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T h e  authors rep resen t  a coopera tive  g roup  o f  15 institutions that ex am in ed  the feasibility  o f  us ing  m e ta b o l i c  fea ­

tures observed  in  v ivo  w i th  ‘H -m ag n e t ic  resonance  (M R) spectroscopy to characterize  brain tum ors  o f  th e  g lia l  type .  

T h e  institutions p ro v id ed  blinded, cen tra lized  M R  spectroscopy data  p rocess ing  along w ith  in d ependen t  c e n t r a l  r e v ie w  

o f  M R  spectroscopy v o x e l  p lacem ent,  com posit ion  and  con tam ination  by brain, h is topathological ty p in g  u s in g  c u r r e n t  

W orld  Health O rg an iza t io n  criteria, an d  clinical data, Proton 'H -M R  spectroscopy was perfo rm ed  u s in g  a  s p in -e c h o  

technique to ob ta in  sp ec tra  f ro m  8-cc voxe ls  in the tum or and  w hen  feasible in the contralateral brain. E ig h ty - s ix  c a s e s  

w ere  assessable, 41 o f  w h ich  h ad  contralateral brain spectra. Glial tumors had significantly e leva ted  in te n s i t ie s  o f  

choline signals, d ec reased  intensities o f  creatine signals, and decreased  intensities o f  N -  acetyl asp  art a te  c o m p a r e d  to 

brain. Choline s ignal in tensit ies  w ere  h ighes t  in as trocytom as and anaplastic  as trocytom as, and c rea t ine  s ig n a l  in te n s i ­

ties were low es t  in  g liob las tom as.  H o w ev er ,  w hether  expressed  relative to brain  or as in tra tum oral ra t io s ,  th ese  m e t a ­

bolic characteristics exh ib i ted  large varia tions within  each sub type  o f  glial tumor. T h e  resulting o v e r la p s  p r e c lu d e d  

diagnostic accu racy  in the  distinction o f  low- and h igh-grade tum ors. A lthough  the ex ten t o f  c o n ta m in a t io n  o f  th e  ]H- 

M R  spectroscopy v o x e l  by  brain had  a m arked  effect on m etabo li te  concentra tions an d  ratios, se lection  o f  c a se s  w i th  

m inim al con tam ina tion  d id  not reduce these  overlaps. Thus, each ty p e  and g rade  o f  tum or  is a m e ta b o l ic a l ly  h e t e r o ­

geneous  group. L ac ta te  occurred  infrequently  and in all grades. M ob ile  lipids, on the o ther  hand , o c c u r re d  in 4 1 %  o f  

h igh-grade tum ors w ith  h ig h e r  m ean  am ounts  found  in g lioblastom as. This result, coupled  with  the  r e c e n t  d e m o n s t r a ­

tion that in tra tum oral m o b i le  lipids corre la te  with m icroscopic  tum or  cell necrosis, leads to the h y p o th e s is  th a t  m o b i l e  

lipids observed  in  v iv o  in EH -M R  spectroscopy  m a y  correlate independently  w ith  p rognosis  o f  ind iv idua l  p a t ie n ts .

K e y  W o r d s  • b r a i n  n e o p l a s m  • g l io m a  • m a g n e t i c  r e s o n a n c e  s p e c t r o s c o p y  • l i p i d s  • 

m e ta b o l i t e

T h e  pro g n o stic  sign ificance  o f  h is to p a th o lo g ica l an d  

m o lecu la r b io log ica l fac to rs in  b ra in  tum ors is o f  

in te res t because  these  fac to rs  a re  p o ten tia lly  ab le  

t o  g u id e  c lin ical m an ag em en t d e c is io n s .32 T h e  asso c ia tio n  

b e tw e e n  p o o r surv ival o f  pa tien ts w ith  g lia l tu m o rs  an d  

g lu c o s e  h y p erm etab o lism  de term ined  b y  p o sitro n  e m is ­

s i o n  to m o g rap h y  (PET) i>2̂ 25<44'56 ra ise d  in te re s t in  e x a m in ­

i n g  co rre la tio n s be tw een  v isu a lizab le  in  v iv o  m e tab o lic  

f e a tu r e s  an d  p rognosis in  b ra in  tu m o rs . R ecen tly , p ro to n

]H -n u c lea r m agnetic  re so n an ce  (N M R ) s p e c tro s c o p y  h a s  

a lso  been  ap p lied  to study  m etab o lic  a sp e c ts  o f  b ra in  

tum ors. N u c lea r m ag n etic  reso n an ce  s p e c tro sc o p y  u se s  

rad io freq u en cy  exc ita tion  in the p re se n ce  o f  a  m a g n e tic  

fie ld  to ob ta in  signals fro m  natu ra lly  o c c u rr in g  'H  n u c le i 

to  iden tify  and  q u an tita te  m etab o lites . T h e  m o s t  c o m ­

m on ly  acq u ired  'H -N M R  sp ec tra  o f  b ra in  h a v e  th re e  

m a jo r peaks, o n e  con ta in ing  p rim arily  s ig n a ls  f ro m  c h o ­

lines (cho line , p h o sp h o ry lch o lin e , an d  g ly c e ro p h o s p h o -
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ry lch o lin e ), o n e  p rim arily  fro m  c rea tin es  (creatine  and  

p h o sp h o c rea tin e ), and  o n e  p rim a rily  fro m  acetyl aspar ­

ta te  (N A A ), In  d isease , s ig n a ls  f ro m  lac ta te  an d  m ob ile  

lip id s m ay  also  be  o b serv ed .

S tu d ies  o f  ex trac ts  o f  su rg ica l sp ec im en s  o f h u m an  as ­

tro cy tic  tu m o rs  u s in g  ]H -N M R  spectroscopy  in d ica ted  

an in c rea se  in  the  ra tio  o f  ch o lin es  to  c rea tines, and  a 

d ec rease  in  the  ra tio  o f  N A A  to c rea tin es , w ith  in creas ­

in g  h is to p a th o lo g ic a l g rad es  o f  m a lig n a n c y .16,45’61 S tud ies 

in  p a tien ts  u s in g  !H -N M R  spectroscopy , re fe rred  to  as M R  

sp e c tro sc o p y , in d ic a te d  s im ila r  c o rre la tio n s  b e tw e e n  

m e ta b o lic  fe a tu re s  in  v i v o  an d  th e  h is to p a th o lo g ica l 

g rad es o f  as tro cy tic  tu m o rs .4’11’14’21,32,43’57’58’61 O th e r M R  

sp ec tro sco p y  stud ies in d ica ted  th a t lac ta te  is m ore  likely  

to b e  p re se n t in  h ig h - th a n  in  lo w -g ra d e  tu m o rs4,14,15'20’21 
an d  th a t the  a m o u n t o f  lac ta te  m ay  co rre la te  w ith  the 

ex ten t o f  h y p e rm e ta b o lic  g lu co se  co n su m p tio n  show n  in  

P E T  2,14,22 In  a  re c e n t study, lip id s  w e re  reco g n ized  in  v iv o  

in  2 3 %  o f  sp ec  t o  fro m  48  g lio m as and  the  au thors su g ­

g ested  th a t th ese  lip id s  o c c u r  w ith  h ig h e r in c id en ce  in  

tu m o rs  o f  h ig h e r  h is to p a th o lo g ic a l g ra d e ;43 th is  agrees 

w ith  th e  fin d in g  in in tac t su rg ica l sp ec im en s th a t h ig h e r 

g rad e  a s tro cy tic  tu m o rs  co n ta in  m o b ile  lip ids, the am oun ts 

o f  w h ich  co rre la te  w ith  th e  am o u n t o f  m icro sco p ic  ce llu ­

la r n e c ro s is .31
In  all p u b lish e d  stud ies, m e tab o lic  signal in tensities  h ad  

la rg e  co e ffic ien ts  o f  v a ria tio n  w ith in , an d  overlaps b e ­

tw een , h is to p a th o lo g ica l g rad es o f  g lia l tum ors. M o re ­

over, tren d s  in  m e tab o lic  ch an g es  am o n g  d iffe ren t g rades 

w ere  in co n sis ten t. F o r  ex am p le , in  so m e  stud ies the cho ­

lin e /c rea tin e  ra tio  d id  n o t p ro g re ss iv e ly  in c rease  w ith  in ­

c reas in g  g ra d e ,11,14,32 an d  in  so m e the level o f  N A A  d id  no t 

p ro g re ss iv e ly  d ec rease  w ith  in c rea s in g  g rade b u t w as 

h ig h e r  in  h ig h  g rad es  th an  in  in te rm ed ia te  ones o r in  in te r ­

m ed ia te  g rad es  c o m p a re d  to  low  o n es  4,11,32,43,57,61 T h e  v a ri ­

a tions an d  o v erlap s  h av e  p re c lu d e d  d iag n o stic  u se  o f  1H - 

M R  sp ec tro sco p y  to d is tin g u ish  g rad es  o f  g lia l tum ors. 

