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© " ABSTRACT

o A ‘study of the effect of single and fractionatéd

doses of electrons and protons on Albino rat hair

follicles has been undertaken. The surVival and

regrowth curves of hair follicles following irradiation

‘aré presented. Temporary hair suppression was evident

"'from the delay in regrowth of new hair, which was'about

\

6ne day of delay per 100 rads for protons. It was

'found'that permanent growth suppression occurred at

4800*rads.for electrons and at a dose greater than
1200 radé for protons. The.doses reqﬁiféd to produce
50% foliicle sﬁppression a; ten days post irradiation
werel700 rads-and 2100 rads for prdtons and électrons,
resbectively. AAfraé£ionétion effect was:found for .

bdth'types of radiation with about 60% recovery for

?rotons and lOO% recovery for electrons.



TABLE OF CONTENTS

ABSTRACT
- TABLE OF CONTENTS
ACKNOWLEDGMENTS

Ch;Eter
I..INTRODUCTION
A. Objective
B._The-Hair Follicle -

C. Fractionation of the Radiation

~D. Stem Cell Population of the Follicles

oY

II. MATERIALS AND METHODS
 A.‘Experimental Animals
ﬁ}.Erot;ﬁ‘Beamxand Irradiation System
R C..Eléctron Beam and'Irradiation System
D. New Héir Growth O#servation |
-.il Photographic Method
':2) Follicle Elongation Method
.HIiI; RESULTS | ‘- |

A. Protocol

.10

11
13

13



Iv.

.D. Stem Cell Population

B;,Protons

1)'New Hair.Growth
é)‘Fbilicle Elongation
- 3) Fractionation Effect for Foliiclés
C. Elgctrons
1) Follicle.Elon§a£ioﬁx

)

2) Practionation Effect for Follicles

DISCUSSION

SUMMARY

—

. REFERENCES

- FIGURES

APPENDIX I: Electron Dosimetry
APPENDIX II: Proton Dosimetry

APPENDIX III: Biopsy-Staining‘Procédure

iii

15

15

T 16

16

6
19
21

27 ..

" g

31

47

- 48

51



.+ ACKNOWLEDGMENTS

7  This'ﬁofk was performed at thé Institufe 6f
 Envirommental Medicine in the radiological health
ftraining program administered in cobperatioh-with
| the Department of Civil Engineering. |

- I would like to thank Dr. Fredric Burns who
suggeéted the initial experiments, for his continued
éssistgnce éﬁd advice. I would also like to thank
. Martin Vanderlaan and Mrs. Befty Skocik Yor assisting
in the experiments and the histological procedures,
I am grateful to Dr. Tom Kuo at Sloan-Kettering fér
| helping with the proton dosimetry and cyclotron

adaption, -

I would like to thank Francis Standish for helping
‘with the exverimental animals and expEESS'ﬁy appreciation
to Mrs, Elsié Bilger for t;ping this thesis,

]
!
. .



" 'CHAPTER I

. INTRODUCTION

Objective.A} | _ .

‘ ~ It has been suggested by séﬁeral studies underfaken
"in this laboratoryts2s3 that_tﬁe stem cells at the tips
of the hair follicles are the crifical skin components
- for thé production of abnorﬁal follicles and tumors

.by radiation. The purpose of this study is to obtain
" a more complete understanding of how the hair follicle
cells recover from the effects of diverée types of -
radiation. The specific objective is to obtain hair
follicle survival and regrowth curves in pat'skin
following irradiation with various single and fractibn-

A

ated doses of protons and electrons,

The Hair Follicle .

Hair suppression is an important index of the

biological effect of rediation on mammalian skin,

 Hair follicle development and the cyclic growth of

hair in tﬁe.rat have been studied extensivelyu’5’6.
An iﬁ dépéhlstudy'éf thé radiosensitivify of the haif.
of the Albino rat to x-rays was performed by Geary'.
”‘It was found thaf radioéensitivity'was very dependent

on the hair cycle phase at the time of irradiation.



Jj Meximum'eensitivity occufred dufing the activeAphese

"(days 12-15), endAminimum sensitiiity occurred during

".the‘reeting phase (days 25-28). Regrowth of'heir' |
subsequent to epilation was found to be more complete
wﬂen the exposure occurred during the resting phase.

