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Proton Paper

Introduction _
| Many of the ibiologicél effects produced by low Linear '
!.'nergy Transfexr {LET) radiations (<1 kev/u) show a dependence
maot only onA the total dose accumulated but the temporal pattern
. of expaosure. Imn partict.xlar, splitting of a given dose into
. two fractions separated by a few hours reduces the effectiveness
of radiation im <cell killing (1, 2), in producing chromosome
aberrations (3}, and in the inducﬁion of skin tumors in rats
(4, 5). This "™split dose effect®™ has been in’éerpreted as
._zesu.ltin’g' frqm tthe recovery of "sutblethal" OJE "suboncogenic”
. _ damage produced& by the first radiation 'dosg (1, 5). |
= . Whenr contxasting. _t"he biological effect;s of low and high
-~ LBT radiation €>100 kev/u) two differences are often
" maoted. First, there_ is an increased'efféctiveness per unit
-dose of high EET :radiatidn, characterized by Relative Biological
' ‘Bffect (RBE) vaX¥ues greater than one. Second, the temporal
pactern off irradiation is of re&uced significance in determining

- -. the final radio&iological effect. For example, in cell killing

- the split. dose effect is substantially reduced (6, 7). : -

' Particlese with imtermediate LET values may be expecteq .
to show' either a@r both an increase in RBE or a redpctiou in
split-dose effect relative té low LET particles. Previously

- we ﬁa.ve induceé skin tumors in rats using' a beam of 8 mev
' ptofo'ns. hafn'.ngt an "a;t'eras‘ye LET of about 10 kev/u and observed
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an RBE of about 3 (8). The purpose of the present study was

. to extend our dose-response curve into regions of lower dose,

and measure the amount of recovery which occurs between two
fractions séaced 24 hours apart. For induction'of rat skin
with electron irradiation, this interval is sufficient for
essentially complete recbvery to occur (4)..

Materials and Methods
2

Ten cm® of dorsal rat skin were irradiated with either

-8ingle doses or two doses separated by 24 hours of 10 mev

protons produced by the cyclotron at the Sloan-Kettering Institute,

Male Albino CD strain rats from Charles River Breeding Farm,

* Brookline, Massachusetts were irradiated'at.27 and/or 28 days

-of age acéording to the protocol presented in Table 1. Groups

"~ 6 to 1l provided single dose-response data while groups 1 through

-S provided réSponse data for animals receiving a conditioning
" dose of 150 rads. The animals were shaved before irradiation
and no hair regrowth was cbserved in the subsequent 7 days

indicating that the hair follicles were resting at the time of

exposure. As in previous experiments (4), irradiations were

carried out by anethesizing the animals (25 mg/kg of Sodium

Pentobarbitai);and placing them in boxes which were then mounted

on a revolving table and rotated through the beam at 18 rpm.

As shown in Figure 1, the radiation geometry also included
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a spinning-disk of variable thickness aluminum absorbers. This

’

disk moved the proton.Bragg peak in and out of the skin so ehat
the resulting dose curve decreased approximately 11nearl; with
txssue depth. The depth-dose curve, showen in Figure 2, was
measured with both Kodak translite film and with a parallel

plate ionization chember‘COvered with differing thicknesses

‘of aluminum. - A nearly linear depth—dose'pattern was selected

to facilitate comperisons between this experimenta and previous
experiments in which rats were irradiated with monoenergetic electrons.
The surface dose rate to the rats of‘13q rads/min. was

determined by means of a monitoring ionization chamber which

K

' was calibrated against the current collected on a beam stop

‘(Parriday cup).

The rats were observed weekly for the first four weeks

v-and then every six weeks thereafter. The number of new tumors
at each observatlon was recorded and at death all tumors were

sectloned.and pathologlcal evaluatlons made. Also, at death,

- 2 cm” of full'thlckness skin were removed, whole mounts

~

mﬁade and the follicle dehsity determined using a dissecting

miéroscope. o T I .

