
H air fo llic le  resp on se  to the variab le l.e .t. 
o f a h e liu m  ion  b eam

B. Al. D E  R E Y ,  O . A. B E R N A O L A ,  R. M A Z Z E I  
a n d  G .  S U Q U E T

Radiobiology D epartm ent,  National Atomic Energy Commission 
Avda. del L ibertador 8250, Buenos Aires, Argentina

(Received 23 August 1985; fin a l revisión received 20 November 1985; 
accepted 1 December ¡985)

A homogeneous population of hair follicles in the rat tail has been used to analyse 
the in v iro  response of a biological system to heavy particle irradiation. T h e  
conical configuration of the rat tail gives rise to a variable energy degradation of 
the beam thus yíelding information on the damage elicited by the increasing l.e.t. 
of the helium beam at different sites on the same sample. By means of scanning 
electrón microscopy three different zones were observed as direct evidence of 
helium ion penetration in the tail. Quantitative evaluation of radiation damage 
yielded results concerning hair follicle damage after increasing doses for different 
regions of the ionization curve.

Indcxnif! Irruís: heliuni huís, hair tollicles, Bragg-peak.

1. In tro d u c tio n
S evera l  m o d e l s  h av e  b e e n  u se d  to  s tu d y  th e  effec ts  o f  h e av y  p a r t ió le s  on  b io log ical  

sy s te m s .  M a n v  o f  th e  s tu d ie s  h av e  b e e n  p e r f o r m e d  o n  cells  in  v itro  ( C h a p m a n  el al. 
1977, R a jú  et al. 1976), s p h e r o id s  ( R o d r íg u e z  a n d  A lp e n  1981) a n d  t i s su e s  in  v ivo  
s u c h  as sk in  ( L e i th  et al. 1973), lu n g  ( W o o d r u f f  et al. 1976), sp in a l  c o rd  ( L e i th  et al. 
1 975) an d  te s t is  ( P o w e r -R i s iu s  et al. 1978). In  all th e s e  s tu d ie s  s e p a r a te  s a m p le s  w e re  
i r r a d ia te d  w i th  e i t h e r  t h e  p la te a u  reg ió n  o r  th e  B rag g  p ea k  re g ión  o f  io n iza t io n  o f  th e  
b e a m .  T h e  re s u l ts  th u s  o b ta in e d ,  in t e r m s  o f  p la te a u  vs B ra g g -p e a k  ra t io s ,  m i g h t  be 
b ia sed  b y  th e  v a r ia b i l i tv  o f  ra d ia t io n  c o n d i t io n s ,  b io log ica l  d if fe ren ces  b e tw e e n  
sa m p le s ,  e tc .  I n  o r d e r  to  o v e rc o m e  th e s e  d r a w b a c k s  a g e la t in e  s u s p e n s ió n  o f  cells 
w e re  u sed  b y  R a jú  et al. (1978) to  m e a s u r e  cell su rv iva l  a t  in c r e a s in g  d e p th s  o f  
p e n e t r a t i o n  in th e  s a m e  sa m p le .

T h e  a im  o f  th is  w o rk  vvas to  c h a ra c te r i z e  a m o d e l  in  vvhich th e  effects o f  th e  
v a r iab le  io n iz a t io n  o f  th e  B ra g g  c u rv e  c o u ld  b e  an a ly s e d  in th e  sa m e  a n im a l ,  a l lo w in g  
a s i m u l ta n e o u s  e v a lu a t io n  o f  th e  b io log ica l  effects o f  d i f fe re n t  p a r t s  o f  th e  b e a m  
t r a je c to ry  in th e  t i ssue .  F o r  th is ,  th e  h ig h  ra d io se n s i t iv i ty  o f  h a i r  follic les w as  u se d  to 
a d v a n ta g e .  T h e  ra t  tail w as  u se d  to  p e r f o r m  th e  an a ly s is  o f  h a i r  follic le  d a m a g e  a lon g  
th e  b e a m  t ra je c to ry ,  p ro f i t in g  f ro m  its con ica l  c o n f ig u ra t io n  th a t  c o n fe r s  on  th e  tail 
th e  p ro p e r t i e s  of a v a r ia b le - th ic k n c s s  b e a m  e n e rg v  d e g ra d e r .

2. M a te r ia ls  a n d  m e th o d s
In  o r d e r  to  o b ta in  a b e a m  fo r  in v iv o  b io log ica l  s tu d ie s ,  an e x te rn a l  b e a m  

c o n f ig u ra t io n  w as  c o n s t r u c t e d  a t  th e  B u e n o s  A ires  S y n c h ro c v c lo t r o n  (B e rn a o la  el al.