- The median effective dose of x-rays capable of
producing complete eoilatioﬁ in 50% of the animals
exposed was 17u0 rads durlng the restlng phase,

' A procedure employed by Burlln, et 318 in mice,
1nvolves ‘plucking the hair in conjunction with ir-
radlatlon. The extent of the damage to the hair
follicles is exhibited either by 1) a delay in the
4 regrowth of hair or 2) by the absence of ‘regrowth,

It was found that the delay in regrowth (temporary
daﬁege) and the absence of regrokth (long-term damage)
beth increesed with increasing exposures of x-rays’

~over the range 500 to SOQO'rads. A different and more

.enliéhtening indicator of damage to the hair follicle
>vcells is the delay or absence of folllcle elongation
and enlargement p"ior to hair regrowth, Whéther a
delay in hair regrowth_ls caused by a slowing down ef‘
cell prolireration.assockated with follicle elongatioo
or mereiy by:a delay in initiationvof the process |

would not be apparent if external hair protrusion were.



~ the only indicator,

" Practionation of the Radiation

The fractionation effect has been documenfedv

for a variety of biological end points, including

‘induction of ulceration and tumors in rat skin.
' Also~hair suppression following x-irradiation in the

mouse has been investigated by Burlin, et a19; It

was found that the length of time between fractions =

;was a significant factor in hair regrowth, The

-magnitude of the second dosé, needed to produce the

same degree of hair suppression as a single dose,

increases with the length of the time interval
-betweenAdoses. The size of the second dose is

indicative of the degree of recovery exhibited by the

follicles, A maximum recovery occurred at a dose

interval of four days and recovery at 2l hours gég '

about 407, . .
Recovery with respect to atrophic follicle

induction in rats has been investigated by Burnms,
10 .

et al™’. The difference (D,-D;) between the

fractionated dose D2 of electrons and the single dose

Dl for equal effects was studied, With an initial

‘dose of 750 rads and a time interval of 31 days,



"(bz;Dl) wﬁs_found.to be 600 rads fof incidendéiqf |
:g‘atrophic follicles at 80 weeks, which is equivalent
%o 80% recovery. A similar result was obtained for
e time interval of 2l hoursv(unpublishéd data).
'Recovery ofAmammalian cells from radiation is
"denerally divided into two componentsll’12
| 1) Intracellular (Elklnd) recovery from sublethal
" injury which is complete in less than 2y hours, -
2) Repopulation of cells by proliferation of
"the stem cell population retaining reproductive integrity.
‘Repopulation time depends on cell cycle time and
:*iprOportion of dividing and differentiating cells in
the population but generally requireé'days or weeks
for completion. )
intracellular recovery from sublethal injury.
‘occurring withinAZ& hours has been shown to.decrease
with increasing LET'(lineaf energy transfer) of the
radiatiog according tovFowlerIB. Thus aAhigher LET
:-A particle would be expected to exhibit a less prominent

shoulder and consequently a smaller fractionation effect,

Stem Cell Ponulatlon of the Follicles

The ability of the hair follicle to survive

irradiation depends on the survival of the stem cell



‘} p§puiatioﬁ‘§f thelhgir gérﬁ; ‘Acé§rding.to‘Geary7..
temporafy epilatioﬁ is caused by damage to the .
. epidermal olements of the follicle which anchor the
.~hair shaf£ to the follicle basel_ wWhereas bermanént
eﬁilation is caused by killing or inacfivatidn of the
cells of the hair germ. Higher doses of radiation
- are requlred for permanent epilation than for temporary(
epilation because of repopulatlon of the stem cell’ |
pOpulation. | . |

By assuming multicell follicle 1nact1vation,
énd at the same time single target cell inactivation,
an estimate of the number of germ cellé can be made

12 The survival curve

from the survival curve data
of the follicles would then be identical in form to
that eﬁcountered in multi target survival theorylh:
| 571 - (1 - oKD

where n=s# of targets (stem cells) per folllcle,

D=dose .

k=sensiti§ity constant
. That is, each germ cell is equivalent to a single’
‘ téfget and the entire féllicle acté as a mﬁlti target -
system.-TheAébove equatiéh simplifies to: o

S= ne”¥P

for -large D, Thus in a'semilogarithmié presentatio#



| of‘thé survival curve; n is'synbnymous with the
" extrapolation number, and a rough estimate of the