F ac to rs  th a t m ay  co n trib u te  to this and  to  d iffe ren t resu lts  

fro m  d iffe ren t s tu d ies  in c lu d e : n o n u n ifo rm ity  o f  h is to ­

p a th o lo g ic a l g rad in g  sy stem s; sp a tia l varia tions in  g rad ing  

w ith in  a  tum or; n o n u n ifo rm ity  o f  te ch n iq u es  u sed  to lo c a l ­

ize  ^ - N M R  sp ec tra  to  th e  reg io n  o f  in te rest; and  variab le  

a ttem p ts  to  avo id  c o n ta m in a tio n  o f  sp ec tra  b y  m etabo lites  

fro m  e d e m a to u s  b ra in  an d  o b v io u s  non  v iab le  reg io n s  o f  

tu m o rs . D iffe ren t ^ - M R  sp ec tro sc o p y  acq u is itio n  p a ram ­

e ters, in  p articu la r, d iffe re n t ech o  and  rep e titio n  tim es, 

m o d u la te  m e ta b o lite  s ig n a l in ten s itie s  in  d iffe ren t w ays. 

F inally , the id e n tif ic a tio n  an d  q u an tita tio n  o f  lip id s in  v iv o  

req u ires  m e th o d s  th a t p e rm it d is tin c tio n  b e tw een  in tra tu - 

m o ra l lip id s  and  c o n ta m in a n t lip id  s ig n a ls  fro m  the  sku ll 

o r sca lp  and  b e tw een  lip id  an d  la c ta te  s ig n a ls  that overlap  

o n e  ano ther.

To a tte m p t to o v e rco m e  so m e  o f  th e se  lim ita tio n s , ac ­

c ru e  a s izab le  n u m b e r o f  p a tien ts  w ith  d iffe ren t g rad es  o f 

g lia l tu m o rs  in  a  sh o rt tim e , and  d e fin e  m o re  accu ra te ly  

th e  p o te n tia l o f  in  v iv o  s in g le -v o x e l !H -M R  spec tro scopy  

to  ch a rac te rize  p rim ary  b ra in  tu m o rs , w e  o rg an ized  a 

c o o p e ra tiv e  g ro u p  c o n s is tin g  o f  15 in s titu tio n s  u s in g  id e n ­

t ic a l a c q u is itio n  te ch n iq u e s  in  s im ila r  c lin ica l in stru m en ts . 

O u r study, p re lim in a ry  acco u n ts  o f  w h ich  h av e  b e e n  p re ­

s e n te d  e lse w h e re ,39,40 p ro v id e s  b lin d ed  u n ifo rm  M R  sp ec ­

tro sc o p y  d a ta  p ro c e ss in g  a t a c en tra l lo ca tio n , u n ifo rm

h is to p a th o lo g ica l typ ing , u n ifo rm  crite ria  for case selec ­

tion, an d  q u an tita tio n  o f  lip id s  and  lactate.

C l i n i c a l  M a t e r i a l  a n d  M e t h o d s

E s ta b l is h m e n t  o f  th e  C o o p e r a tiv e  G ro u p  a n d  T e ch n ica l 

Q u a li ty -C o n tr o l  P r o c e d u r e s

In s titu tio n a l e lig ib ility  requ ired : 1) a S iem ens 1.5-tesla 

m ag n etic  f ie ld -s tre n g th  M ag n e to m  SP  w ith  A2.3 softw are 

and  a  c ircu la rly  p o la rized  head  coil; 2) a  standard  'H -M R  

sp ec tro sco p y  p ro toco l; an d  3) the  ab ility  to m eet quali- 

ty -con tro l c rite ria  estab lished  in  a p reced ing  study. In 

the  p reced in g  s tudy  sp ec tra  w ere ob ta ined  using a  spin- 

ech o  tech n iq u e7 fro m  n o m in a l 8-cc voxels in  parie tooc ­

c ip ita l lobes an d  basal g an g lia  o f  six vo lun teers at each  o f 

38 in s titu tio n s .53 T echn ical quality -con tro l procedures p e r ­

fo rm ed  on  p h an to m s and  vo lun teers included  calibration  

o f  tran sm itte r ad ju stm en t, g lobal sh im m ing  to ad ju st for 

sta tic  B o inhom ogeneity , eddy  cu rren t ad justm ents, local 

sh im m in g  to  ad ju s t fo r lo ca l static and  dynam ic B o inho ­

m ogeneity , and ca lib ra tio n  o f w a te r suppression. T he first 

c rite rio n  fo r accep tance  o f  M R  spec tro scopy  data  fro m  an 

in d iv id u a l case  inc luded  absence  o f  any  artifacts resu lting  

fro m  m isca lib ra tio n  or m isad ju stm en t o f  sh im m ing, eddy- 

cu rren t co rrec tion , or w a te r  suppression , w hich  in terfere  

w ith  analysis o f  m e tab o lite  in tensities. T h e  second c rite ri ­

o n  w as an ad eq u a te  signal-to -no ise  ratio  to perm it rep ro ­

du c ib le  p e a k  area  in teg ra tion . T he  th ird  criterion , ap p lica ­

b le  to  N M R  sp ec tra  from  voxels  p laced  n ear the skull, w as 

absen ce  o f  co n tam in a tin g  lip id  signals, w hich  overlap  o r 

d is to rt o th e r p eak s in  the spectrum .

P a t ie n t  S e le c t io n

P atien ts  o f  any age w ith  new ly d iagnosed  or recu rren t 

p rim ary  b ra in  tum ors o f th e  glial sub type w ere exam ined . 

T h e  in itia l c rite ria  fo r in c lu sio n  in  this study w ere: 1) 

accep tab le  q u a lity  o f  th e  spectrum ; 2) ev idence on  M R  

im ag in g  o f  a tu m o r occupy ing  at least h a lf  the v o lu m e  o f 

the  8-cc M R  sp ec tro scopy  voxel; and 3) h isto log ical c o n ­

f irm atio n  o f  the d iagnosis  a t som e tim e in  the course  o f  the  

d isease . W e accep ted  recu rren t cases if  they had  ad eq u a te  

o b jec tiv e  c lin ica l ev id en ce  o f recu rrence  o f  tum or in c lu d ­

ing  reb io p sy  an d /o r d iagnostic  M R  im ag ing  and c o m p u ­

te rized  to m o g rap h y  scans. W e in c lu d ed  four cases w ith  a  

c lin ica l d iag n o sis  o f  astrocy tom a that w as m ade w ith o u t a  

b iopsy  b ecau se  th ey  had  typ ical c lin ical and  M R  im a g in g  

fea tu res  an d  a b iopsy  co u ld  have  caused  u n n ecessa ry  

b ra in s tem  dam age.

D a ta  F lo w , D a ta b a s e , a n d  E v a lu a tio n

M ag n e tic  resonance  im ag ing , h isto log ical, c lin ical, a n d  

d em o g rap h ic  d a ta  w ere  su b m itted  to  F o x  C hase  C a n c e r  

C en te r fo r  cen tra l review . T he a lgo rithm  by w hich  c a se s  

w ere  eva lua ted  an d  in c lu d ed  or exc luded  from  analysis  is  

su m m arized  in  F ig . 1.

C lin ica l M R  im ag in g  stud ies w ere  requ ired  to m e e t th e  

fo llo w in g  criteria : 1) im ag es had  to be  p roduced  in a t le a s t  

tw o  p lan es  to  p e rm it accu ra te  defin ition  o f the  M R  sp e c ­

tro sco p y  v o x e l p lacem en t; 2) im ages h ad  to be su ffic ie n t 

to p e rm it an  in d ep en d en t ou tside observer to assess th e  

p re sen ce  o f  a so lid , apparen tly  v iab le  tu m o r and th e  v o x e l
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EV A LU A TIO N  A L G O R IT H M

Does the M RS m ee t techn ica l 

Q .C. c r i te r ia ?

ï
Y

T
Is ap p a re n tly  viable tu m o r  

well-defined in  M R I?

Does the  M R I voxel con ta in

N £  0.5 tu m o r /b ra in  volum es?