1983). A c i r c u la r  b e a m  ( 4 c m  d ia m e te r )  o f  5 5 \ l e V  h e l iu m  ion s  vvas p ro d u c c d .  
M a k ro fo l  E  foils  (B ay e r  A G ,  3 0 0 /¿m th ick )  loca ted  b e tw e e n  th e  c o l l im a to r  a n d  th e  
s p e c im e n  w e re  u se d  to  d e te c t  th e  f lu ence  o f  th e  h e a m  a n d  to  e v a lú a te  th e  dose  
d e l iv e re d  to  each  a n im a l .  M a k r o fo l  foils  w e re  u se d  as s o l id - s ta te  n u c le a r  t rack  
d e te c to r s  ( S S N T I ) )  a n d  th e  t r a c k s  in th e  foils  w e re  v isu a l ized  b y  m e a n s  o f  l igh t  
m ic ro s c o p y  a f te r  ch em ic a l  e tc h in g  w i th  P E W  s o lu t io n  (30 g K O I I ,  80 g 
C H 3C I 1 2( ) H ,  90 g 1120 )  a t  7 0°C  fo r  40 m in  (S o m o y g i  1977). A g o o d  c o r r e la t io n  w as 
o b ta in e d  b e tw e e n  th e  a rea  o f  th e  b io log ica l  d a m a g e  u n d e r  s t u d y  in  th e  s a m p le  a n d  th e  
a rea  fo r  w h ic h  th e  d o s im e t rv  w as  p e r f o r m e d  in th e  foil.  T h e  n u m b e r  of t r a ck s  in the  
foil is p r o p o r t io n a l  to  th e  b e a m  flux, a n d  th e v  are  p r o d u c e d  by  th e  p r o d u c t s  o f  
c o m p o u n d  n u c le u s  d e cay s  g e n e ra t e d  by  th e  in te ra c t io n  o f  h e l iu m  ion s  w i th  c a rb ó n  
an d  o x y g en  nuc le i  in th e  d e te c to r  (M azz e i  et a!. 1984).

A d e ta i le d  a n a ly s is  o f  th e  d ose  m e a s u r e m e n t s  p e r f o r m e d  in d i f fe re n t  / .ones of th e  
s a m p le  will b e  r e p o r te d  e ls e w h e re  ta k in g  in to  a c c o u n t  th e  b e a m  flux a n d  th e  l.e .t .  in 
t i s su e  (M a z z e i  et a l. u n p u b l i s h e d  o b se rv a t io n s ) .  Briefly, th e  h e l i u m  ions  u sed  in th is  
w o rk  hav e  a s t a r t i n g  e n e rg y  o f  55 M e V  c o r r e s p o n d in g  to  a r an g e  o f  1 820  /im  in tissue .  
'Pilis s t a r t i n g  e n e rg y  is r e d u c e d  at least to  46 M e V  on  r e a c h in g  th e  first h a i r  follicle 
m a t r i c e s  b e c a u se  o f  p a r t ia l  e n e rg y  a b s o r p t io n  b y  th e  S S N T I )  (M a k ro fo l  foils  3 0 0 /m i 
in th ic k n e s s )  a n d  by  e p id e r m a l  a n d  d e rm a l  c o m p o n e n t s  o f  sk in  ( ~  200 /ím  in 
th ic k n e s s )  ( f igure  1).

T h e  p o r t io n  o f  th e  c u rv e  c o r r e s p o n d in g  to  h e l iu m  io ns  f ro m  46 to  10 M e V ,  w ith  
l.e .t .  v a lú e s  r a n g in g  f ro m  16 to  5 5 k e V / / ím ,  w as  id en t if ie d  as th e  n o n - B r a g g - p e a k  
p o r t io n  o f  th e  io n iz a t io n  c u rv e .  V a lú e s  f r o m  h a i r  follic les affec ted  by  th e se  ene rg ie s  
w e re  a v e ra g e d  a n d  c o n s id e re d  as ‘n o n - B r a g g - p e a k  fo l l ic les’ ( N B P  follicles) .

O n  th e  o th e r  h a n d ,  h e l i u m  ion s  w i th  e n e rg ie s  lo w er  th a n  10 M e V  c o n s t i t u te  th e  
B ra g g -p e a k  (B P )  p o r t io n  o f  th e  io n iza t io n  c u rv e  ( r e s id u a l  r a n g e  90  f im ) .  Fo l l ic le s  
r e a c h e d  b y  th e s e  p a r t ic le s  a re  affec ted  by  55 to  0 keV/|Um l.e .t .  w i th  a m á x i m u m  valué  
o f  2 1 4 keV //< m  in th e  peak .  A v e ra g e  v a lú e s  f r o m  th e s e  fo llic les  w e re  c o n s id e re d  as 
B ra g g -p e a k  va lú e s  (B P  follic les) ( f igu re  1). V a lú e s  o f  l.e . t .  fo r  th i s  f igu re  w e re  
o b ta in e d  b y  m e a n s  o f  a C om p u t e r  p r o g r a m  u s in g  th e  e q u a t io n  p ro p o s e d  by  B e n to n  
a n d  H e n k e  (1969).