An additional five anlmals at each dose level were irradiated

and the hair plucked u51ng a depllltory wax immediately

following the final irradiation. ThlS procedure induced a uniform

-

elongatlon of the folllcles followed by erruptlon of hair.
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Biopsies taken weekly for the first four week post irradiation

- were stained with a DNA specific schiff stain, dehydrated and

cleared in Methylsalicylate. The elongated follicle density
was then determined under a microscope. | |
‘Results

The acute radiation responses Qere mild, and confined to

animals receiving more than 450 rads. There was a delay in

-the-regrowth of ne& hair, and a blanching of the skin. No-

ulceration occurred, nor was the irradiated area discernable

after 4 weeks.

R —

-The density of growing«fo;licles lo-deys after plﬁcking

—

. is shown as a percentage of control in-Figure‘3. There is a

shoulder of about 400 reds with a subsequent exponential

decrease. Fractlonatlon of total doses greater than the shoulder

.width showed a sparing of folllcles relative to the correspondlng
'single dose groups. Statlstlcal varlatlons preclude an accurate

‘estlmatlon of the amount of recovery, however.

Long term follicle surv1va1; measured at death indicated
. . . _ .
similar results. Follicle survival.was not different from

.controls for anyidose group except at the highest dose. For a

single 750 rad dose the follicle survival was 62 + iS% of control,
while for the fractionated exposure it was'79'i 11% of control.

The tumor ‘incidence as a function of time is shown in

\

Figﬁres 4 and 5 for the single and fractionated exposure groups

respectively. For the single dose groups there was a tumor
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free interval of about 20 weeks for all groups except the 150 r

group" in v;hich.one tumor appeared at 53 weeks and the 75 r group

in which no tumors appear=sd. The 750 r group was terminated at

80 weeks post irradiation because of the large number of tumors

per animal. The cumulative tumor incidence function for this

'_ group is nearly linear in time and may be projected to a value

-

of 4.3 tumors/rat at 100 weeks for comparison with the other.
groups at this: tune

For the fractionated exposures, the first tumor appeared

.between} 27 and 40 weeks post irradiation for the 3 highest dose

i - - -
groups, and at 7L weeks for the lowest dose group. The error
bars shownr for all groups represent standard deViations A
calculated from: the sqnare_root of the _number of tumors observed.

Discussion T T T ‘ -

.~

Two endpoints relating to the survival of irradiated tissue

- were measured: tke capacity of follicles to elongate after the

nrqliferatlve strmmlus of plucking, and the long term survival
of hair folhcles Both endpomts showed s:.milar dose response
patterns cons:.strng of a broad shoulder followed by a decrease
to 40% of contml at 750 rads for follicle elongation or 62% at
750 rads for long term follicle survival. Fractionation effects
can only be obserwed' for doses g'reater than the shoulder .width,
i.e., the two highest fractionation points assayed for follicle
elohgation.a_nd the highest do-se point for 'lo.ng-term survival.

At these doses,. fractionation had a .Spari.ng effect, v#hich is

similar to that observed for fraetionation of low LET electron

-~
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radiation in rat skin (4). S B - o - DR 4
| It has been proposed that tumor dose-response curves  are
 the product of two functions, one faor the induction of transformed
events and the other for survival (9) of oncogenic targets. ,
In order to analyse the production of transformed events as a
function of aose one must correct the observed tumor yield for
_lethality. Ideally this should be done using the survival

- function for the target at risk for tfansformation, but since

this population is unknown one must assume a function. 1In

1 anl:

pPrevious studies we have observed that the long term survival

.of hair follicles is a reasonable index of;tissue survival

' as a whole and assumed that the survival of oncbgenic targets"

may be approximated by the follicle survival (4). Dividing the _
itumor incidence by the fractlonal follicle survival glves an :

-estimate of the tumor y1e1d in the absence of killing.

B RN A

ngure 3 shows the results of such calculatlons. The
B -
response curve rlses steeply w1th 1ncrea51ng dose. The tunmor

ISR

T

response in this experiment was more vigorous‘than that seen *

(v

in other experiments in.which rats were irradiated with either

ek

. electrons or protons. When compared with electron irradiation

:\

of 28 day old rats (4, 5) the protons in this study have a -
Relative Blologlcal Effectiveness (RBE) between 2 and 3.
When compared w1th rats lrradlated w1th protons at 58 days of

age (8), the anlmals in this experiment are more sen51t1ve, suggestlng

L
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that age at irradiatiou may be an iﬁportant‘fecror in determining
the tumor response. Similar age effects”have been noted by
others for various radiation induced'tumors (11).