- 8ize of the stem cell population can be inferred,

. ermer g et = s s w4



| CHAPTER II

‘MATERTALS AND METHODS

Experimental Animals

Male Albino Cp strain rats'from the Ch;ries River
Breeding Farms,.Brookliné, Massachusetts were the
experimental animals in‘ this experiment. The rats
were delivered at 21 days of age and irradiated at
28 days, in the middle of the first hair resting phase7.
..Thé rats.were shaved the day before irradiation to
insure uniform penetration of the.skih; and the hair
in fhe irradiated skin was plucked following irradiation
by'means of a depilatory wax in order to initiate a
néw hair growth cycie simultsneously iﬁ ail rats,

Two rats out of 67 in the proton experiment and ﬁone
of the 72 rats in the electron experiment exhibited
premature hair growth, indi.:ating an advanced hair
~eycle; and were removed from the.eiperimenti

Before irradiation the.rats were ahesthétized
by 1ntraper1tonea1 injection of Nembutal (25 mg/kg)

‘{to insure absence of movement Following irradiation
the anlmals were housed two per cage and provided

w1th food and water ad libitum.

'Proton Beam and Irradiation System

The proton beam used in this experiment was



prodncedyby-the 15 MeV cyclotron at‘Sloan-Kettering<
Institute for Cancer Research in New York City. The

cyclotron was capable of producing = beam of 10 MeV

‘protons of strength 2. 2x108 protons/cm sec, which was

~ equlvalent to a beam current of 0.l nanoamps., The

flnal dose rate to the animals was 138 rad/min.
(For detailed dosimetry, see Appendix II). The beam
was diffused and degraded in the beam tube by means

.of aluminum foils to obtain uniformlty of beam spread

. .and the desired‘energy characteristics (Figure 3).

‘The beam was monitored wlth an argon filled

double ionization chamber which was calibrated by

. means of a removable beam stop (Faraday cup) in the

beam tube. A l.O'ﬁm gap parallel plate ionization.

chamber was also used to determine depth-dose
characterlstics (see Appendix II).

Because the depth-dose curve for protons is the
famillar Bragg curve and a linear depth-dose.curve
was desired, the energy characteristics of the beam

were modified. A spinning disc absorber wheel was

" used which produced the necessary linear depthfdose

by means of differential absorption in aluminum foils

of various thicknesses. By superlmposing different:

‘segments of the Bragg curve, one can adjust the



| edepth-dose curve, by means of the beam modifier, to
'any shape needed, (Figure 1). A beam reduction factor -

'.f of 10% is introduced here because of the ribs in the

spinning disc.

The depth-dose curves were determined by placing

»varlous thicknesses of aluminum absorber foils between

the beam and ionization chamber. These curves and

the beam spread were confirmed by exposing stacks of

rKodak Translite film in the beam.

.y

The rats were irradiated in small wooden boxes,

The box lids were 1/l inch plywood with an irradiation

" window 2 x 5 cm. The boxes were padded with foam to

press the back of each rat against the window. In

order to irradiate several rats per exposure, twelve

‘pats were fastened to the rim of a revolving .

turntable, oL cm in diameter, which rotated through

the beam 18 times per minute. This exposes each

animal to the beam 1/115 of the total exposure time.,

| Electron Beam and Irradiation System

» A l 00 HeV Van de Graaff accelerator located

'at the Union,Carbide Research Laboratory in Tuxedo,
- New York was used to produce the electron beam used

in this experiment. The beam scattered through 130 cm



‘q{«of*air.and‘was'partially absorﬁed by a 0.6 em ﬁuciteh
" sheet containing a 0.6 om ﬁble, centered on the beam,
V in_order;to reduce beam stiength. The energy of the

‘electrons was 0;7 MeV and the initiai beam current

220 uamps, yielding a.dose rate ofAuéoi:u6 rads/min :

‘at the site of exposure. (Sée Appendix I for

dosimetry calculatiohs). The 1.0 mm gap pafallel

plqté ionization chémber was used to determine dose

r;ﬁeé-and the depth-dose diézribufion;A(Figure 2)e

This curve wés confirmed by. exposing Kodgﬁ Translite

film stacks to the beam.