T a i l s  ( a p p r o x im a te ly  4 m m  ac ro s s  in th e  th ic k e s t  p o r t io n )  f ro m  5 -d a y - o ld  W is ta r  
ra ts  w e re  i r r a d ia te d .  T h e  a n im a ls  w e re  p lac e d  in w ax  b o x e s  a n d  im m o b i l i z e d  by 
fix ing th e m  w i th  th in  s t r ip s  o f  a d h e s iv e  ta p e  on  th e  a b d o m in a l  reg ió n .  I’o ss ib le  
m o t io n s  o f  th e  tail d u r i n g  e x p o s u r e  ( th a t  la s ted  o n ly  a few  se c o n d s )  w e re  c h e c k e d  b y  
th e  e tc h e d  M a k ro fo l  foil.  F iv e  a n im a ls  w e re  u se d  fo r  each  e x p e r im e n ta l  c o n d i t io n  
a n d  th e y  w e re  k il led  7 10 d ay s  a f te r  i r r a d ia t io n  b y  neck  d is lo c a t io n .  A lo n g i tu d in a l  
inc is ió n  w as  p e r f o r m e d  o n  th e  tail a lo n g  th e  c au d a l  ve in  a n d  th e  sk in  a n d  th e  
u n d e r l v in g  t i s su e s  w e re  s e p a r a te d  f ro m  th e  c e n tra l  ca r t i lag e  b y  soft t r a c t io n .  T h e  
sk in  w as  in c u b a te d  in 2 n  N a B r  s o lu t io n  fo r  10 m in  a t  37°C  to  d e ta c h  th e  e p id e r m is  
f ro m  th e  d e rm is .  T h e  e p id e r m a l  s a m p le s  w e re  fixed in 3'5 p e r  c e n t  g lu t a r a ld e h y d e  
so lu t io n  in p h o s p h a t e  bu ffe r ,  p os t f ix e d  in 2 p e r  c e n t  o s m iu m  te t ro x id e  so lu t io n ,  
d e h y d r a t e d  in  g r a d e d  c o n c e n t r a t i o n s  o f  a c e to n e  a n d  d r ie d  f r o m  C ( ) 2 by  th e  cr i t ica l  
p o in t  m e t h o d .  E p id e r m a l  s a m p le s  w e re  m o u n t e d  w i th  th e  h a i r  fo llic les  u p w a r d s  a n d  
s h a d o w e d  w i th  a c a r b o n - p l a t i n u m  co a t in g .  T h e y  w e re  p h o to g r a p h e d  in a Jeo l 
s c a n n in g  e le c t ró n  m ic ro sc o p e .

M e a s u r e m e n t s  o f  follicle le n g th  w e re  p e r f o r m e d  u n d e r  th e  l igh t  m ic ro s c o p e  by 
m e a n s  o f  a m i c r o m e te r  eyep iece .  A p p ro x im a te ly  1000 follic les w e re  m e a s u re d  in 
each  tail.  an d  th e  m e a n  v a lu é  for  five a n im a ls  w as c o n s id e re d  fo r  eacli i r r a d ia t io n



Figure 1. Bragg curve for 55 MeV helium ions (l.e.t. vs partióle energy). Positions o fh a i r  
follicle matrices along the alpha partióle curve are shovvn. Arrows indícate the 
boundaries of the different l.e.t. regions. M acrofol +  tissue Makrofol E detector plus 
epidemial and dermal tissues preoeding hair follicle matrices. A B P  follicles: hair 
follicles reaohed by partióles in the non-Bragg-peak región. B ¡} jolluies: hair follicles 
reached by partióles in the Bragg-peak región.

c o n d i t io n  w h e n e v e r  p o ss ib le .  F iv e  h u n d r e d  h a i r  follic les f ro m  th e  tail oi each  an im a l  
w e rc  m e a s u re d  an d  a v e rag e  v a lú e s  w e re  o b ta in e d  for  each  zone .  S ta n d a r d  d e v ia t io n s  
o f  th e  m e a n  va lú e s  o f  len g th  w e re  c a lc u la te d  for  n o n - i r r a d i a t e d  a n d  also for B P- 
i r r a d ia te d  fo llic les  in each  a n im a l ,  a n d  th e s e  w e re  fo u n d  to  be  n eg lig ib le .  I Iow ever ,  
\  B P  follicles a lw ays  sh o w e d  v a lú e s  o f  len g th  th a t  c h a n g e d  n e a r  th e  B ra g g -p e a k  zone ,  
in d i c a t i n g  l.e .t .  s p e c t r u m  v a r ia t io n s  w i th  p e n e t r a t i o n  d e p th .  A  m e a n  o f  th e s e  va lúes  
w as a s s u m e d  to r e p r e s e n t  follic les i r r a d ia te d  in th e  n o n -H ra g g -p e a k  re g ión  o f  
ion iza t ion .