Is the h is topa tho logy  ad eq u a te ly  

ch a rac te r ized  fo r  d iagnosis  a n d  g ra d in g ?

V

T
New o r R e c u r r e n t?

R e c u r r e n t

B iopsy  d o c u m e n te d ?
...... Y «« ■■■ -

A d e q u a te  c lin ica l/M R I 

ev id ence  f a r  d isease?

N

F i g .  1. Evaluation algorithm used in the study, MRI = magnet­
ic resonance imaging; MRS = magnetic resonance spectroscopy; 
Q .C. = quality control.

p la c e m e n t relative to  it; and  3) im ag es  h ad  to  b e  su b m it ­

t e d  fo r  cen tra l review . T he  co m p o sitio n s  o f  th e  M R  spec ­

tro sc o p y  voxels w ere  assessed  in d ep en d en tly  u s in g  all 

a v a ila b le  M R  im ag ing  studies an d  e x p re ssed  as frac tions 

o f  so lid  tum or, edem atous b ra in , n o n e d e m a to u s  b rain , 

liq u e fa c tio n  necrosis, cystic  h em o rrh ag ic  n ec ro s is , s im ple  

c y s ts ,  su rg ica l cystic  defects, v en tric le , and  ex tram ed- 

u lla ry  tissu e  (for exam ple , skull). T h e  reg io n  o f  so lid  tu ­

m o r  w as often  read ily  apparen t in  a  co m b in a tio n  o f  s tan ­

d a rd  T j- and  T 2-w eigh ted  im ages. H o w ev er, in  acco rd an ce  

w ith  recen t ex p erien ce ,19 w e fo u n d  th a t fo r m a n y  astro cy t ­

ic  tu m o rs  and fo r m ost tum ors th a t recu rred  a fte r p rio r 

tre a tm e n t, con trast en h an cem en t w as  n ecessa ry  to  define 

th e  lo ca tio n  and ex ten t o f  ap p aren tly  v iab le  tu m o r and  to 

d if fe re n tia te  it from  cystic  n ec ro sis  and  ed em ato u s  brain . 

T h e  ra tio  o f  the vo lum e o f  so lid  tu m o r to  th a t o f  so lid  

tu m o r  p lu s  brain  (tum or/tum or + b ra in ) w as ca lcu la ted  

a n d  is re fe rred  to as the “tum or fra c tio n .” In th is  ex p res ­

s io n , the term  “tu m o r” is used  o n ly  to d esc rib e  so lid  

tu m o r, n o t cystic o r n ecro tic  reg io n s, and  the term  “b ra in ” 

in c lu d es  edem atous and n o n ed em ato u s  brain . W e accep t ­

e d  any ca se  w ith  an estim ated  tu m o r frac tio n  in  the  8-cc

M R  sp ec tro scopy  voxel g rea te r than  0 .5 , b e c a u se  w e  d id  

n o t k n o w  a  p r i o r i  the ex ten t to w h ich  c o n ta m in a tio n  o f  th e  

spec trum  w ith  m etabo lites in  b ra in  w o u ld  affect th e  a b i l i ­

ty  o f  ]H -M R  spectro scopy  to  ch arac te rize  tu m o rs.

H is to p a th o lo g y  reports  w ere rev iew ed  in d e p e n d e n tly  a t 

Fox  C hase  C an ce r C en ter to ascerta in  th e  d iag n o s is  a n d  to  

con firm  ty p in g  o f  g lial tum ors acco rd in g  to  th e  c u r re n t  

W orld  H ealth  O rgan iza tion  (W H O ) c la s s if ic a tio n :27 a s ­

trocy tic  tum ors, o lig odend rog liom as, an d  e p e n d y m o m a s . 

A strocy tic  tu m o rs  w ere su b c lassified  a c c o rd in g  to  i n ­

c reasing  g rade  o f  m alignancy  as as tro cy to m a  (A S ) , a n a ­

p lastic  astro cy to m a (A A ), and  g lio b la s to m a  m u lt ifo rm e  

(G B M ). In  app rox im ate ly  tw o-th irds o f  th e  cases , p a th o l ­

og ists  u sed  this c lassifica tion  explicitly . In  th e  r e m a in ­

der, the p rev ious W H O  o r o ther c lassifica tio n s th a t  u s e d  

num erica l g rad in g  (I-IV ) w ere  used . H o w ev er, ty p ic a l 

G B M  and  ty p ica l low -g rade  A S w ere  read ily  id e n tif ie d . 

T hus, less than  10%  o f  astrocy tic  tu m o rs o r ig in a lly  h a d  

been  d esig n a ted  “ G rade II I” o r “ G rade III—IV ” an d  r e ­

qu ired  reass ig n m en t to cu rren t W H O  typing . I f  th e re  w a s  

any  necrosis o r vascu la r p ro life ra tion  w ith in  tu m o r-c o n ­

ta in ing  reg io n s in  the m icro sco p ic  descrip tion , th e  c a s e  

w as designa ted  G B M . F o u r cases in w h ich  c u rre n t W H O  

typ ing  w as n o t used  and w hose  m ic ro sco p ic  d e s c r ip tio n  

w as in ad eq u a te  to  p erm it in d ep en d en t a s s ig n m e n t w e re  

excluded  fro m  fu rth e r analysis.

R ecu rren t tu m o r cases w ere ev a lua ted  to  a sc e rta in  in d e ­

p enden tly  the strength  o f  the ev id en ce  fo r re c u r re n c e  

and, in  cases  p rev io u sly  treated , the ab ility  to s e p a ra te  

the reg ion  o f  tu m o r from  reg ions o f  rad ia tion  o r  su rg ic a l 

dam age. In fo rm atio n  used  to m ake  these  ju d g m e n ts  in ­

c luded  the M R  im ag in g  stud ies (w ith  and  w ith o u t c o n tra s t  

en h an cem en t), co m p u terized  tom ography  scans, an d  r e ­

cen tly  rep ea ted  biopsies. I f  o b jec tive  ev id en ce  fo r  r e c u r ­

ren t tu m o r co u ld  no t b e  ascerta ined , the case  w a s  e x c lu d ­

ed fro m  fu rth e r analysis.

P r o to n  lH - M a g n e t ic  R e s o n a n c e  S p e c tr o s c o p y

S co u t M R  im ag es using  fast lo w -an g le  sh o t (F L A S H )18 
w ere  ob ta in ed  in tw o or th ree  p lanes th ro u g h  th e  b ra in  to  

define  the reg io n  o f  p lacem en t o f  8-cc M R  s p e c tro sc o p y  

voxels. V oxels w ere  p laced  to m ax im ize  th e ir c o n te n t  o f  

v iab le  tum or. N ecro tic  o r cystic  reg io n s o f  tu m o rs  w e re  

avo ided  w hen  p o ssib le  b u t w ere in c lu d ed  in the  v o x e l i f  

necessary  to  lim it b rain  con tam ination . W h e re v e r fe a s ib le , 

'H -N M R  sp ec tra  w ere ob ta ined  b o th  from  the tu m o r  a n d  

the m irro r-im ag e  reg ion  in the co n tra la te ra l b ra in . G lo b a l 

and  lo ca lized  sh im m in g  on  the w ater p ro to n  w a s  p e r ­

fo rm ed  to ob ta in  less than 25 H z  and  10 H z  fu ll w id th  a t 

h a lf-m ax im u m , respectively , from  bra in . S p e c tra  w e re  

lo ca lized  u s in g  th e  sp in -echo  m eth o d7 a long  w ith  c h e m i ­

cal sh ift se lec tiv e  w a te r su p p ress io n .17 A  s in g le -v o x e l 

m ethod , ra th e r  th an  m u ltivoxel ch em ica l shift im a g in g , 

w as se lec ted  b ecau se  o f  the feasib ility  o f  im p le m e n ta tio n  

in  c lin ica l im ag e rs  at m ultip le  in stitu tions. T h e  s p in -e c h o  

m ethod  w as se lec ted  b ased  partly  b ecau se  o f  its s ig n a l- to -  

no ise  ad v an tag e  o v er the s tim u la ted  ech o  m e th o d .37 T h e  

advan tages an d  lim ita tions o f  th is m e th o d  have  b e e n  d is ­

c u sse d .48,55 D iffe ren t reg ions o f the sp ec tru m  h a v e  s ig n a ls  

em ittin g  fro m  sligh tly  d iffe ren t voxels: th o se  o f  c h o lin e s  

a t 3 .2  p p m  are fro m  a voxel w h o se  d im en sio n s a re  e a c h  

sh ifted  ap p ro x im a te ly  10% re la tive  to th o se  o f  lip id s  a t
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F ra .  2. M a g n e t ic  r e s o n a n c e  (M R )  spec tro scopy  v o x e l  loca t ions  a n d  LH - M R  sp ec tra  in a patien t w ith  an  astrocytic 

tu m o r  in  the  r igh t  par ie ta l  lo b e .  U p p e r  L e ft:  A  T 2-w e ig h te d  M R  im ag e  sh o w in g  the  pos i t ion  o f  the 2  X 2  X 2  cm  voxel 

c en te red  in the  tu m o r .  U p p e r  R ig h t:  A  T 3-w e ig h te d  M R  im a g e  sh o w in g  the  pos it ion  o f  die 2 X 2  X 2  c m  voxel in the 

co n tra la te ra l  b ra in .  L o w e r  L e f t  a n d  R ig h t:  C h a r ts  d isp lay in g  ’H - M R  spec tra  f ro m  the tum or  ( lo w e r  le ft)  and  the co n ­

t ra la tera l  b ra in  ( lo w e r  r ig h t) .