Because of the large beam spread several animals
could be exﬁosed simultaneously. An irradiafibn
board was constructed which could hold 21 rats in three
parallél.rows, thereby simplifying the exposure
considerably. A 2x5 cm window formed the exposure
'area on the backs-of the.réts. The boxes were
‘constructed of cardboard with a 1/16 inch metal sheet
'cb#ering the face of the system, with openings

correSponding to the exposure windows,

New Hair Growth Observation

1) Photographic Method

In order to record the growth of new hair

"10’



.ﬂSuosequent to irradiatiou end‘plucking, tﬁe‘back of..
‘each rat was photographed at one week 1ntervals up
.bto four weeoks after exposure at whlch time the growth
: oycle was comoleted. " The rats were anesthetized |

with ether and photographs were taken through a

microscope magnifying the skin 16 times. A high
intensity dlssectlng lamp was used.for illumlnation

and Kodak Plus X Black and White Pan Film (ASA 125)

* was used in exposures of O, 5 sec. After development

of the fllm, slides were made and the total number
of heirs visible per unit area (0.09 cm2) of skin

was recorded for each rat, Thie method counts a

~regrown hair as any hair which protrudes through the

epidermis and is visible on the surface,

. 2) Follicle Elongation Method

Prior to hair erupti.m, the follicle germ
cells proliferate and the follicle elongates and
enlarges6. 'This‘elongatiou can be observed and |
quantltated histologically, thus indicating vhat
proportlon of follicles have been inhlblted From -
under301ng cell multiplicatlon. Biopsies of skin
"were taken at one week intervals up to four weeks

after irradiation and plucking.' The biopsies were



- recorded per unit area of field (0.07 cm%).

_then stained with Shiff's feageﬁt, and cleared with

a procedure involving aicohol, xyléne, and methyl
salicylate. '(See‘Appendix'III for details).

Elongated follicles were counted under microscope

- magnification of 80X. Only those follicles .which

were protruding through the collagen layer and
exhibiting an obviously enlarged root bulb were

counted. Total numbers of elongated follicles were

‘12



. . CHAPTZR III
*"RESULTS
Protocdl‘ _

The doses administered and‘the size of the
iqdividual dose groups are shown in Table I.  The last
' four groups in each experiment received fractionated -
doses with a twenty-four -hour time interval. The
proton doses were intended to be twice as large as

.fthose indicated in Table I, however technical problems

involving dosimetry were encountered (see Appendix II).

75

| | TABLE I
Protons (Exp.91) Electrons (Exp.98)
' Dose (rads) . # rats . Dose (rads) # rats
- 0 '(controls) 6 0 (controls) 6.
6 600 6
150 s 1200 12
300 6 24,00 6
4so - 6 3600 6
600 5 1,800 6
750 6 6000 , 6
1250 6 1200+1200 6
. 150+150 N 1200421400 6.
150+300 5 120043600 6
1504450 6 1200+800 6
150+600 6 72
67 '

13



}Préféns':
.’1) New Hair Growth
' One of the methods used to quantitate hair growth
'inVolved photographlng the irradiated areas at weekly
intervals. The total number of hairs visible per
~unit area (0,09 cmz) is shown as a function of post
irradiation time.in‘Figuré Iy for the profon expériment;
The Spreéd of'ﬁhe poiﬁts at‘day ten and the subseﬁuent
- ‘grouping at day 17 indicateé a délay of hair regroﬁth
| ratherléhan long-term damage at these low doses.
. In Figure 5 the nnmber‘of new hairs is plotted against
time in order to. show the Kinetics of delay. The new
‘hair appearance rate per unit area was caleculated from
the data in Figure L by subtracting the total hair
‘count of the previous week from that of the week being
calculated° in this way only the new hair erupting in
‘the previous seven days is counted. It-cap be seen
from this figure that as the dose increased, the
~ periods of maximum new hair growth were delayed, with
the largest delay in the 1250 rad group. Figure 3
.“Shdﬁs the time to reach 50% normai hair density as a
vfunction of dose. The siope of the straight line

- ;through'the points is about one - day of delay per

100 rads of protons. The ten day.total hair counts

14



“{from Figure l;) are plotted as a function of dose in
4 Figﬁre 6, with errér bars of plﬁs or minus one sténdard
error. The irhibition of growth is 503 at about 450 rads .

~ for the ten day'time point,

2) Follicle Elongation ‘
 The elongation of follicles was quantitafed‘in
the proton experiment at weekly intervals up to one
mopth. The ﬁen day point again indicates temporary
5 delaj as_shown in Figﬁfe 7, where the total number of
growing follicles per unit area (0.07cm?) is plotted
as a function of dose, 'Tempprary follicle growth
' inhiﬁition was about 504 at 750 rads. The same data’
~ 4is plotted on semilogarithmic gfaph paﬁer!in Figure 8.
The curve decliges exponenﬁially above [;50 rads ;nd
- exhibits an extrapolation number of 3.2 at ten days.,.
.Efudr bars are plus or minus oné standard error, .

