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P u r p o s e  
T h e  p u r p o s e  o f th is  stu d y  was  to  d e te r m i n e  if N M R  

m e a s u r e m e n ts o f th e  tim e - d e p e n d e n t d i f fus ion o f n o b l e  g a s  
imb i b e d  i n  p o r o u s  m e d ia  c a n  b e  u s e d  to  p red ic t  th e  su r face  
a r e a - v o l ume  r a tio  ( S /V ,) a n d  tomos i ty o f th e  m e d i um . 
(Tor tuos i ty  is a  m e a s u r e  o f l ong -sca l e  p o r e  c o n nec tivity.) 
Im p l icat ions fo r  th e  u s e  o f th is  te c h n i q u e  to  y ie ld  fiu lc t iona l  
S /V P  a n d  to r tuos i ty images  i n  l u ngs  a r e  c ons i d e r e d  i n  l ight  
o f th e  resu l ts o b ta i n e d . 

In t roduc t i on  
W ith  th e  a d v e n t o f l ase r -po la r i za t i on  [I], th e  n o b l e  g ases  

3 H e  a n d  ? K e  h a v e  p r o v e n  va l u ab l e  fo r  M R I o f a n ima l  a n d  
h u m a n  l u ngs  [2 ,3 ]. L ase r - po l a r i z ed  ‘H e  h a s  y i e l ded  h i g h -  
qua l i ty  images  dep ic t i ng  g ross  var ia t ions i n  g a s  p e n e t rat ion 
i n  d i s eased  l u ngs  [4 ]. Howeve r , q u a n tita tive  i n fo rmat i on  
a b o u t l u n g  phys i o l ogy  h a s  b e e n  less fo r th c o m i n g . N o b l e  
g a s  N M R  te chn i q u es  to  m e a s u r e  r e g i o na l  va r ia t ions i n  
a l veo l a r  S /V , a n d  to r tuos i ty m a y  b e  impo r ta n t fo r  
d i a g n os i n g  l u n g  d i s ease  [SJ . Exp ress i ons  l i nk ing  th e  tim e -  
d e p e n d e n c e  o f th e  d i f fus ion c o e fficie n t o f imb i b e d  flu i ds  to  
th e  S /r, a n d  to r tuos i ty o f a  p o r o u s  m e d i um  h a v e  b e e n  
th e o r e tlea l l y  d e r i v ed  [6 ,7 ], a l t h o ugh  n o t fu l ly ver i f ied  wi th 
N M R  m e a s u r e m e n ts o f w a te r  d i es i on  [II]. T h e  u s e  o f 
n o b l e  g a s  N M R  a l l ows th e  ver i f icat ion o f such  exp ress ions ,  
as  w e 1 1  as  cons i de ra t i on  o f th e  ex tens i on  o f th e s e  m e th o d s  
to  in -v iva l u n g  fu n c tio n a l  stud ies .  

M e th o d s  
N M R  spect roscop ic  m e a s u r e m e n ts o f th e  d i f fus ion 

c o e fficie n t o f l z 9Xe  g a s  i n  r a n d o m  packs  o f sphe r i ca l  g lass  
b e a d s  w e r e  m a d e  as  a  f& & i o n  o f th e  d i f fus ion tim e  i n  th e  
S te j ska l -Tanne r  P G S E  s e q u e n c e . A  h i gh l y  m o d ifie d  pu l s ed -  
g r a d i e n t stim u la ted  e c h o  te c h n i q u e  i nco rpo ra t i ng  
a l t e rna t i ng  b & p o l a r  g r a d i e n t pu l ses  [9 ] was  u s e d  to  a l lev ia te  
th e  e ffects o f ve ry  shor t  TZ  a n d  th e  p r e s e nce  o f l a r g e  
b a c k g r o u n d  g r a d i e n ts d u e  to  m a g n e tic suscept ib i l i ty 
d i f fe rences b e tween  th e  g lass  b e a d s  a n d  th e  g a s . T h e  
e x p e r i m e n ts w e r e  ca r r i ed  o u t o n  a  G E  O m e g a /CSI N M R  
system a t 4 .7  T, o p e r a tin g  a t a  f r equency  o f 5 5 .3  MHz  fo r  
’ ‘X e . 3  a tm  p r essu r e  o f x e n o n  g a s  a n d  2  a tm  o f 0 , w e r e  
f r ozen  in to  a  g lass  cel l  c o n ta i n i n g  th e  p a c ked  b e a d s , wh i ch  
was  th e n  s ea l e d  a n d  w a r m e d  to  r o o m  te m p e r a tu r e . 