0.9 ppm . C h em ica l sh ift d isp e rs io n  red u ces  the  e ffec tiv e  

voxel s ize  fo r la c ta te  to  5 .6  m l w h e n  th e  n o m in a l v o x e l 

size fo r s in g le t re so n a n c e s  is 8 m l. T h is , a lo n g  w ith  im p e r ­

fections in  re c ta n g u la r  s lic e  p ro file s  an d  effec ts  o f  m u lti ­

p le  q u a n tu m  co h e ren ces  by  v a ria tio n s  in  p u lse  an g les , 

resu lts in ap p ro x im a te ly  a 50%  re d u c tio n  in  sen sitiv ity  o f  

the  sp in -ech o  m e th o d  fo r  lac ta te .

T w o -h u n d red  fifty -s ix  a c q u is itio n s  w e re  o b ta in ed  w ith  

an echo tim e  o f  135 m se c  and  a  re p e titio n  tim e  o f  1600 

m sec to g iv e  a to ta l M R  sp e c tro sc o p y  acq u is itio n  tim e  o f

6.5 m in u tes. T h e  echo  tim e  o f  135 m sec  w as u sed  so that, 

re la tive  to  the  re m a in d e r  o f  the sp ec tru m , lac ta te  m e th y l 

p ro ton  s ig n a ls  w o u ld  b e  180° o u t o f  p h a se  w hereas in tra - 

tum oral lip id  m e th y le n e  p ro to n  s ig n a ls  (w h ich  o v erlap  

lacta te  a t 1.3 p p m ) w o u ld  be  in  p h a se . P h a se  d is to rtio n s in  

th e  w a te r-su p p ressed  !H -N M R  sp e c tru m  cau sed  b y  ed d y  

curren ts w e re  re m o v e d  b y  ta k in g  a  n o n su p p re sse d  w a te r 

re fe ren ce  s ig n a l a cq u ired  w ith  th e  sam e  M R  sp ec tro sco p y  

sequence  an d  ca lcu la tin g  a  p h a se  tran sfo rm a tio n  fac to r, 

p e rm ittin g  one  to  se t the  p h a se  a n g le  to  z e ro  fo r each  tim e  

p o in t.28,42 T h e  JH -M R  sp e c tro sc o p y  p ro c e d u re  is illu s tra t ­

ed  in F ig . 2 , in  w h ich  M R  sp e c tro sc o p y  voxel p o sitio n s  

are  o v erla id  on sc o u t M R  im ag es  an d  sp ec tra  fro m  tu m o r 

and  b ra in  a re  show n .

A n a ly s is  o f  D a ta  F r o m  M R  S p e c tr o s c o p y

D ig ita l M R  sp e c tro sc o p y  d a ta  w e re  su b m itted  fo r b lin d ­

ed analysis to  S iem en s , A G  (E rlan g en , G erm an y ). P e a k  

areas w ere  d e te rm in e d  b y  m a n u a l in te g ra tio n  u s in g  S ie ­

m ens N u m a ris  so ftw are . P e a k s  w e re  a ss ig n ed  acco rd in g

to  th e ir p o sitio n s  re la tiv e  to w ater at 4 .7  ppm  and m e ta b o ­

lite  id en tifica tio n  in  v i tr o ,3126,49 B ra in  spectra  (Fig. 2 ) c o n ­

ta in  fo u r peaks: one  prim arily  from  the  N -trim eth y l p ro ­

to n s o f  ch o lin e-co n ta in in g  m etabo lites  at 3.2 p p m , o ne  

fro m  the //-m e th y l pro tons o f  crea tines at 3 .0 p p m , a 

sm a lle r one  fro m  the m ethy lene  p ro tons o f  c re a tin e  a t 

3 .9 ppm , and  o n e  p rim arily  fro m  the  m ethy l p ro to n s  o f  

N A A  a t 2 .0  ppm . N -ace ty lasparta te  is w ith in  n eu ro n s  and  

th e re fo re  is d ec reased  w henever the b ra in  is d a m ag e d  o r 

rep laced . In  tum ors the peak around  2 .0  ppm  m ay  th en  

co n ta in  la rg e r frac tions of m etabo lites  p resen t in  c o n ­

c en tra tio n s  n o rm ally  m uch lo w er than that o f  N A A , 

in c lu d in g  N -acety l-asparty lg lu tam ate , g lu tam ine, g lu ta ­

m ate , an d  7-am in o b u ty iic  acid. T herefo re , in tu m o rs  w e  

re fe r  to  the  “N A A  reg io n ” ra th er than  to  “N A A .”

T h e  M R  sp ec tro sco p y  data are p resen ted  in  tw o  w a y s . 

F irs t, the  p eak  a rea  in tensity  o f  the  signal o f  each  m e ta b o ­

lite  in  th e  tu m o r w as expressed  as a  ra tio  to the in te n s ity  

o f  c rea tin es  in  con tra la te ra l b rain . A ssum ing  b ra in  c re ­

a tines to  b e  an app rop ria te  re fe ren ce  and  ig n o rin g  an y  

p o ss ib le  sa tu ra tio n  effects, this perm its e s tim a tio n  o f  

the  ex ten t to  w h ich  m etabo lite  concen tra tions are  a lte re d  

in  tum ors. S eco n d , p eak  area in tensities o f  in tra tu m o ra l 

m e tab o lite s  w ere  exp ressed  as ra tios to one an o th e r a n d  

c o m p ared  to  th e  sam e ratios in  con tra la tera l b ra in  a n d  in  

o th e r tu m o r types. M ean  ratios w ere com pared  b e tw e e n  

g roups by  n o n p a ram etric  tests to  take  in to  acco u n t n o n ­

n o rm a l d is trib u tio n s  w ith in  som e o f  the g roups. T h e  

M a n n -W h itn e y  U -te s t w as used  fo r n o n p a ired  g ro u p  c o m ­

p a riso n s  an d  th e  W ilcoxon  s ig n ed -ran k  test fo r p a ire d
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TABLE 1

S e le c t io n  a n d  e x c lu s io n  w ith in  113 c a se s  o f  p a t i e n t s  w ith  g lia l

tu m o rs  o n  M R  sp e c tro sc o p y  *

Case Selection No. o f  Cases

c a s e s  with M R  spectroscopy  da ta  subm itted 113

c a s e s  excluded  from  analysis 27

M R  spectrum  o f  poo r quality 12

< 0 .5  tum or/tum or +  b ra in  in voxel 11

in su ff ic ien t  h is topa tho log ica l descrip tion 4

c a s e s  eva lua ted 8 6

c a s e s  w ith  spec tra  from  con tra la te ra l brain 41

*  M R  = m agnetic  resonance .

g ro u p  com parisons. A n alysis  o f variance w as used  to 

c o m p a re  m etab o lite  ra tio s across h is to p a th o lo g ica l g rades 

a n d  F is h e r ’s exact te s t to  com pare  inc idences o f  lip id s and  

la c ta te  in tu m o r subgroups.

