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PROTON-INDUCED AND X-RAY INDUCED E'LUORES CENCE 
ANALYSIS OF SCOLIOTIC TISSUE* 

Adolescent i d i o p a t h i c  s c o l i o s i s  i s  cha rac t e r i zed  by a  curva ture  

o r  assymetry of  the  sp ine  which may become progress ive ly  more severe ,  

wi th  c l i n i c a l  symptoms appearing j u s t  p r i o r  t o ,  o r  during,  puberty.  

The incidence f o r  s c o l i o s i s  i n  t he  age group from 12 t o  14 years  of age 

has been r epo r t ed  as high a s  8-1077, wi th  more than 8077, of t h e  cases  

1 
occurr ing i n  females. Although pa thologic  changes e x i s t  i n  muscles from 

both s i d e s  of t h e  s p i n a l  cu rva tu re ,  and "no s t a t i s t i c a l l y  s i g n i f i c a n t  

s i d e  d i f f e r ences  have been reported",  morphologic changes sugges t  t h a t  

2  
t he  concave s i d e  is the  most a f f ec t ed .  This paper r epo r t s  our pre l iminary  

da t a  on the  elemental  composition of  i nd iv idua l  muscle f i b e r s  der ived  from 

canvex, concave and g l u t e a l  s c o l i o t i c  muscle, and e ry throcytes  from 

s c o l i o t i c  and normal p a t i e n t s ,  analyzed by proton induced x-ray emission 

(PIXE) and x-ray f luorescence spectroscopy (XRF). A new type of specimen 

holder  was designed f o r  t h i s  s tudy  which o f f e r s  low x-ray background, 

minimal absorp t ion  and maintenance of a  -moist environment around t h e  

specimen. 

1 Methods 

The muscle f i b e r s  used i n  t h i s  s tudy  were obtained from r e s i d u a l  

muscle t i s s u e  removed during surgery  t o  c o r r e c t  cu rva tu re  of t he  spine.  

Small samples (8  mm x 4 mu) of pa ra sp ina l  muscle t i s s u e  (from an  18 year  

. o ld  female wi th  i d i o p a t h i c  s c o l i o s i s ) ,  was removed on the  convex and 
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concave s i d e s  of t h e  s p i n e  a t  t h e  apex of t h e  curva ture  dur ing  c o r r e c t i v e  

surgery.  A specimen from t h e  g lu t eus  maximus was a l s o  removed f o r  

a n a l y s i s .  A f t e r  exc i s ion ,  t h e  t i s s u e  was immediately f i xed  i n  3% 

glu ta ra ldehyde  i n  0.1 M cacodyl ic  b u f f e r  (7.4 pH) a t  room temperature 

f o r  3  hours.  The f i x a t i v e  was then removed and rep laced  with f r e s h  

f i x a t i v e  and t h e  specimens were s t o r e d  i n  f r e s h  f i x a t i v e  f o r  3  days 

a t  4 ' ~ .  

I nd iv idua l  muscle f i b e r s  were sepa ra t ed  by d i s s e c t i n g  away t h e  ou t e r  

l a y e r s  of muscle t i s s u e  which had come i n  con tac t  wi th  t he  s c a l p e l  during 

surgery .  Wooden and g l a s s  d i s s e c t i o n  instruments  were used t o  prevent  

m e t a l  contamination of t h e  muscle f i b e r s .  The i s o l a t e d  muscle f i b e r s  

were washed i n  b u f f e r  and p laced  on a  formvar f i l m  s t r e t c h e d  ac ros s  

a  25 nun diameter ho l e  of a  l u c i t e  frame (Fig.  1). 