;
H

3) Fractionation Effect for Follicles
A fractionetion effect appears in thé proton 
experimeht data for temporary follicle suppression
(Figure 8), The fractionated doses at 600 and 750 rads
show slightly increased follicle counts suggesting
-'thaf some recovery did occur between the initi#l
'150_rad dose and the second doses. This difference

15



of h3 follicles at 600 rads is signiflcant at a conrldence
level of 81%. The corresponding difference at 750 rads |
' is 81gn1ficant at a confidence level of 87%

" Electrons

1) Follicle Elongation

' The elongation of folllcles was quantltated in

the electron experiment at ﬁeekly intervals up to
‘one month as.in the pgoton experiment., The ten and
_ twenty-fpur.day post-irradiation graphs are shown
in Pigures 9 and 10 respectively, for follicle
elongation after electron exposures. The tenlday

’ ﬁoint'exhibits tgﬁporary.inhibition of 50% at about

2100 rads; whereas the 2 day point, wﬁich is indicative

of long-term damage, reaches 50% inhibition at 3600 rads,
The same datae is piotfed on é semilogarithmic scale
in Figures 11 and 12, The shoulder of the éurve.
appears to broaden with time (comparing Figures 11

and 12), showing some recovery over the two week
intéfval between the two biopsies; Both graphs exhibit
. a sigmoid survival curve which has been_obsgrved

,previouslyz for hair follicles.

. '2) Fractionation Effect for Follicles

The fractionation effect for electrons on

16



follicle elongation is evident at both 10 and 2 day

" points. At the ten day point (Figure 9) the shift

between the effect of fractionated snd single electron

. doses is significant at the 67% confidence level in
the 200 rad dose group. At 3600 rads the difference .
13 more obvious and significant at the 99.9% confidence

level, _
The 2 day data for electrons (Figure 10) again
shows fractionation shifts in the 2400 and 3600 rad

" dose groups. The confidence levels of these

differences are 987 at 2400 rads and 76% at 3600 rads.

The 2l day post-irradiation point indicates long-term

folliclse suppression as cdmpared to temporary suppression

at 10 days., The differences betwéen single and
fractionated follicle counts and the corresponding
significance levels of these shifts are summarized in

Table II, ,

“17



. TABLE II
FRACTIONATION EFFECT

'.‘fAverage

Note: Day 10 =

Day 2it

© 3600 L6+22

temporary suppression
long-term suppression -

18

I - 'Follicle .- Significance
.. Radiation . . Count/ " Response Level of
.Particle Day Dose (rads) ©Unit Area Difference Difference
T
Protons 10 %§8+600 : ‘%%gig% . 38 874
Electrons 10 %ﬁ88+1200 iggfgg' | 25 67%
Electrons 10  1200+2l100 93.3113.14
o 13600 2.331.6 - 91 99.9%
Electrons 2 éﬁgg+1200 égzgis ' 67 98%



AStem Cell Population

. The stem cell pOpulatlon of the restlng hair
‘rollicle~can theoretically be é6stimated from the
~e;trapolation nﬁmber of the permanent hair suppression
| curve, Because the deses administered in the proton
experiment were lower than the 50% suppression dose,
the regrowth of hair at 27 days was complete and the
halr survival curve did not decllne exponentially as
expected (Figure 13). For this reason the proton
74experiment_did not yield an estimate of the extrapolation
‘ numbef.l _ '

The electron data (Figures 11 and 12) is more
infofmative than the proton data. An extrapolation
number at 10‘days.(Figure 12) would vary considerably
depending on how the extrapolation line 1s drawn. A
maximum of about 1000 is obtained for the extrapolation .
number when the 3600 rad dose point is assumed to be

the most reliable highAdose point. A more conservative
estimate of 100 results from the use of the 4800 red
dose point in the extrapolation line,

The iong-term suppression of hair is exhibited
'in Figure 11, which is at 2l, days post irradiation.

. The 6000 fad dose point has been rejected because
vthe:apparent increase in growing foliicle count did

19



not result from hair regrowth within the irradiated - -
.- area, but from the‘moiement of adjacent hair and tissue |
" into the irradiated area caused by contraction of the -

”‘radiation;Scar. If the 4,800 rad dose group is uséd,

an extrapolation number of well over 10,000 is found,

.20



o -CHAPTER IV

DISCUSSION

Both“loné-tgrm gnd temporary haif subpressioﬁ ﬁré
evidenf in the regrowth curves. Long-term suppression
is demonstrated in Figure 10 (day 2}) for electrons,
where the mean follicle count declines to 507 at
about 2700 r&ds. This vaiug is higher than Geary‘a
esti@ate of 1740 rads for comvolete epilation in 56%
of the ;nimals'foilowing x-irradiation. A plateau
reéién 1200 rads wide is also evident.