R e s u l t s

F ifte e n  in stitu tions s tu d ied  113 patients w ith  g lia l tu ­

m o rs  over approx im ately  1 year. A pp lica tion  o f  the eva l ­

u a t io n  a lgo rithm  (F ig . 1) resu lted  in the ex c lu sio n  o f 

2 7  cases  (Table 1). T h e  86 cases selected  fo r  eva lua tion  

in c lu d e d  75  astrocy tic  tum ors, six o ligodend ro g liom as, 

a n d  five  ependym om as. O f  the  19 A Ss, fiv e  w ere p ilocy t- 

ic , o n e  w as a subependym al g ian t cell, and  one a m ixed  

o lig o astro cy to m a . O f  the 22 A A s, one  w as  a m ixed  

o lig o astro cy to m a . D iag n o ses, dem ograph ic  data , re levan t 

c l in ic a l  data , and resu lts  o f  independen t ana ly sis  o f  M R  

sp e c tro sc o p y  voxel com positions are sum m arized  in  Table 

2 . T h irteen  glial tum ors w ere  found  in  ch ild ren  ( < 1 8  

y e a r s  o ld); nine o f  these  tum ors w ere astro cy tic  an d  fou r 

w e r e  ependym om as. O f  55 new ly  d iag n o sed  cases, only 

s e v e n  pa tien ts  h ad  h ad  b iopsy  before M R  spec tro scopy  

w a s  perfo rm ed . O f 31 recu rren t tum ors, 25 h ad  p rev io u s ­

ly  been  trea ted  w ith  rad ia tio n  therapy.

T h e  e ffec t o f voxel con tam ination  on the  ra tio s o f  the  

le v e ls  o f  cho lines, c rea tines, and  the N A A  reg io n  in  astro ­

c y t ic  tum ors to those  o f  the co rrespond ing  m etab o lite s  in 

b r a in  is show n in F ig . 3. A s expected , the m ean  in tensity  

o f  th e  N A A  reg ion  in  tum ors relative to  th a t in the con ­

tra la te ra l b rain  d ecreased  p rogressively  w ith  decreasing  

b ra in  con tam ination . T he  m ean  in tensity  o f  c rea tines in 

tu m o rs  re la tiv e  to th a t in  the con tra la tera l b ra in  w as sligh t ­

ly  red u ced , bu t d id  no t decrease  p rog ressive ly  w ith  de ­

c re a s in g  b ra in  co n tam ination . T he m ean  in tensity  o f 

c h o lin e s  in  tum ors re la tiv e  to  that in  the co n tra la te ra l b rain  

w a s  m uch  h igher in  cases w ith  tum or frac tions o f  0.7 to 

0 .8  o r 0 .9  to 1.0 than  in  cases w ith  tum or frac tio n s  o f  0.5 

to  0 .6 . T herefo re , in  su b seq u en t analyses, w e  inc luded  

o n ly  cases w ith voxels con ta in ing  tum or frac tio n s  o f  at 

le a s t  0.7.

T h e  resu lts  in F ig . 3 ind icate  that the co n cen tra tio n  

o f  cho line  is in creased  and  th a t o f  crea tine  is sligh tly  d e ­

c reased  in  glial tu m o rs  co m pared  to b rain . T h e  e ffec t o f  

th e  h is to p a th o lo g ica l g rade o f  the tum or o n  m etabo lite  

co n cen tra tio n s , ex p ressed  as the ratio  o f  th e ir  p e a k  area 

in ten sitie s  to  those  o f  crea tines in  the co n tra la te ra l brain , 

is show n in  Fig. 4  an d  sta tistica l com parisons are g iv en  in 

th e  figu re  legend. T h e  m ean  in tensity  o f  cho lines w as sig ­

TABLE 2

C h a ra c te r is t ic s  o f  8 6  c a s e s  e v a lu a te d *

Glial AS AA GBM O D E P

(8 6 (19 (2 2 (34 (6 (5
Characteristic cases) cases) cases) cases) cases) cases)

age  o f  patien ts  (yrs)

m ean 41 30 43 51 35 14

ran g e 3 -7 5 5 -7 3 3 - 7 2 1 8 -7 5 3 0 - 3 9 4 - 3 0

g en d er

m ale 51 11 13 21 4 2

fem ale 35 8 9 13 2 3

tu m o r  status

new 55 14 12 21 3 5

recu rren t 31 5 10 13 3 0

p r io r  rad ia tio n 25 4 9 11 1 0

frac tion  o f  tu m o r in voxe l

0 .5 -0 .6 14 5 1 7 1 0

0 .7 - 0 .8 28 3 8 14 1 2

0 .9 -1 .0 44 11 13 13 4 3

* A bbrev ia tions: A A  =  anaplastic  as trocy tom a; A S  =  as tro cy to m a; E P  =  

ep en d y m o m a; G B M  =  g liob las tom a m ultifo rm e; O D  =  o lig o d e n d ro g lio m a .

n ifican tly  h ig h e r in  A S and  A A  c o m p ared  to b ra in  b u t n o t 

s ig n ifican tly  h ig h e r in G B M  co m p ared  to  b ra in , T h e  m e a n  

in tensity  o f  c rea tin es  w as the  sam e  in A S as in  b ra in  b u t 

d ecreased  p rog ressive ly  w ith  th e  in c reasin g  h is to p a th o ­

log ica l g rad e  o f  the  astrocy tic  tum or. T h e  m ean  in ten sity  

o f  the N A A  reg io n  w as d ec reased  in  all tu m o r types.

T h e  resu lts  d isp layed  in  Fig. 4  in d ica te  th a t the  o v e r ­

lap  o f  m e tab o lite  signal in ten sities  o r o f  c o n c en tra tio n s  

am ong  g rades o f  astro cy tic  tum ors is to o  g rea t to  p ro v id e

1.80 • *

1.60 ■ •

1.40«*

1 , 2 0  • •

1.00 ■ -

0 , 0 0  ■ ■

0.60 « *

0.4Û « •

0,20 •  >

0.00 ♦ ♦
Q.5-0.Ó ' 0.7-0.8 ~ 0.9-1.0 

Fraction of Voxel Containing Tumor

Fig . 3 .  G r a p h  d e p i c t i n g  t h e  e f f e c t  o f  v o x e l  c o n t a m i n a t i o n  b y  

b r a i n  o n  r a t i o s  o f  m e t a b o l i t e  s i g n a l  i n t e n s i t i e s  i n  t u m o r s  t o  t h o s e  i n  

c o n t r a l a t e r a l  b r a i n .  T h e  f r a c t i o n s  o f  t u m o r  w i t h i n  t h e  m a g n e t i c  r e s ­

o n a n c e  s p e c t r o s c o p y  v o x e l s  a r e  i n d i c a t e d .  V a l u e s  a r e  e x p r e s s e d  a s  

m e a n s  ±  s t a n d a r d  e r r o r .  C H O L  =  c h o l i n e ;  C R  =  c r e a t i n e ;  N A A  =  

A f - a c e t y l a s p a r t a t c .
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F ig .  4 .  G r a p h  d isp lay in g  th e  m e a n s ,  s tandard  devia tions ,  and  

scatterplot o f  cho lines ,  c rea t in es ,  a n d  N - acetyl asparta te  (N A A ) 

reg ion  in as trocy tic  tu m o rs  e x p re s se d  as ra t io s  to the  c rea tine  p e a k  

intensities in co n tra la te ra l  b ra in .  A A  =  anap las t ic  a s trocy tom as;  

A S  =  a s tro cy to m as ;  B =  b ra in ;  G B  -  g l io b la s to m a s  m ult ifo rm e. 

S ign if icance  o f  d if fe rences  (p) c o m p a r e d  to b ra in :  for  cho lines ,  

A S  0 .0014, A A  0 .0002 ,  an d  G B  0 .1 9 0 5 ;  fo r  c rea tines ,  A S  0 .9999 , 

A A  <  0 .0 0 0 1 ,  and  G B  0 .0 0 0 1 ;  fo r  N A A  reg ion , AS, A A ,  an d  

G B < 0 . 0 0 0 1 .

any d iag n o stic  a c c u ra c y  T h e re fo re , w e  ex am in ed  the ra ­

tios be tw een  any  tw o  m e tab o lite s  w ith in  th e  sam e tu m o r 

and the re su lts  are  su m m a riz e d  in  T ab le  3. A ll m a jo r types 

o f glial tu m o rs  h ad  s ig n ific an tly  h ig h e r  m ean  ch o lin e / 

creatine and  c h o lin e /N A A  ra tio s , an d  a  lo w er m ean  

N A A /c rea tin e  ra tio , co m p a re d  to  brain* A m o n g  tu m o r 

subtypes, A A  h ad  a s ig n ific an tly  h ig h e r  m ean  ch o lin e /c re ­

a tine  ra tio  th a n  A S . H o w ev e r, th e  v a ria tio n s  and  o v e rlap s  

am ong  th e  tu m o r types re m a in e d  large .