3. R e su lts
T h e  effects p r o d u c e d  b y  h e l iu m  ions as th e y  t rave l t h r o u g h  th e  ra t  tail can  be  

c lea r ly  an a ly s e d  by  e v a lu a t in g  th e  a l t e ra t io n s  p r o d u c e d  in  th e  p o p u la t io n  o f  h a i r  
follic les th a t  g ro w  b e n e a th  th e  e p id e r m is .  In  f igu re  2 a s c h e m a t ie  c ro s s - s e c t io n  o f  a 
ra t  tail i r r a d ia te d  w i th  a h e l iu m  ion b e a m  e n te r in g  a t  th e  v e n tra l  s id e  is sh o w n .  
H e l iu m  io ns  fo l low  a c h a ra c te r i s t i c  H ragg  ty p e  l.e .t .  d i s t r i b u t i o n  a lo n g  th e i r  
p e n e t r a t i o n  p a th  t h r o u g h  th e  t i s su e s  (f igure  1), w h e re b y  th e  tail,  b e h a v in g  as a 
v a r iab le  th ic k n e s s  b e a m  e n e rg y  d e g ra d o r ,  is a ffec ted  at p rec ise  s i tes  b y  th e  e n e rg y  o f  
th e  B ra g g -p e a k  re g ión  o f  io n iza t io n  ( f ro m  55 to  O k e Y / í m ) .  T h e s e  s i tes  are
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Figure 2. Schematic cross-section of a tail. Helium ion beam penetrates through the ventral 
side. T h e  increasing ionization produced as it passes through the tissues determines 
alterations of the structures to a different extent: (A) Sites in which the Bragg-peak 
energy affects hair follicles; (B) región in which hair follicles are affected by the non- 
Bragg-peak energies; (C) zone of non-irradiated hair follicles lying beyond the alpha 
particle range; and (D) región affected by the Bragg-peak energy, alvvavs at the same 
distance from the beam entrance. At the end of the tail no Bragg-peak effeet occurs.

r e p r e s e n te d  as B P  follic les in f igu re  1 a n d  as l ine D  in f igu re  2. Bragg-peak-afiFected 
follic les (B P  fo llic les)  a re  r e p r e s e n te d  as p o in t s  A in f igu re  2. T h o s e  follic les r e a ch ed  
b y  th e  p a r t ic le s  in th e  n o n - B r a g g - p e a k  reg ió n  o f  io n iz a t io n  ( f ro m  46 to  K I M e V  
p a r t ic le s )  a re  r e p r e s e n te d  by  X B P  fo llic les  in f igure  1 a n d  by  l ine B in f igu re  2. T h e y  
a re  a ffec ted  b y  v a r iab le  l.e . t .  r a n g in g  f ro m  16 to  5 5 k e V / / ím .  X o n -a f f e c t e d  follicles 
ly in g  b e y o n d  th e  b e a m  ra n g e  a re  r e p r e s e n te d  by  l ine C  in f igu re  2.

S c a n n in g  e le c t ró n  m ic ro sc o p io  im a g e s  o f  i r r a d ia te d  ra t  ta i ls  o p e n e d  lo n g i tu d in -  
a 11 y a re  s h o w n  in f igu res  3 a n d  4. T h e s e  ta ils  rece iv ed  re sp ec t iv e lv  20 a n d  30 G y  in the  
X B P  reg ió n  o f  io n iz a t io n  a n d  120 a n d  175 G y  in th e  B P  reg ió n .  T h r e e  d is t in c t  a reas  
o f  v a r iab le  d a m a g e  to  h a i r  follic les a re  d i r e c t  e v id e n c e  o f  heavy' p a r t ic le  ac t io n .  
Fo l l ic le s  a re  d a m a g e d  to  a d i f fe re n t  e x te n t  d e p e n d in g  o n  th e  e n e rg y  t r a n s f e r r e d  by  
th e  b e a m  a lo n g  th e  p a r t ic le  t r a je c to rv  (A a n d  B in f igu res  3 a n d  4). M o r p h o lo g ic a l  
c h a n g e s  in th e  fo llic les  a re  vvell d e m o n s t r a t e d  f r o m  5 to  10 davs  a f te r  i r r a d ia t io n  an d  
fo r  a g iv en  d o se  th e y  d e p e n d  o n  th e  p a r t i c u l a r  r eg ió n  o f  th e  B ra g g  c u rv e  w h ic h  affects 
th e m :  X B P  fo llic les  (B) a re  th in  a n d  to r tu o u s ,  a n d  th e  b u lb s  a p p e a r  a t ro p h ic ,  
w h e re a s  B P  follic les (A) a re  a t r o p h ic  a n d  m u c h  s h o r t e r  th a n  e i t h e r  th o s e  d e s c r ib e d  in 
th e  X B P  reg ió n  o r  th e  n o n - i r r a d i a t e d ,  m o r p h o lo g ic a l ly  in ta c t  follicles f ro m  th e  
ce n t r a l  a rea  (C ). T h e  s t rk in g  a l t e ra t io n s  in th e  fo llic les  ex p o se d  to  th e  B ra g g -p e a k  
d e l in e a te  tw o  n a r r o w  fr in g es  a lo n g  th e  tail w h ic h  ru n  p a ra l le l  to  th e  b o r d e r s  o f  th e  cu t
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F ig u re  3. S E M  m ic ro g ra p h  show ing  dam ag e  inflicted to h a ir  follicles of the  ra t  tail w h e n  it 