There is a displacment  between the single and‘fractionated
- dose response curves shown in Figures 6 whlch may be interpreted
‘as resulting from the recovery of snboncogenzc damage (10).
The errors associated with the measured tumor yields in the 300
and 450 rad total doSe groups precludes their use in evaluating

. the amount of recovery There is, however, suff1c1ent dlfference

. between the ‘ractlonated and 51ngle exposure groups at 600 and

750 rads to enable estimation of the ‘amount of recovery which
‘occurred during the 24 hour fractionation 1nterva1.
We have previously'defined the amount of unrecovered damage

remalnlng in the sp11t dose groups, Ps by formula (10):

p - LD, - (—\-(Dl J—(D )>
_L(D‘+D;j —(ICD +IMm)

wbere I(Dl) is the tumor yield for dose fractlon i, and

T
1I(D1, DZR is the yleld for two dose fractions, Dl and D2'
separated by T hours. The above equatlon may be rearranged ‘to
yield an expre551on .for the ‘expected- tumor yield in the fractionated

groups -as a function of the observed 51ngle dose responses and
1 (D,,D, T')};’ PI(D\-{-:D,) + t-P)( I(ZD‘) +ICD

Por 600 rads total dose, the observed yleld is .62

1‘3




' tumors/reilfoilicle; which is less than the expected yield for
'complete recovery, 1;04; The expected yield is within the
95% confidence interval of the observed response, however.
P values gfeater than 0, indicating less recovery, predict
eexpected incidence values greater than 1.04.- There is less ﬁhan
a 5% probability that the‘observed tﬁmorAyield would have
occurred if the true P,valﬁe~were greatet than zero.

Por 750 tadsiioeal dose the observed yield, 2.04 exceeds the
expected yield for complefe recovery, l.7 and leads to a
best estimate of P = 0.05. The upper 95% confidence limit for
. the observed yield is.2 86, which cerresponds fo a P.value of
..22, i.e., the recovery was 78% complete. Thus while the observed
yleld suggests essentlally complete recovery, estimates of
22% unrecovered damage are consistent at the 5% level of 51gn1f1cance.

Thns, the response.of rat skin to proton irradiation shows
a fapid form of recovery of both sublethal and suboncogenic -
| inje:y and RBE values between 2 and 3. The combination of RBE
values greater than one, and receﬁery indieates that while
_ protons induce injury mote‘efficiently pef unit'absorbed dose
than(electrops, éhere ;s_stili a reﬁersible cemponent to the

injury proeess;



~ Figure Legends e,

Pigure 1. Irradiation geometry. Anesthetized rats were placed

: Pigure 2..

Figure 4.

Figure 5.

- _1;.-_. __.'

-awer the fioniza.tion chamber (@).

inside wooden animal boxes on a .revolving table and

"rotated i:hroixgh the beam at 18 rpm. The beam was

degraded by 10 mils of aluminum in the beam tube
and a SPihning ~absorber disk ef varyd.ng thicknesses
Gf almnum which resulted in a nearly linear depth
dase curve in the rat skin. The dose rate was

&ete.tm:.ned using both the.Abeam stop and the parallel

‘pXate ionization chamber. -7

- -

Depth—-dose curve in tlssue determlned by exposure of

x—ray film (ww) and by p1ac1ng alum1num absorbers

Growx.ng folllcles per unit area expressed as a

- pa:centage of controls 10 days after 1rrad1atlon and

Bhair p]_.uckz.ng.

Cumulative tumors per rat versus time post irradiation

for groups receiving single proton exposures.

Camulative tumors per rat versus time post irradiation

foxr groups receiving fractionated proton exposures.
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Eigﬁré 6. Tumors per surviving follicle 100 weeks post irradiation
- as a function of dose. The response curve for both
single and fractionated doses rises sharply with
dase and the fractionated curve is displaced from

- the single dose curve.
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