T h e  sp e c tru m  o f  a tu m o r c o n ta in in g  lac ta te  is sh o w n  in  

F ig . 5 le ft . I t  ap p ears  as a d o u b le t 180° o u t o f  p h ase  c e n ­

te red  at 1.3 ppm . T h e  sp ec tru m  o f  a  tu m o r co n ta in in g

T A B L E  3

C o m p a r is o n  o f  m e ta b o l ic  r a t io s  in  g l ia l  tu m o r s  to  th o s e  in  

c o n tr a la te r a l  b r a in  s p e c tr a  in  u n p a ir e d  o b s e r v a t io n s *

Choline/Creatine N A A  Region/ Choline/N A A

Sample Ratio C reatine  Ratio Region Ratio

brain (41 case s ) 0 .97 ±  0 .2 2 1.78 ±  0 .48 0 .59  ±  0 .23

astrocy tom a (14  cases) 2 .13  ±  0 .8 2 f 0 .78 ±  0 .4 4 t 2 .5 2  ±  1 .2 9 t

anaplastic  a s t ro c y to m a 2 .8 2  ±  1 .4 5 + t 0 .9 9 ±  0 .5 8 f 3 .29  ±  2 .1 7 t

(21  cases)

g liob las tom a m u lti  fo rm e 2 .77  ±  1.93*1* 0 .8 9 ±  0 .43 f 3 .99  ±  3 .7 5 t

(27 cases)

o lig o d en d ro g lio m a 5 .0 0  ±  3 .9 6§ 1.03 ±  0.63|| 6 .53 ±  6 .1 3 * *

(4 cases)

e p e n d y m o m a  (5 cases) 2 .8 0  ±  0 . 4 9 f t 0 .9 8 ±  0 A 2 U  3 .96  ±  3 .2 7 * *

5)5 E igh t tu m o rs  e x h ib i te d  no  q u a n tif ia b le  c rea tin e s ,  h e n c e  in fin ite ly  h igh  

ratios o f  ch o lin es  o r  o f  N A A  re g io n  to  c re a t in e s  a te  n o t  in c luded  in this 

table. Values a re  e x p re sse d  as m e a n s  ±  s ta n d a rd  d e v ia t io n s  w ith  p v a lu es  

for tum ors c o m p a re d  to b ra in  b a se d  o n  the  M a n n - W h i tn e y  U -test.  N A A  

= / /-ace ty l  a sp a r ta te .

t p  <  0 .0001 ; |  p  =  0 .0 2 6 4  fo r  a n a p la s t ic  a s tro c y to m a  co m p ared  to 

as trocy tom a; § p =  0 .0 0 0 9 ; || p  =  0 .0 3 5 8 ;  ** p  =  0 .0 1 0 0 ; t t  P =  0 .0 0 0 3 ;

W  p =  0 .0028.

T A B L E  4

In c id e n c e  o f  l ip id s  a n d  la c ta te  in  8 6  g l ia l  tu m o rs

Total No. Lipids Lactate

Tum or Type of Cases No. (%) No. (%)

astrocy tic  tum ors 75 26 (35) 9 ( 1 2 )

a s tro c y to m a 19 3 ( 1 6 ) 4 ( 2 1 )

an ap las tic  a s tro cy to m a 2 2 8 ( 3 6 ) 1 (5 )

g lio b la s to m a  m u ltifo rm e 34 15 (44) 4 ( 1 2 )

p r io r  rad ia tion 24 11 (46) 3 ( 1 3 )

n o  rad ia tion 51 15 (29) 6 ( 1 2 )

o lig o d en d ro g lio m a 6 0 0

e p e n d y m o m a 5 0 1 (2 0 )

m o b ile  lip id s  is sh o w n  in F ig . 5 r i g h t  T he  fatty  acy l-C H 2 
p eak  is a t 1.3 p p m  an d  the  acy l-C H 3 p eak  is at 0 .9 ppm . 

L ip id  signals fro m  sku ll o r scalp  w ere  d istingu ished  from  

in tra tu m o ra l lip id s by: 1) a  voxel position  near the skull; 

2) s im ila r co n tam in a tio n  in  the con tra la tera l brain  sp ec ­

trum ; and  3) anom alous phase  errors and /o r ch em ica l 

sh ifts. B y  these  c rite ria , the sm all lip id  signal at 1.3 p p m  

in th e  tu m o r sh o w n  in F ig . 2  is assum ed  to  b e  co n tam in a ­

tion  fro m  sku ll o r scalp .

T h e  inc idences o f  lip ids and lacta te  in  the m ajor tu m o r 

ty p es are  sh o w n  in  T ab le  4. L ip ids occurred  in  4 1 %  o f  

A A s and  G B M s b u t in  on ly  16% o f  A Ss. T hese  incidences 

m ay  b e  lo w er than  ac tu a l ones because  w e d id  not in c lu d e  

tw o  cases in  w h ich  it w as no t possib le  to  separate lip id  

fro m  lac ta te  and  14 cases in  w hich  signals in the 0.5 to  L 7  

p p m  reg ion , ju d g e d  to  have  resu lted  on ly  from  co n tam i ­

n a tion , co u ld  h av e  m ask ed  in tra tum oral lip ids or lacta te . 

T h e  re la tio n  b e tw een  lip id  signal in tensity  and  h is top atho - 

log ica l g rade  o f  as tro cy tic  tum ors is show n in Fig. 6. T h e  

m ean  level o f  1.3 ppm /cho line  in G B M s w ith  lip id s 

(3 .2  ±  3.1 standard  dev ia tion  (SD )) w as h igher than th o se  

in  A A s w ith  lip ids (1 .8  ±  1.7) and  in  A S s w ith  lip id s 

(0 .5  ±  0 .4 ; p  -  0 .0503). L acta te  w as de tec ted  in on ly  n ine  

o f  the  75 astrocy tic  tum ors and in one o f  the five ep en d y ­

m om as, and  o ccu rred  in  low - as w ell as h igh -g rade  tum ors 

(fo u r A S s, one  A A , and  fo u r G B M s).

N e w  an d  recu rren t astrocy tic  tum ors h ad  iden tica l m ean  

ch o lin e /c rea tin e  (p =  0 .90) and N A A /crea tine  ratios (p =  

0 .92 ). T h e  25 tu m o rs trea ted  w ith  p rio r rad ia tion  h a d  a 

m ean  ch o lin e /c rea tin e  ra tio  o f  2.5, no t un like  that o f  n o n ­

rad ia ted  tu m o rs  (2 .6; p  = 0.77). T he incidence  o f  lac ta te  

w as th e  sam e in rad ia ted  and  nonrad ia ted  astrocy tic  tu ­

m o rs  (T able 4). L ip id s occurred  m ore frequen tly  in  ra d ia t ­

ed  tu m o rs  (0 .46) th an  in  nonrad ia ted  ones (0.29), bu t th is  

d iffe ren ce  w as n o t s ig n ifican t (p =  0 .198) and  m ay re f le c t 

the h ig h e r g rade  o f  re c u rre n t tum ors. T herefore , m e tab o l ­

ic  ch an g es  asso c ia ted  w ith  rad iation  d id  no t co n found  o u r 

resu lts , p o ss ib ly  b e c a u se  o f the effort m ad e  to ensu re  the 

p resen ce  o f  v iab le  tu m o r in  the M R  spectroscopy  v o x e l in  
all cases.

D i s c u s s i o n

T h is  s tudy  show s th a t a  m ultiinstitu tional coopera tive  

tria l o f  !H -M R  sp ec tro sco p y  is feasib le. It enab led  a c c ru ­

a l o f  a  la rg e  n u m b e r o f  cases in a  short period  o f  tim e, 

ap p ro x im ate ly  1 y e a r fo r m o st o f the  institu tions. B ecau se  

th is w as o n e  o f  the  f irs t attem pts to perfo rm  such a  tria l,
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*

F ig .  5 . E x a m p le s  o f  spec tra  with lipids o r  lac ta te .  Left.: L ac -  

t a t e - C H ,  appears  as an  inverted  double t at 1.3 p p m  (a s te r is k ) .  