b ehaves  as a va r iab le  th ickness  energy  d e g ra d o r  o f  the  beam . T h e  tail was long itud ina l ly  
o p e n ed  a long  th e  ven tra l  side (opposi te  to th e  b eam  e n tran ce  side) a n d  the  skin was 
ü a t t e n e d  to show  in one  p lañe  the  w hole  p o p u la t io n  o f  ha ir  follicles. T h r e e  zones are 
o b se rv ed  after  20 G y  in the  N B P  reg ión  and  120 G y  in th e  B P  región: (A) A n a r ro w  b a n d  
consis t ing  of m ark e d ly  affected follicles reached  by  th e  B ragg-peak  (A in figure 2); (B) 
area  ha lf  d iv ided  w h ic h  con ta ins  th in n e r  and  a l te red  follicles i r rad ia ted  w ith  h e l iu m  ions 
ou ts ide  the  B ragg-peak  area  (B in f igure 2); and (C) centra l  p o r t ion  covered  w ith  n o rm al ,  
non-affec ted  follicles lying b e y o n d  the  b eam  range  (C in figure 2). x 15.

F ig u re  4. H ig h e r  m agnif ica tion  o f  an ep id e rm a l  sam ple  rece iv ing 30 G y  in the  N B P  región 
and  175 G y  in the  B ragg-peak  región. N o te  at the  cen tre  the  deep ly  a l te red  follicles 
i r rad ia ted  with the B ragg-peak  (A) Hanked by th in n e r  follicles affected by the  o th e r  
región (B), and the  non-a ffec ted  n o rm al  follicles (C). x 4 5 .



ed g es  o f  t h e  tail a n d  w h ic h  c o n v e rg e  at a p o in t  n e a r  th e  e n d  o f  th e  tail. H eyo nd  th is  
p o in t  all th e  fo llic les  a re  i r r a d ia te d  b y  p a r t ió le s  in th e  N B P  reg ió n  ( f igu re  5).

A p lo t  o f  follicle d a m a g e  vs d o se  at 7 d ay s  a f te r  i r r a d ia t io n  is shovvn in  f igu re  6. 
T h e  len g th  o f  th e  fo llic les  w as  m e a s u r e d  in th e  N B P  a n d  in th e  B P  a reas  a n d  also in 
th e  n o n - i r r a d i a t e d  reg ió n  o f  th e  s a m p le  fo r  e ach  c o n d i t io n .  T h e  ra t io  b e tw e e n  
i r r a d ia te d  a n d  n o n - i r r a d i a t e d  fo llic le  le n g th  w as  th u s  o b ta in e d .  T h e  le n g th  o f  
i r r a d ia te d  h a i r  fo llic les  g iv en  as a p e rc e n ta g e  o f  th e  c o r r e s p o n d in g  c o n t ro l  va lú es  was 
u sed  as a q u a n t i t a t iv e  e x p re s s io n  o f  follic le  d a m a g e ,  a n d  th e  r e s u l t s  a re  shovvn in 
f igu re  6. T h e  c u rv e s  o b ta in e d  sh o w  an  in c rea sed  e f fec t iv eness  in p r o d u c i n g  h a ir  
lo llic le  d a m a g e  fo r  th e  B P  c o m p a r e d  to  th e  N B P  p a r t ic le s ,  p a r t i c u l a r ly  in th e  5 to

Figure 5. Schematic represen ta ron  of the SK.\I observations corresponding to the areas 
covered with follicles of different length produced by helium ion irradiation. (A) Bragg- 
peak irradiated area; (B) non-Bragg-peak irradiated area; (C) non-affected area.