Resu l ts  
Fig.  1  shows  th e  m e a s u r e d  tim e - d e p e n d e n t d i f fus ion o f 

the rma l l y - po l a r i z ed  x e n o n  g a s  i n  packs  o f g lass  b e a d s . 
Ind i ca t ed  o n  th e  fig u r e  a r e  th e  th e o r e tica l  r e l a t i onsh ips  fo r  
th e  m e d i um’s S /V , {va l i d  a t shor t  d i f f is ion times )  a n d  
to r tuos i ty ( t he  a s ymp to te  a t l o n g  times ) . T h e  d a ta  f r om a l l  
b e a d  packs  r e a ch  th e  to r tuos i ty lim it, un l i ke  w a te r , wh i ch  
diff ises to o  s lowly to  r e a c h  th is  lim it b e fo r e  Tt r e l axa t i on  
d e s troys th e  s i gna l  [S ]. Howeve r , on l y  fo r  l a r ge r  b e a d s  d o  
th e  e x p e r i m e n ta l  d a ta  m a tch  th e  th e o r e tica l  S /V , p red ic t ion ,  

D iscuss ion  
W e  h a v e  d e m o n s t ra ted  th a t N M R  m e a s u r e m e n ts o f tim e -  

d e p e n d e n t d i f fus ion o f imb i b e d  n o b l e  g ases  c a n  accura te ly  

ca lcu la ted  to rhmsi ty  l imi t  
\, 
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fig u r e  1.  T i m e - d e p e n d e n t  d i f fus ion  m e a s u r e m e n t s  Ib r  t he rma l l y -  
p o l a r i z ed  x e n o n  $ a S  imb i b e d  i n  r a n d om l y  p a c k e d  sphe r i ca l  g l ass  b e ads .  
E$ l c h  s a m p l e  con ta i ns  b e a d s  of  a  un i f o rm  d i ame te r ,  r a n g i n g  f r om 5 0 0  p  
to  4  mm.  T h e  d a t a  a r e  d i s p l a yed  a s  t he  t ime - d e p enden t  d i f fus ion  
coef f ic ient  n o rma l i z e d  to  t he  f r ee  g a s  d f is ion  Coe fEc ien t ,  D(t) ioo,  as  a  
f unc t i on  o f  t he  f r ee  g a s  d i f fus ion  l e ng t h  i n  t he  t ime t n o rma l i i e d  to  t he  
b e a d  d i ame t e r  b- la .  t r a n g e d  f r om 1 2 . 5  to  2 0 0 0  ms  fo r  t h ese  da ta .  

d e te r m i n e  impo r ta n t st ructura l  i n fb rmat i’o n  a b o u t p o r o u s  
m e d ia. Howeve r , th e r e  a r e  cha l l e nges  to  app l y i n g  th is  n e w  
N M R  m e th o d  to  i n  v iva systems. E x p e r i m e n ts us i n g  
the rma l l y  po l a r i z ed  x e n o n  a r e  ex t reme ly  tim e - c o n s u m i n g . 
Thus  l ase r - po l a r i zed  n o b l e  g a s  w o u l d  b e  r e q u i r e d  i n  a  
m e d ica l  sett ing. Howeve r , a t h i g h  m a g n e tic fie lds,  c omp l ex  
pu l s e  s e q uences  to  m e a s u r e  tim e - d e p e n d e n t d i f fus ion 
c a n n o t b e  a p p l i e d  i n  o n e  s h o t to  a  s i ng l e  s amp l e  o f l a se r -  
po l a r i z ed  g a s  [lo ]. In  a d d i tio n , w e  h a v e  m e a s u r e d  
dev ia t i ons  f r om th e  th e o r e tica l  N V , i n  sma l l e r  b e a d s , wh i ch  
a d d i tio n a l  d a ta  shows  is d u e  to  s ign i f icant  d i f fus ion o f th e  
g a s  sp ins  d u r i n g  th e  app l i ca t i on  o f th e  g r a d i e n t pu l s e  -  a  
v io la t ion  o f th e  e ssen tia l  fin i te  pu l s e  a p p r o x i m a tio n  o f th e  
S te j ska l -Tanne r  m e th o d . In  mov i n g  to  h u m a n  imag i n g  
systems -  wi th weake r , s lower ,  g r a d i e n t sets th a n  u s e d  
h e r e  -  th is  p r o b l e m  wil l  on l y  b e  e x a g g e r a te d . 
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