R ig h t :  L ip ids w ith  the  d o m in a n t  fatty acy l-C H 2 p e a k  a t  1 3  p p m  

and the -C H 3 a t  0.9 p p m  (a s te r isk s) .

o u r s  has b een  a lea rn in g  experience  and the  c lin ica l q u a l ­

i ty  a ssu ran ce  p rocedu res (F ig. 1) w ere ap p lied  re tro sp e c ­

tiv e ly . T h is  and  o u r in sis tence  on in d ep en d en t, cen tra l re ­

v ie w  o f  im ag ing , h istopatho log ica l rep o rtin g , and  c lin ica l 

d a ta  m ay acco u n t fo r the re la tively  large  n u m b e r o f  cases 

e x c lu d e d  fro m  analysis. H ow ever, if  q u a lity -a ssu ran ce  c ri ­

t e r ia  estab lished  du ring  th is study  w ere  ap p lied  p ro sp e c - 

t iv e ly  ra th e r than re tro sp e c tiv e ly  and i f  v o x e l s izes sm a ll ­

e r  than  8 cc  w ere  perm itted , it shou ld  b e  p o ss ib le  to  

in c re a se  the  n um ber o f  cases that cou ld  b e  evalua ted .

T h e  m a jo r  observations o f  this study  are: 1) e lev a ted  

m e a n  signal in tensities o f  cho lines, and  d ec reased  in ten s i ­

t ie s  o f  c rea tines and  the N A A  region in  g lia l tu m o rs  c o m ­

p a re d  to co n tra la te ra l b rain ; 2) in tra tu m o ra l lip ids in  4 1 %  

o f  h igher g rade (A A  and G B M ) as tro cy tic  tu m o rs , th e  

m e a n  am o u n t h ig h e r in G B  than A A ; an d  3) in fre q u e n t 

o c c u rre n c e  o f  lac ta te  w ith  no  relation  to  h is to p a th o lo g ica l 

g ra d e . T h e  e leva ted  cho line/creatine  ra tio  in  p rim ary  

g l ia l  b rain  tum ors in  general, observed  h e re  and in  so m e  

s tu d ie s  in  the  lite ra tu re  (d iscussed  b e lo w ), is c a u se d  b y  

in c re a se d  signal in tensities  o f cho lines and d e c re a se d  

s ig n a l in ten sities  o f  c rea tines com pared  to brain . C o n ­

ta m in a tio n  o f  the M R  spectroscopy  v o x e l b y  b ra in  has a 

m a rk ed  e ffec t on m etab o lite  in tensities and  ra tio s , b u t  

se lec tio n  o f  cases in  w hich  the M R  sp e c tro sc o p y  v o x e l 

c o n ta in e d  a re la tive ly  low  am ount ( <  3 0 % ) o f  c o n ta m in a ­

t io n  d id  n o t o vercom e the large varia tions w ith in , o r  o v e r ­

la p s  be tw een , the th ree h istopatho log ica l g rades o f  a s tro ­

c y tic  tum ors.

T h e  m ean  m etabo lite  ra tio s in co n tra la te ra l b ra in  (0 .97  

f o r  ch o lin e /c rea tin e  and 1.78 fo r N A A /crea tin e ) a re  s im i ­

l a r  to  th o se  in  the no rm al vo lun teer s tu d y53 to w h ic h  each  

o f  the in stitu tions in  our tria l co n trib u ted  sp ec tra  from  a 

d e s ig n a ted  p o sitio n  in  the parie toocc ip ita l lobe  (0,81 fo r  

ch o lin e /c rea tin e  and  2 .16  fo r N A A /crea tin e ) an d  th e  

c a u d a te  n u c leu s (0 .95 fo r cho line /c rea tine  and 1.87 fo r  

N A A /crea tin e ). T he  coefficients o f  v a ria tio n s  a re  a lso  

s im ila r to th o se  o b served  in  the v o lu n te e r  study : 23%  

fo r  ch o lin e /c rea tin e  com pared  to 19%  in  p a rie to o cc ip ita l 

lo b es  and  20% in caudate  nuclei; and 2 7 %  fo r N A A /c re a - 

lin e  co m p ared  to 19%  in parie tooccip ita l lobes a n d  29%  in  

cau d a te  nuc le i. T h is  resu lt indicates th a t o v era ll tech n ica l 

quality  con tro l es tab lish ed  in the v o lu n te e r s tu d y  w as
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F i g .  6. G ra p h  show ing  lip ids  in as trocy tic  tu m o rs ,  e x p re s se d  

as the ra t io  o f  in tensity  o f  th e  1.3 p p m  m e th y le n e  p e a k  to th a t  o f  

cholines  (C ho i) .  A  A  =  anaplas tic  a s tro cy to m as;  A S  =  a s t ro c y ­

tom as; G B M  =  g liob las tom as  m ult ifo rm e.

m a in ta in e d  by  the  in s titu tio n s  in  th is  p a tie n t  study . 

T h ere fo re , th e  m uch  g rea te r varia tions o f  ch o lin e  and  c re ­

a tine  m e ta b o lite  ratios o b se rv ed  in  g lia l tu m o rs  m ay  be  

the re su lt o f  g rea te r m etabo lic  d iffe ren ces  b e tw e e n  them . 

E ach  ty p e  an d  g rad e  o f tu m o r appears to  rep re sen t a  m eta - 

b o lica lly  h e te ro g en eo u s  g roup .
T he  m ic ro sc o p ic  or b io lo g ica l basis  fo r m e tab o lic  h e t ­

e ro g en e ity  w ith in  solid o r  apparen tly  v iab le  tu m o r is n o t 

c le a r  S o m e  astrocy tic  tu m o rs  a re  no t d is tin c t so lid  m a s s ­

es but r a th e r  in filtra te  b ra in  tissu e27 that p ro d u c e s  the  

N A A  s ig n a ls  o b served  even  w h en  little  e v id e n t b ra in  is 

w ith in  th e  v o x e l (Fig. 3), M an y  b en ig n  A S s c o n ta in  fo c i 

o f  a n a p la s tic  c e lls ,50,34 an d  G B M s co n ta in in g  foc i o f  A S s  

h av e  a b e tte r  p rognosis  than  G B M s n o t co n ta in in g  A S s .62 
H e te ro g e n e ity  o f  m etabo lic  ch a rac te ris tic s  an d  o f  c e llu ­

la r n ec ro s is  in  astro cy tic  tu m o rs30,31 an d  h e te ro g e n e ity  o f 

b lo o d  v o lu m e  in  v iv o  in  h ig h -g rad e  a s tro c y to m a s5 o ccu r 

on a  sca le  le ss  than  0.1 m l, m u ch  sm alle r th an  the  sm a ll ­

e s t ‘H -M R  sp ec tro sco p y  voxel cu rren tly  fe a s ib le  (a p p ro x ­

im ate ly  1 cc ). H e te ro g en e ity  found  o v e r th is sca le  co u ld  

exp la in  w h y  stud ies u s in g  m u ltip le  sm all *H -M R sp e c ­

tro sco p y  v o x e ls  lo ca lized  by tw o -d im en sio n a l ch em ica l 

sh ift im a g in g 14,15,20,22 h a v e  n o t d em o n stra ted  le ss  sca tte r  

w ith in , o r  less overlap  b e tw een , g rad es o f  g lia l tu m o rs  

than  o u r  s tu d ie s  and o thers u s in g  s in g le  la rg e  v o x e ls . 

C o m b in a tio n s  o f  chem ica l sh ift im ag in g  u s in g  m o la r  

q u a n tita tio n3,24*29,35 and sh o rt-ech o3,12,34,35,46,60 te c h n iq u e s  to 

ob ta in  m e ta b o lic  in fo rm ation  h e re to fo re  o b se rv e d  o n ly  in  

v /fro16,26,45,59,61 o r e x  y/w?30,31,51 m ig h t im p ro v e  th e  sp e c if ic i ­

ty  o f  'H -M R  spectroscopy . H ow ever, P reu l, e t  a /.,47 h av e  

been  a b le  to  overcom e the sca tte r  w ith in  e a c h  m e tab o lic  

p eak  an d  d is tin g u ish  b ra in  tu m o r su b ty p es  w ith  v e ry  h ig h  

sp ec ific ity  b y  app ly ing  a lin ea r d isc rim in an t to  a n a ly z e  the 

p a tte rn s  o f  all o f  the p eak  in ten sitie s  in  sp ec tra  o b ta in ed  

a t a  lo n g  (2 7 0  m sec) ech o  tim e. To ach iev e  th is  re su lt, 

they  s tu d ie d  o n ly  u n trea ted  cases  an d  se le c te d  fro m  tw o- 

d im e n s io n a l chem ical sh ift im ag in g  d a tase ts  v o x e ls  that 

ap p ea red  to  b e  m o st rep resen ta tiv e  o f  v iab le  tum or.