DOSE (Gy)
Figure 6. bollicie damage as a function of dose. Circles: valúes from follicles afiected by the 

NBP región of the ionization curve, Triangles: valúes from follicles affected by the BP 
región of the ionization curve.



40 Ciy d o s e - ra n g e .  W h c n  d o ses  h ig h e r  th a n  40  G y  w ere  d e l iv e re d ,  follicle le n g th  no  
lo n g e r  va r ie d  a n d  th e  follic les a p p e a re d  as m i n u te  a t r o p h ic  r e m n a n t s  i r re sp e c t iv e  o f  
th e  io n iz a t io n  reg ión .

4. D isc u ss io n
T h e  ra t  tail w i th  its co n ica l  s h a p e  is an  a p p r o p r i a t e  m o d e l  to  s tu d y  in  v ir o  th e  

effects o f  th e  e n e rg y  d e g ra d a t io n  o f  p a r t ió le  h e a m s .  W e  h a v e  se lec ted  th e  effects o f  
h e l iu m  io ns  on  th e  h a i r  fo llic les  as a su i ta b le  w ay  to  ana ly se  in th e  s a m e  s a m p le  
b io log ica l  re s p o n se s  w i th  d e p th  o f  p e n e t r a t i o n  o f  th e se  p a r t ic le s .

H a i r  follic les u n d e r w e n t  s ign if ican t  c h a n g e s  in le n g th  a n d  in su r fa ce  a r c h i t e c tu re  
a f te r  i r r a d ia t io n  (K le in  S z a n to  a n d  de  R ey  1978). T h e s e  c h a n g e s  are  a c o n s e q u e n c e  o f  
h is to p a th o lo g ic a l  a l t e ra t io n s  fo l lo w in g  i r r a d ia t io n ,  a n d  a re  e x p o n e n t i a l ly  d o se -  
d e p e n d e n t  d u r i n g  th e  an ag en  p h a s e  ot th e  h a i r  cycle  ot th e  ra t  coat ,  i.e. t r o m  h ir th  
un ti l  th e  1 7 til day  a f te r  b ir t l i  (<.!<.• Key el til. 1980). At la te r  t im es  the  re su l ts  are 
m a r k e d lv  in f lu enced  l>v th e  follicle size va r ia b i l i ty  o h s e rv e d  at th e  e n d  ot th e  an agen  
p h a s e  o f  th e  cycle.

T h e  m o d e l  sys tern  u sed  in tliis w o rk  a llow s th e  c o m p a r is o n  ot b io log ical  
re s p o n se s  a f te r  h eav y  p a r t ic le  i r r a d ia t io n  u s in g  th e  sa m e  s a m p le  ( th e  tail o f  each  rat) ,  
to  e v a lú a te  ra d ia t io n  effects in th e  B P  a n d  in  th e  X B P  a reas  o f  io n iza t io n .  Fo ll ic le  
g r o w th  w as  tak en  as a r e p r e s e n ta t iv e  e n d  p o in t  w h e re  th e  r e s p o n se  vvas shovvn to  vary  
w i th  th e  dose  a n d  w ith  th e  io n iza t io n  reg ió n  o f  th e  B ra g g  c u rv e .  G r o w t h  d e lay  w as 
in c rea sed  in th e  BP a rea  a f te r  d oses  r a n g in g  f ro m  5 to  40  ( j y .  In th e  X B P  a rea  a 
m a r k e d  follicle  a l te ra t io n  w as also o b s e r \  ed b u t  to  a lesse r  d eg ree .  T l i i s  d if le ren t ia l  
e llect m av  be  a t t r i b u t e d  to the  h ig h e r  l.e .t . rad ia t io n  m the  BP reg ió n  ot io n iza t io n .  
A f te r  d oses  e x c e e d in g  40 ( j y ,  h a i r  lo llic le  d a m a g e  w as no lo n g e r  d o s e - d e p e n d e n t  
p r o b a b ly  d u e  to  io n iz a t io n  s a tu r a t io n  p ro cesses .