L u c i t e  frames measuring 30 x  30 x  1 mm were washed s e v e r a l  times 

i n  g l a s s  d i s t i l l e d ,  deionized water.  A formvar f i l m  (40-70 nm. th ick)  

was placed ac ros s  t h e  l u c i t e  frame, and s t r e t c h e d  ac ros s  t h e  c e n t r a l  

c i r c u l a r  opening i n  a  uniform shee t .  The muscle f i b e r s ,  which had been 

placed i n  t he  c e n t e r  of t h i s  formvar diaphragm wi th  some f r e s h  b u f f e r ,  

were covered wi th  a n  equa l ly  t h i n  s h e e t  of formvar, forming a  formvar 

sandwich which sea l ed  t h e  f i b e r s  w i th in  a  marginal bubble of b u f f e r  

(Figs . '  1B and 1C). Two muscle f i b e r s  from the  g lu t eus  maxims and two 

sets of  muscle f i b e r s  from convex and concave pa ra sp ina l  muscles were 

analyzed i n  t h i s  way. 

The muscle f i b e r s  were scanned wi th  a  proton m i ~ r o ~ r o b e ~ ' ~  i n  

a i r  us ing  2.5 MeV protons t o  s t i m u l a t e  c h a r a c t e r i s t i c  x-rays from 



elements w i th in  t h e  sample. The x-rays were de t ec t ed  wi th  a h igh  

r e s o l u t i o n  S i ( L i )  energy d i s p e r s i v e  spectrometer  placed - 1 cm 

from the  sample which was i t s e l f  placed I 2 mm from the  emergent p o r t  

of t he  Van de Graaff a c c e l e r a t o r  (Fig.  1C). The beam s p o t  a v a i l a b l e  

i n  t h i s  mode is  -- 25 w and scans of t h e  f i b e r s  were made a t  - 0.1 mm 

i n t e r v a l s  along the  f i b e r s .  Energy and concent ra t ion  c a l i b r a t i o n s '  were 

c a r r i e d  out using commercially a v a i l a b l e  t r a c e  element s tandards  i n  a 

r e p r e s e n t a t i v e  matr ix .  Data a n a l y s i s  was c a r r i e d  ou t  by s tandard  computer 

i n t e g r a t i o n  of s p e c t r a l  a r ea s .  Unfortunately an  anomalously high x-ray 

background was p re sen t  i n  a d d i t i o n  t o  copious a r s e n i c  c h a r a c t e r i s t i c  

x-rays from the  b u f f e r ,  and l i t t l e  information above 8 keV (Z > 29) 

could be obtained by t h e  scans.  However, t he  samples remained i n t a c t  

and v i a b l e ,  a l b e i t  somewhat dehydrated, a problem which w i l l  be discussed.  

The samples were then i r r a d i a t e d  by a broad, uniform beam of protons 

i n  vacuum i n  a s tandard  PIXE system having somewhat g r e a t e r  e lemental  

s e n s i t i v i t y  (down t o  ppm f o r  many elements) ,  p a r t i c u l a r l y  f o r  l i g h t e r  

elements,  Z < 26. The samples were a l s o  s tud i ed  by XRF us ing  a hardened, 

f i l t e r e d  x-ray beam from an  x- ray  tube-Si(Li)  d e t e c t o r  system. This 

XRF system is complementary t o  t he  PIXE system i n  t h a t  i t s  s e n s i t i v i t y  

emphasizes elements with Z > 26. 

S ince  adolescent  i d i o p a t h i c .  s c o l i o s i s  is  be l ieved  t o  have a g e n e t i c  

1 
a s  w e l l  a s  environmental i t i o l o g y ,  i t  appears  f e a s i b l e  t o  assume t h a t  

the  gene t i c  d e f e c t  may express  i t s e l f  i n  t i s s u e s  of t he  body o t h e r  than 

the  musculoskeletal  system. To see i f  any unusual e l e c t r o l y t e s  could 



be  found i n  t h e  blood of s c o l i o t i c  p a t i e n t s ,  c l o t t e d ,  hepar in ized  

and g lu ta ra ldehyde  f i xed  (1.5% i n  0.1 M cacodyl ic  b u f f e r )  p repara t ions  

of whole blood were p laced  on formvar- luc i te  frames and analyzed by 

PIXE and XRF. I n i t i a l  t r i a l s  demonstrated t h a t  f i x a t i o n  increased  

t h e  e lementa l  background and d i d  n o t  p r e se rve  s u f f i c i e n t  sample i n t e g r i t y  

