

Both ~(ui) ●nd 60
h

can be calculated (see Ref. 12) given the att~nuation coefficients and
●n ●ssumption co cerning the geometry of the sensitive volume, We ●esumed a hemispherical
volume (x ray ●ntering normally through the flat ●ide) with ● radiua of 7 Um.le

The experimental data for the x raye only were fitted to Eqa. (3) ●nd (4) with r,ui)
replaced by UO(IJJ). A computer proffram wan written to perform the fitting us~n~ the
maximum likelihood criterion, with B as global” parameter for all the different x rays,
●nd in a different run, ●llowing B to vary between radiation. The resulf.a are shown in
FiR. 2 . Using the ctandard F teat19 it wan not oosible to reject

i
the hypothe8i8 of a

constant. O ● t the 95X levQl of confidence. owever , when the calculation wae repeated
puttin~ IC(Ui)= 1 (i.e., not taking into account the effectn of ●ttenuation) the hypothesis
of ● constant B cc.uldbe rejected,

Itsrative procedure.——.

The iterative procedure, initialized in Eq. (9) by replacing

$
roceeded ●s follows. Usin uo(u~),

f
values of Ci were obtained (tee

. (5), uoing ●n unfo dins procedure
1.,:;:!:,0!7 ;8(;!;;

(see next section), ●n initial value for
Y x),[Y (x),] was obtained. IJ@ing this value of Y (x), an improved V41}:?f:~tK(U ) [KI(U~!]

waa ob?ained. The procedure waa continued unt!l Y(X) converged. ii converucd,
●fter one it-ration (yO(X) * y!(x)].
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Figure 2. Cell survival after ●xposure to different x rays. The full lines are from a fit
with a “global” s and the broken lines are from a fit in which fIwas allowed to vary
between radiations.

Estimation of Y(X)—

The interaction function y(x) das obtallled by solving, using numerical ❑ethods, the
following ●quations ●nd COnOtra~nLU.

where Eq. (10) is Lhe discrate version of Eq. (5)Y(:IClxEq, (11) yi@ld8 the corracc
normalization of Y(x). Eq. (12) simply indicate- that is ● probability donaity
d~mtrlbutlon. The probiam was colvad using the comput~r code LSEl,20 which solvo!h~inear
●quations with linear constraint- in a laaot-aquaras sonae. A ●uita)le
wam found to hava 130 points ●qually @paced on ● logarithmic scale from ~;!f nl”~o 15 ,/xJ



The data used in solving Eqs. (10-12) were rencricced to che results from the three
soft x-ray oources ●nd the 250-kVp source. The resulting interaction function y(x) is
shown In Fig. 3.

Predictive use of Y(Q

Ueiin y(x) of FiB. 3,
f

vhich was deriv~i solely from the x-ray data, we may use Eq. (4)
and calcu ●ted proximity funcciona to prcdLcc survival curves for ocher radiation incident
on the same cell line. ha ●n example, the proximity function Of Fig. 1 is used to
calculate survival after irradi~!ion with 20-keV/um helium ione. The resulting prediction
together with the ●xperimentti survival daca13 is shown in Fig. 4. The agreement is aacis-
factory.

Diacuosiog

We have ohown, firstlyr that a eet of parameters [a
t

8] does exist which describes the
●xperimental data using Eqs. {.3-4);secondl

{’
that an in eraction function y(x) exists that

ie consistent with the data, ●nd thirdly, t at chlB function may be used predictively to
predtct survival after expoeure to a very different quality of rat-liatio~. Thus the GTIJFU
is fully conalatenc with the reeulce of che soft x-ray experiments.

Finally it may be opeculated that as the correction factor to the dose-quadratic term
is a function of the

f
eornecry of the aenaitive matrix [see Eq. (3)], a series of

experiments with different y attenuated soft x ray8 would yield information concerning the
geometry of ths biolo~lcal structure beyond the function Y(x).

n
x

x
\

10-3

10“4

10-5

Figure 3. Calculated intsractlon fti~ctloilY(x).



Figure 4, Hea8ured
alpha particles.
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