T h u s ,  d o se  re s p o n s e  c u rv e s  d is p la y e d  tw o  p o r t io n s .  In  th e  lo w -d o s e  p o r t io n  a 
d o s e - d e p e n d e n t  effect w as  o b se rv e d .  T h i s  r e s p o n s e  is in a g r e e m e n t  w ith  p r e v io u s  
re s u l ts  o b ta in e d  in the  sa m e  b io log ica l  sy s te m  a f te r  i r r a d ia t io n  w ith X - ra y s  (de  Rey 
el al. 1986), a n d  also w ith  tl iose  r e p o r te d  by L e i th  el til. (1983) a l t e r  sk in  i r r a d ia t io n  
w i th  h e l iu m  ions . A f te r  h ig h e r  d o se s  th e  effects w e re  n o t  d o se  d e p e n d e n t  an d  
c o m p le te  follicle a t r o p h y  w as  o b s e r v e d .  I lo w e v e r ,  s a tu r a t io n  at 100 p e r  c e n t  d a m a g e  
(i.e. size t e n d in g  to ze ro)  was n e v e r  r e ach ed  b e e a u se  n o n -v ia b le  r e m n a n t s  of 
fo l l icu la r  s t r u e tu r e s  a lw ays  r e m a in e d  vis ible .  C o m p a r a b l e  re s u l ts  w ere  o b ta in e d  
a f te r  X - i r r a d ia t io n s  w ith  d o ses  e x c e e d m g  30 G y  (de Rey  el til. 198(>).

T h e  d o s im e t ry  in th is  ty p e  o f  s tu d y  has  c e r ta in  d if f icu l t ies  b e e a u se  th e  d o se  for  
each  p o in t  in th e  s a m p le  is r e q u i r e d ,  a n d  th e r e  a re  i n h e r e n t  in h o m o g e n e i t i e s  in th e  
b e a m .  T h e  use  o f  S S X T I )  a llow s th e  c o m p le te  an a ly s is  o f  th e  a lp h a  b e a m  in a p la ñ e  
p e r p e n d i c u l a r  to  th e  b e a m  in c id e n c e  axis. T h e  d o se  fo r  each  p o in t  in  th e  s a m p le  w as 
c a lc u la te d  b a sed  on: b e a m  flux d is t r i b u t i o n ,  e n e rg y  loss as a fu n c t io n  o f  ion 
p e n e t r a t i o n  d e p th  in t i s su e  an d  th e  e n e rg y  d e g ra d a t io n  o f  th e  b e a m  d u e  to  th e  conica l  
c o n f ig u ra t io n  o f  th e  tail.  I l o w e v e r ,  th e  e v a lu a t io n  o f  fo llic les  in ju ry  as a fu n c t io n  o f  
th e  d o se  a n d  l.e .t .  fo r  each  p o in t  o f  th e  b e a m  tr a je c to ry  in t i s su e  n e e d s  p a r t i c u l a r  
a t t e n t io n  a n d  m e t h o d s  a re  b e in g  d e v e lo p e d  th a t  will  p e r m i t  th e  p o in t  to  p o in t  
ana lys is  of th e  r e s p o n s e  a lo n g  th e  b e a m  t ra je c to ry .

A c k n o w le d g m e n ts
T h i s  w o rk  w as  pa r t ia l ly  s u p p o r t e d  b y  R esea rch  C o n t r a c t  2822 R 1 R 2  R b  f ro m  

th e  I n t e rn a t io n a l  A to m ic  K n ergy  A g en cy ,  Y ien n a ,  A u s tr ia .



\Ve w ish  to  th a n k  D ia n a  P ra h ic  a n d  th e  te c h n ic a l  s t a f f o f  th e  S y n c h r o c v c lo t r o n  o f
B u en o s  A ire s  fo r  a s s is tan ce  w ith  th e se  s tu d ie s .

R e fe re n c e s
Be n t o n , K. V. ,  a n d  H e n k e , R.  P. ,  1969,  H e a v y  p a r t i c l e  r a n g e - e n e r g y  r e l a t i on s  fo r  d ie l ec t r i c  

n u c l e a r  t r a c k  d e t e c t o r s .  Nuclear Instruments and M ethods, 67, 87-  92.
B e r n a o l a , O .  A. ,  M a z z e i , R . ,  M a s s e r a , G . ,  de  R e y , B.  M . ,  a n d  G u e r i n , D . ,  1983,  A l p h a  a n d  

d e u t e r o n  d o s i m e t r y  u s i n g  M a k r o f o l  E  d e t e c t o r s .  Nuclear Track, 7,  1 7 9 -1 8 3 .
C ' h a p m a n ,  J.  D . ,  Bi . ake i . e y ,  K. A. ,  S m i t h ,  K .  C . ,  a n d  U r t a s u n ,  R.  C . ,  1977,  Ra d i ob i o l o g i c a l  

c h a r a c t e r i z a t i o n  o f  t h e  i n a c t i v a t i n g  e v e n t s  p r o d u c e d  in m a m m a l i a n  cel l s  b y  h e l i u m  a n d  
h e a v y  ions .  I n te r n a t io n a l  J n u r m d  o f  R a d ia t io n ,  O n c o lo g y , I h o lo g y ,  Physics ,  3,  97 102.

Ki.i-.in S x a n t o ,  A.  J.  P. ,  a n d  ni: Ri-:v, B. M . ,  1978,  S u r f a e e  a r c h i t e c t u r e  o f  X - i r r a d i a t e d  ha i r  
fol l icles .  J o u r n a l  oj ( 'i i laneous 1‘a lho /ogy ,  5,  184 192.