t o  warrant  i t s  use.  Subsequent blood samples were c o l l e c t e d  wi th  and 

without  hepar in  and cen t r i fuged  i n  hematocr i t  c a p i l l a r y  tubes t o  s e p a r a t e  

t h e  e ry th rocy te s  from leukocytes and serum. A 2-5 pg a l i q u o t  of blood 

was smeared onto  t he  formvar (90 mn th ick)  window, and a l l  samples 

were analyzed f o r  -- 20 minutes by PIXE and -- 60 minutes by XRF. A 

t o t a l  of 21 blood samples were surveyed wi th  donors ranging from 12-34 

years  of age. 

Resul t s  and Discussion 

By XRF a n a l y s i s ,  Yarom e t  a1.' r epo r t ed  somewhat high copper and 

z i n c  concent ra t ions  i n  f reeze-dr ied  t h i c k  s e c t i o n s  of s c o l i o t i c  muscle 

when compared t o  normal specimens. He notes  t h a t  convex muscle r evea l s  

somewhat h igher  calcium l e v e l s  than the  concave pa ra sp ina l  t i s s u e ,  and 

s i g n i f i c a n t l y  less calcium than observed i n  g l u t e i .  . 

The s p e c t r a  w e  observed from hydrated muscle f i b e r s  analyzed by 

PIXE and XRF show no s i g n i f i c a n t  v a r i a t i o n s  i n  calcium, phosphorus, z inc  

o r  copper x-ray events  emi t ted  from convex, concave o r  g l u t e i  muscle 

f i b e r s .  However, t h e  muscle f i b e r s  from t h e  concave sample r evea l  s p e c t r a  

with small selenium (Se) K (11.21 keV) and K (12.49 keV) x-ray events .  a B 
I n i t i a l l y  i t  was no t  p o s s i b l e  t o  d i s t i n g u i s h  t h e  Se  s i g n a l s  from t h e  

a r s e n i c  (As) K (10.54 keV) and K (11.72 keV) x- ray  events  produced a B 



by t h e  cacodyla te  buf fe r .  By r e s e t t i n g  t he  ga in  t o  maximize Se s i g n a l  

above background us ing  P I E ,  t h e  Se was observed. XRF spectroscopy 

supported t h e  PIX. d a t a  and r evea l s  no Se s i g n a l  from g l u t e a l  muscle 

f i b e r s  and s i g n i f i c a n t  Se  s i g n a l  from concave, and t o  a lesser e x t e n t  

convex muscle f i b e r s  ( ~ i ~ s .  2 and 3 ) .  A f t e r  2 days of observa t ion ,  

t h e  muscle f i b e r s  became des icca ted  due t o  t he  presence of minute 

pores i n  t h e  formvar. W e  l a t e r  l ea rned  t h a t  t h i s  can be prevented by 

us ing  only anhydrous e thy lene  d i c h l o r i d e  t o  d i s s o l v e  t h e  formvar; 

thereby e l imina t ing  water vapor contamination. Subsequent experiments 

us ing  r a b b i t  muscle f i b e r s  demonstrated t h a t  the  wet chambers can be % 

maintained f o r  3 t o  5 days. We were a l s o  a b l e  t o  in t roduce  polyethylene + 

c a t h e t e r  tubing (1.5 mm bore)  i n t o  t he  chambers t o  provide a cons t an t  

flow of  oxygenated r i nge r s  t o  t h e  t i s s u e .  

X-ray s p e c t r a  from most of t he  s c o l i o t i c  e ry th rocy te  samples show 

s i g n i f i c a n t  S e  s i g n a l ;  whereas the s p e c t r a  from normal samples show 

none. Non-heparinized samples show s i g n i f i c a n t l y  g r e a t e r  Se conten t  

than hepar in ized  i d e n t i c a l  specimens. It is  unfor tuna te  t h a t  some of 

the  pa tho log ica l  blood samples could not be  included i n  t he  t abu la t ed  

r e s u l t s  due t o  t he  p o s s i b i l i t y  of undiagnosed blood dyscras ias  and 

p o s s i b l e  endocrinopathies .  Fu r the r  s t u d i e s  w i l l  have t o  be done . . with 

a known sample popula t ion  t o  e l imina t e  t he se  va r i ab l e s .  