By comparison between Figures 9 and 10, it can
be seen from the slopes of the two curves that some
',gof_thq suppressién at the ten &ay point was temporary.
At the 2l day time point (Figure 10) the slope of the
| cnrve has declined considerably and the 50% sﬁppression
dose incréésed from 2100 to 2700-rads.' 3urlin8 has
found thaf 50% hair suppression in mice results from
a 2000 rad dose of x-rays. Assuming that electrons
and x-rays have the same relative biological |
éffectiveness'(RBE), iﬁ'appeafs tﬁgt_fats,are 35% more
resistant to fadiation inducgd hair supprgssion.

| Whether this difference in resistanqe to radiation is

due to a penetration effect or difference in follicle
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resistance is not known,

Long-term and témporary hair sﬁppression.resulting'

-from proton irradiation can also be cbmparéd using

Figures 8 and 13. At the ten day point, 50% hair

suppression occurs at 700 rads, uHowever at 2l days

regrowth is complete at all doses up to and including

| 1200 rads; therefore, permanent 50% suppression occurs

at a dose greater than 1200 rads, Table III summarizes
the temporary and long-term 50% suppression doses °

observéﬁ in both the electron and proton experimoents

- and the corresponding RBE's calculated from these

values,
- TABLE.III-
50%. FOLLICLE SUPPRESSION
: Dose (Rads) R.B.L.
Time (Post =
~Irradiation) Protons - Electrons
10 Days 700 2100 - 3.00

2 Days .. >1200 2700 - <2.25

22



. A,f?aétioﬁatibn effect for electrons Qa;;eiidéﬁt
" for both temporarj and'long-term follicle suppression.
A fractionation effect was also obéerved for temporary

','suppréssion caﬁsed by protdns. ‘These results are )
"summarized in Téble'II. The amoﬁnt of recovery from

the_first‘fraction can be estimated from the shift

iﬁ the exponentially declining portion of the curve

'bj means of the (D - D ) analysis described earlief.

From Figure 8 the value of D2 - D, is 90 rads which

1
corresponds to 60% recovery for protons. It should
be noted that this estimate is made on the basis of
tehporﬁry_suppression (day 10)., The long-term data
for electrons in Figure 10 shows complete récovery‘
(100%) in the 2400 and 3600 rad dose groups. This
estimate is somewhat higher than the 80% recovery
. observed by Burns, et allo, however in that case the:
recovery was with respect fo follicle surv;val at
80 weeks as compéred to four weeks in fhié eiperiment.
" The values of RBE calculated above indicate that

protons are more effective in damaging hair folllcle

stem cells than electrons, suggesting a high linear:
energy'transfer (LET) for the proton. According to
' Fowler's theoryl3 of LET dependence, a low LET particle

(electron) exhibits substantial recovery and a high



tET‘pertieie (proton) should exhibitylittle or ﬁo y"‘”ﬂ
~Arecovery.- The'reeovery date presented here, 100% :

for electrons and 60% for protons, indicates that
'protons sometlmes behave more llke low LET particles
than high, Thus the proton possesses the character-
‘isties of low LET particles (60% recovery) and of high

_ LET particles (RBE 2.25 - 3.00) simultaneously. |

The size‘of the stem cell population could not_.

* be 'estimated from the protoe data because the hair
follicle response indicated recovery which is to be
expeoted from low rather than high LET. The
extrapolation numbers obtained from the electron data
were very large and varied from 102 - 103 for temporary -
suppre331on to 1ou for long-term suopression.