I . i t t i i ,  | , 'I ., A i n s w o r t u ,  ]-.. J . ,  a n d  Al l'l N, 1-.. I. . .  1983,  ] I ea v y - io n  r a d i ob i o l og y :  n o r m a l  
t i ssue  s t u d i e s .  . Id i  tint es in R a d ia t io n  Hiology,  e d i l e d  h y  J . T .  I ,ct t  ( N e w  Yor k:  A c a d e m i c  
P r e s s ) ,  p.  192.

L e i t h , J .  ' I ' . ,  S c h i i .i .i n g , W .  A . ,  L y m a n , J .  T . ,  H o w a r d , J . ,  VVe i .c h , ( i .  P . ,  S c h i m m e r i . inc ;, 
\V. ,  a n d  B a k e r , I ) .  G . ,  1973,  C o m p a r a t i v e  e f fee t s  o f  i r r a d i a t i o n  o f  t h e  sk i n  o f  m o u s e  leg 
w i t h  X - r a v s ,  h e l i u m  io ns  o r  o x v g e n  ions .  Radiobiological Experiments Using Accelerated  
Ileavx  Ions a! the Bevatron , L a w r e n c e  B e rk e l e v  L a b o r a t o r v  r e p o r t  L B L - 2 0 1 6 ,  p p .  153-  
171.  ’

L e i i h , J .  T . ,  W o o d r i  f e , K .  H . ,  L e w i n s k y , B.  S. ,  S c h i l l i n c , \V.  A. ,  L y m a n , J.  T . ,  a n d  
'1' o h i a s , C .  A. ,  1975,  T o l e r a n c e  o f  s p i na l  c o r d  o f  r a t s  to  i r r a d i a t i o n  w i t h  n e ó n  ions .  
International Journal of Uadiation liiology, 28, 393 398.

MA/.zi.i, R . , Bi rn a i i i . \, O. A ., and ni: Rey, B. AI., 1 984, C'ompound nucleus cross section in 
Makrofol lí irradiated w i th 55 M e \ ’ alpha particles. S u e l e a r  T r a c k s , 9, 189 197.

P o w e r - R isu  s , I \ ,  A limón, I-'.. I , . ,  C'o n n e i .i ., ( i .  M „  a n d  M c D o n a l d , M . ,  1978,  T h e  re l a t ive  
b i o l og i ca l  e f fe c t iv e ne s s  o f  h e l i u m ,  n e ó n  a n d  c a r b ó n  o n  m o u s e  t es te s .  Radiation 
Research, 74, 588 ( ab s t r a c t ) .

R a j ú ,  M .  R. ,  Bi . eke i . y ,  K.,  H o w a r d ,  J . ,  H y m a n ,  J .  '1'., K a l o f o n o s ,  D .  P. ,  M a r t i n s ,  B. ,  a n d  
Y a n c ,  C.  I I . ,  1976,  I l u m a n  cell  s u r v i va l  as  a f u n c t i o n  o f  d e p t h  fo r  a h i g h - e n e r g y  n e ó n  
ion b e a m .  R a d ia t io n  Research ,  65 ,  191 194.

di. Ri->, li, Al. ,  Bi - knao i . a ,  O.  A. ,  G a i m a u i m ,  I ) . ,  a n d  At  i o k i n o ,  I’., 1986,  Ivffects o f  X-  
i r r a d i a t i o n  on  rat  h a i r  fol l icles .  In te r  na l  loiial  J o u r n a l  o¡ R a d ia t io n  l i io logv ,  49, 58 I 588.

R o d r k u  e z , A. ,  a n d  A l e e n , K. L. ,  1981,  N o r m a l  t i s s ue  a n d  m u l t i c e l l u l a r  t u m o r  s p h e r o i d s  
i r r a d i a t e d  w i t h  B r a g g - p e a k .  Radiation Research, 85 ,  24  37.

S o m o g y i , G . ,  1977,  P r o c e s s i n g  o f  p l ás t i c  t r a c k  d e t e c t o r s .  Nuclear Track Detection, 1, 3—18.
\ Y o o i )ri.tf f , K .  H . ,  L e i t h , J.  T . ,  L y m a n , J .  T . ,  a n d  T o h i a s , C.  A. ,  1976,  M o r p h o l o g i c  a n d  

m o r p h o m e t r i c  a n a l vs i s  o f  t h e  e a r ly  ef fee t s  o f  X - r a v s  a n d  h e a v y  i on  i r r a d i a t i o n  o f  
h á m s t e r  l un g s .  American Journal o f Pathology, 82, 287  298.