Conclusions 

Addi t iona l  work must be done t o  conc lus ive ly  determine i f  t h e  

presence of S e  i n  concave muscle (and t o  some e x t e n t  convex) from 



p a t i e n t s  with i d i o p a t h i c  s c o l i o s i s  is u n i v e r s a l l y  observed. The f a c t  

t h a t  no Se i s  found i n  g l u t e a l  muscle f i b e r s ,  and is found i n  no t  

on ly  t h e  pa ra sp ina l  muscle f i b e r s  ad j acen t  t o  t h e  cu rva tu re  i n  t he  

s p i n e  bu t  a l s o  a s s o c i a t e d  wi th  t h e  r ed  blood c e l l s  of a f f e c t e d  

p a t i e n t s ,  s t r o n g l y  sugges ts  t h a t  Se may be a marker element f o r  i d i o p a t h i c  

s c o l i o s i s .  It is too  soon t o  s p e c u l a t e  whether Se i s  a by-product of 

abnormal neuromuscular func t ion  o r  i f  i t s  presence may be the  g e n e t i c  

exp re s s ion  of a l t e r e d  enzyme o r  t r a n s p o r t  systems. 

I n  conclusion,  it: appcaro t h a t  PLXE and SRF analysis offer a very 

d i r e c t  and s e n s i t i v e  means of d e t e c t i n g  t r a c e  elements i n  i n t a c t  muscle 

f i b e r s .  Furthermore, experience wi th  t he se  techniques i n d i c a t e s  pos s ib l e  

accu rac i e s  of 10-2077 a t  -- 10 ppm t r a c e  l eve l s .  I d e a l l y  t h e  t i s s u e  should 

n o t  be  f i xed ,  bu t  quench f rozen  i n  l i q u i d  n i t rogen  and examined f rozen  

by PIXE o r  f r e e z e  d r i e d  by XRF, t o  avoid exogenous elemental  contamination 

and reduce t he  background. The pro ton  p-beam has t he  e f f i c i e n c y  and 

s e n s i t i v i t y  t o  d e t e c t  smal l  amounts of endogenous elements i n  b i o l o g i c a l  

samples with comparable accuracy t o  XRF. Because samples can be e lementa l ly  

analyzed a s  i n t a c t  s t r u c t u r e s  a t  atmospheric p re s su re  and i n  a w e t  c e l l ,  

t h e  pro ton  microprobe has a marked advantage a s  a b i o l o g i c a l  research  

t o o l .  
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Figure  Captions 

Figures  LA, lB, 1 C  A l u c i t e  frame wi th  a c i r c u l a r  opening (35 nun d i a .  ) 

was covered wi th  a t h i n  formvar f i lm.  The muscle 

f i b e r s  were placed i n  t h e  c e n t e r  of t h e  formvar 

window (B)  and coated wi th  another  l a y e r  of formvar. 

Trapped b u f f e r  accumulates around t h e  muscle f i b e r s  

and keeps i t  moist  throughout proton beam e x c i t a t i o n  

Figures 2A, 2B 

Figure  3 

Proton induced x-ray emission (PIXE) s p e c t r a  of 

i s o l a t e d  muscle f i b e r s  r o u t i n e l y  showed the  presence 

of Se  i n  t he  f i b e r s  taken from t h e  concave pa ra sp ina l  

musculature ( A ) ,  and a t o t a l  l a ck  of Se  i n  f i b e r s  

from t h e  g l u t e i  (B) .  

X-ray induced f luorescence  s p e c t r a  (XRF) a l s o  showed 

t h e  presence of Se i n  concave pa ra sp ina l  muscle 

f i b e r s  and a l ack  of  Se i n  g l u t e a l  f i b e r s .  
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Figure 2A. 

CHANNELS ( ENERGY - keV 1 



CHANNELS ' ( ENERGY - keV) 