There is some question as to whether permanent
“hair and folliele growth suppression is dependent
"solely on 1nact1vatlon of the stem cell population,

. and therefore whether the use of the extrapolatlon
number as an estimate of the population size is
Justified. The possibility of damage to supporting
'tissueimﬁst also be considered. At high doses the

'skih in the irradiated area becomes completely‘ulcerated
and thereby 1ncapable of supporting hair growth,

This could be the cause of temporary suppression



'i rather than damage to the epidermal elements of the
| -follicle as suggested by Geary7 '_‘
) The shape. of the regrowth curves in Figure S
suggests that the hair development process has not
slowed down but that its initiation has been delayed,
A connarison of the control growth curve with
that of the 750 rad dose grouo shows that the shapes
of the inditidual curves are similar except that the
7‘ 756 rad curve is delayed by seven days. . If the entire
elongation process had slowed down, the initial slope
- of the 750 rad curve would be less than that of the
. control group. The fact that the initial (increasing)
slopes of the growth curves in the 750 and 1250 rad
dose groups are similar to the control group indicates
' that the follicles are still synchronized with respect
to growth, in spite of the observed delay. The
question of whether the'delay is caused bx,the
‘proliferation of the stem cell population or by
supporting tlssue damage cannot be ascertained on the
basis of the data presented
A distinction has been made hetween'follicle"
~elongation and actual hair growth. The inhibition

of these two processes mnst be considered separately

because of the implications inherent in each effect.
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 Inhibition of follicle elongation indicates that the
';3ab111ty of the stem cell population to proliferate has K

been limited., Whereas inhibition of hair grouth
indicates only that the ability of the follicle to

- produce hair has decreased; the existence or absence

of cellular vrollferatlon cannot be inferred from

. this da‘ba )
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. SUMMARY
Temporary hair growtﬁ‘suppreésion and follicle
j-elongaﬁion.suppression has been observed in Albino
rats following ﬁrotoh iffadiatibn. .Both‘temﬁorary and. ;
ldhg-term (2L days) follicle'éuppression were observed
following electron irradiation. The delaj ih regrowth
of new hair was about one day of delay per 100 rads
ofapfotons. Permanent total suppression occurred at
4800 rads for electrons and at a dose greater than
1200'fads for protons. The doses réquired to produce
50% follicle suppression at ten days post irradiation
were 700 rads and 2100 rads for protons and electrons,
respectively. The RBE between protons~a£d electrons
calculated'from these values was £2.25 for long-term
suppressipn and 3.00 for temporary suppression. A
fraétionation effect was observed for both fypes of
'radiafion'with 60% recovery for protons aﬂd 100%
recovery for electrons. A parallel experiment is
“under way to study the effectivehess of single and
fractionated doses of protons'and.electrons with

respect to tumor induction in rat skin,

K X 2
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Figure 2
Figure 3

" Figure |
Figure ' 5
Figure 6
Figufe 7
Figure 8

.Figure 9'

' FIGURES
Depth-dose‘profile of proton beam in
tissue, S o o

Depth-dose profile of electron beam in
tissue. -

Linear plot of time to reach 50% normal
hair density following irradiation

: versus surface dose of protons.

Total number of hairs per unit area of
rat skin versus time after, irradiation
with protons, ' ‘

Number of new hairs per unit area of
rat skin versus time after irradiation
with protons,

Total hair growth at ten déys post
irradiation versus surface dose of protons.

Number of growing stage follicles per
unit area of rat skin at ten days post
irradiation versus surface dose of protons.

Semi-logarithmic plot of gréwing stage
follicle survival at ten days post

“irradiation versus surface dose of protons.

Number of growing stage follicles per

" unit area of rat skin at ten days post

irradiation versus surface dose of
electrons.
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" Pigure 10
" Figure 11

‘ Figure 12

Figure.1l3

Figure 1l

Number of growing stage follicles per
unit area of rat skin at 2 days post
irradiation versus svrface dose of

electrons,.

Semi-logarithmic plot of grouing '
stage follicle survival at 2 days post
irradiation versus surface dose of
electrons,

"Semi-logarithmic plot of growing stage

follicle survival at 10 days post
irradiation versus surface dose of
electrons.

Total hair growth at 27 days post
irradiation versus surface dose of
protons, '

Diagram of proton irradiation system,
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- - APPENDIX I

'ELECTRON DOSIMETRY

The Bragg-Gray principle can be used as a means

of relating the dose rate at a small air cavity, in |

" an ir:adiated medium, to the character;stics of the

cavity and air, The relationship is as folloﬁs:

‘DO’.SQ Rate =.%’% -V?.B 05 rads

860

where: - gaturatidn current (amps) '

energy expended per idn pair (34 eV/ion pair)

volume of collecting cavity (.143 en?®)

density of air (1.29 x 10'3gm/cm3

'u"n- < s:-H'
i

relative mass stopping power of tissue

to air (1.135)

, Upon'substituting the appropriate values we obtain for

- the dose rate:

-dD

®=2.08x 1019 -

I(amps) rad/sec

=1,26 x 1012 I(amps) rad/min

 The chamber current used in the experiment was

-10

3.65 x 10 +10# amps,  corresponding to a dose ratg~of:-

£ =1.26 x 101%(3.65x1071°) = 460 # 46 rad/min
Thué.a surface dose rate of 460 rads was used withA

exposure times calculated. accordingly.
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-.*". APPENDIX IT

" PROTON DOSIMETRY

"Q'In'order to calculete the proton beam dose,

Aihe beam flux waS‘measured'and converted to dose rafe.-ﬁ
- The beam flux was monitored continuousiy during the
B experiment by means of &n argon filled double
ionization chamber with 205 volts epplied to.the '

. central foil., The chamber current was integrated

)

to compensate for beam fluctuations (which were small),
'The monitor chamber was calibrated by means of
a'rémovable beam stop (far#day éup) in the beam tube
of tﬁé cyclotron (see Figure 15). The ratio of the
beam stop current to the monitor chamber current was

found to be 4.2 x 1074 up to a beam current of 1.0

" nanoamp. The beam was operated at 0.4 nanoamps, or

"a monitor chamber reading of 0,95 uamps.,

The dose rate to the anlmals was calculated as

: follows.

' Beam current = I = (0,95 x 10'6) he2 x 1o‘h
o =. 0.l .nanoamp ‘
‘Ib =FqA )
uhere:' = beam flux (protons/cmzsec)

F
 q = proton. charge (1.6 x 10 -19 coulomb/proton)
N .

A = area of beam (ll.4 em 2)
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‘ ﬂﬁ?giSiniﬁg‘for the flux; we qbtéiﬁ;?4:7¥f'2vv

R =L/ qA
TR o= 4.0 x 10 13 protons/cmzsec
S 1. 176 x 10717) '
- F=22x 108 protoné/émasec-

We caﬁ now use the relation:

- to cglculate'tﬁe dose rate from the flux and,thé'

’ averége_energy loss per unit disfance. The energy.
of the protons was 10 MeV for which the range in
tissﬁe is 1.2 mm;6 or 0.12 gm/cmz. The average value
of dB/dR is then 83 MeV cm>/gm, which yields & dose
rate of: |

—_ -

dD 10

SgE T.8.2x 108 (83) = 1.83 x 10%° MeV/gm sec -
when substituted into the previous eguation, Converting
to ergs and then'rads, we ave:

' %%,= 2.93 x 10“ erg/ gm sec

. =‘é.93 x 102 rad/ sec

 =1,76 x 10% rad/ min . |

~'Bi usingffhe table rofa?ion factof (i/115'= ;0037)

' aﬁd the rib reduction factor of the spinning disc (.99),
we obtain a final dose rate to the gnimals ofs

g% = 138 rad/min

a9




Tt 'was later found that during the original
i:.moﬁitorvchamber calibration, the Keithley elecfrometér,.
1us§d té_méasﬁre the faraday cup cuirent was ih error
by a:faétor‘of two. As a result, the observed dose
rﬁte of 138 rad/min was actually 50% of tha.intén&ed
dosé rate. However this erfor was subsequently found
and‘ﬁhe finai doses to the animals were corrected,

_ The dose'rate was checked with the parallel
platéichamber described earlier in the e}ectron seétion.
This ch;mber yielded a dose rate of 162 rad/min which
is aﬁout 17% higher than the monitor chamber reading.
The corrected monitor chamber reading was considered

to be more accurate and was used in the experiment,
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. APPENDIX IIT -

© . BIOPSY STAINING PROCEDURE

.The staining and clearing procedures used to -

prepare the biopsies for counting are listed below:

B Staining:

1)
2)

3

Clearing:

- b)
'5)

6)
7)
8)
9)

10)

1)

- 2)

3)

Carnoy solution - 2 to 3 hours

70% alcohol (can store up to one month)
H,0 - ten minutes ' A
HC1 (60°) - 5 minutes
H,0 - S minutes
Remove muscle layer
Schiff's solution - E'minutes.
NeHCO; - 5 minutes

Acetic acid (45%) - 10 minutes

70% aleohol - several days (change once)

95% alcohol - 2 hours -
100% alcohol - L hours (change once)
Xylene - 2 hours |

N ;_h)_methyl salicylate - 2 hours (storage)

After the biopsies were counted, they were mounted

on slides for storage,

851"