S o m e  o f  the p rev io u s s tud ies that fo cu sed  o n  m e tab o lite  

ra tio s i n  v i v o  in d iffe ren t h is to p a th o lo g ica l g ra d e s  o f  a s tro -
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cy tic  tu m o rs re p o rted  a  h ig h e r ch o lin e /c rea tin e  ra tio  in 

h igh- co m p ared  to  lo w -g ra d e  tu m o rs ,4,21,43,57,58,61 b u t th ree  

fo u n d  th is  ra tio  u n c h a n g e d 11 o r re d u c e d 14,32 in  h ig h  grades 

such  as G B M  c o m p a re d  to  in te rm e d ia te  g rades su ch  as 

A  A . T h e  m ean  c h o lin e /c re a tin e  ra tio  w e o b serv ed  in  astro- 

cy tic  tu m o rs  w ith  m in im a l b ra in  co n tam in a tio n  is h ig h er 

than  in  m an y  p rev io u s  rep o rts  an d  is similar* to  the resu lt 

o f O tt and  co lle a g u e s4* w h o  u se d  a s im ila r 'H -M R  sp ec ­

tro scopy  tech n iq u e  to  e x a m in e  4 8  astrocy tic  tu m o rs  and  

m in im ized  c o n ta m in a tio n  b y  v a ry in g  v o x e l size to  fit the  

reg io n  o f  so lid , a p p a re n tly  v iab le  tum or.

C o m p ariso n s  b e tw e e n  tu m o rs  and  co n tra la te ra l b ra in  

in d ica ted  th a t the  h ig h e r  m ean  ra tio s  o f  levels o f  ch o lin es  

to  c rea tin es  and  the N A A  re g io n  in A A s and  G B M s 

co m p ared  to  lo w e r  g ra d e  A S s (T ab le  3) is cau sed  p a rtly  by  

h ig h er co n cen tra tio n s  o f  ch o lin e s  and  p a rtly  by  lo w er c o n ­

cen tra tio n s o f  c re a tin e s  an d  o f  the  N A A  reg io n  (F ig . 4). 

T h ese  re su lts  in  g en e ra l a re  in  a c co rd  w ith  those  o b ta in ed  

in su rg ica l sp ec im en s  a ssay ed  b io c h e m ic a lly 33 o r w ith  *H- 

N M R  sp ec tro sc o p y .16’45,61 T h e  lo w e r  c rea tin e  co n cen tra ­

tion  in G B M s co m p ared  to  lo w e r  g rad e  astrocy tic  tu m o rs , 

and the la c k  o f  a h ig h e r  co n cen tra tio n  o f  ch o lin es  in  

G B M s co m p are d  to  lo w e r  g rad e  tu m o rs  (F ig . 4), w e re  a lso  

o b se rv ed  in  v iv o  in  o th e r  s tu d ie s  in  w h ich  bo th  tu m o r and  

b ra in  sp ec tra  w e re  o b ta in e d  fro m  the  sam e  su b je c ts .11,14,43
T h e  in fre q u e n t o c c u rre n c e  o f  la c ta te  (12%  o f  a ll g lia l 

tum ors) an d  the  la c k  o f  a  co rre la tio n  w ith  h is to p a th o lo g i- 

cal g rad e  ag rees w ith  O tt an d  c o lle a g u e s ,43 w ho  rep o rted  a 

defin ite  la c ta te  re so n a n c e  in  o n ly  19%  o f  75 sp ec tra  from  

48  as tro cy tic  tu m o rs . I t is p o ss ib le  th a t bo th  w e  and  O tt 

and  co lleag u es  u n d e re s tim a te d  th e  in c id en ce  o f  lac ta te  

b ecau se  o u r te ch n iq u es  h a v e  a  lo w e r  sen sitiv ity  to  la c ta te  

than  to  s in g le t re so n a n c e s  and  b e c a u se  in  a  few  cases  h igh  

lip id  s ig n a ls  c o u ld  m a sk  sm all am o u n ts  o f  lactate . K ugel, 

e t  cil.,32 re p o r te d  la c ta te  in  n in e  (4 1 % ) o f  2 2  g lia l tu m o rs , 

bu t a lso  fo u n d  th a t it o c c u rre d  e q u a lly  in  low - an d  h igh - 

g rade  tu m o rs. F u lh am , e t  a i ,14 re p o rte d  lac ta te  in  18 

(41% ) o f  4 4  g lia l tu m o rs , o ccu rrin g  w ith  s ig n ifican tly  

h ig h e r in c id en ce  in  h ig h e r  g rad es . H o w ev er, 13 o f  the  18 

tum ors w ith  lac ta te  h a d  b een  trea ted , an d  the lac ta te  w as 

genera lly  o b se rv e d  a t th e  site  o f  su rg e ry  and  in  su b acu te  

rad ia tio n  n ec ro s is ; thus in  m an y  cases  v iab le  tu m o r m ay  

n o t h av e  b een  th e  so u rc e  o f  the lac ta te . O u r  resu lts  d o  c o n ­

trad ic t th e  c o n c lu s io n s  o f  sev e ra l p rev io u s  s tu d ie s ,2,4,8, 

1 5 ,2 0 - 2 2  s o m e  0 f  w h ich  m a y  h a v e  o v e re s tim a ted  the  in c i ­

d ence  o f  lac ta te  b e c a u se  o f  th e ir  in a b ility  to d is tin g u ish  

lac ta te  fro m  lip id s.

M e th y len e  and  m e th y l s ig n a ls  w ere  d e sc rib ed  in  g lia l 

tu m o rs  s tu d ied  w ith  *H -M R  sp ec tro sc o p y  u s in g  sh o rt echo  

tim e s ,12,46,60 and  T z ik a  an d  a sso c ia te s60 a ss ig n ed  lip id s to  

the  sp ec tra  o f  v ir tu a lly  a ll c h ild h o o d  b ra in  tu m o rs  o f  v a ri ­

ous ty p es and  g rad es . W ith  sh o rt echo  tim es, h ow ever, 

th ese  s ig n a ls  m ay  a lso  a rise  f ro m  p ro te in s .6 O n e  c rite rio n  

that m ay  be  ap p lied  to  h e lp  d is tin g u ish  p ro te in  fro m  lip id  

signals is th a t the  la tter, w h ic h  a re  fro m  fa tty  acy l cha in s, 

shou ld  h a v e  a  re la tiv e ly  h ig h  ra tio  o f  th e  in ten s ity  o f  the  

m e th y len e  p e a k  at 1.3 p p m  c o m p a re d  to th a t o f  th e  m ethy l 

p eak  a t 0 .9  p p m .31,51 In  o u r  cases  w ith  lip id s  (fo r ex am p le , 

F ig . 5 r ig h t ) ,  th is  ra tio  a v e ra g e d  5 .6  ( ±  2 .8  S D ), and  

b ecau se  Hie T 2 re la x a tio n  tim es  a re  s im ila r,31 a  s im ila r  

ra tio  sh o u ld  o c c u r a t sh o r t ech o  tim e. B y  this c rite rio n , 

T z ik a  an d  a sso c ia te s60 h a v e  g rea tly  o v e re s tim a te d  th e  in c i ­

d en ce  o f  lip id s  in  b ra in  tu m o rs  an d  o th e r d iso rd ers .

W e h a v e  d e m o n s tra te d  th e  p re se n c e  o f  m o b ile  lip id s  in

a  s ig n ifican t fra c tio n  o f  astrocy tic  tum ors and defined 

th e ir re la tio n  to  h is to p a th o lo g ica l g rade. T hese  observa ­

tio n s  p ro v id e  a  co rre la tio n  in  v iv o  o f  the  recen t docum en ­

ta tio n  o f  lip id s in  'H -N M R  sp ec tro scopy  studies o f  intact 

su rg ica l sp ec im en s  o f  b ra in  tu m o rs .30,31,51 K uesel and  co ­

w o rk e rs3031 sh o w ed  th a t the am o u n t o f  m o b ile  lip ids in 

h ig h e r  g rad e  as tro cy tic  tum ors co rre la ted  w ith  the am ount 

o f  m ic ro sco p ic  c e llu la r  necrosis w ith in  the specim en. The 

lip id  s ig n a ls  o b se rv e d  by  ^ - M R  spectroscopy  arise  p re ­

d o m in an tly  fro m  fa tty  acyl m o ie ties , w h ich  are relatively  

m o b ile  and  p ro b ab ly  no  longer con fined  to m em brane 

p h o sp h o lip id s . T h e ir  associa tion  w ith  ce llu lar necrosis in 

G B M s is p ro b ab ly  due  to  m em brane  b reakdow n . B ecause 

w e  o b se rv ed  lip id s  in  e igh t o f  22 A A s, w h ich  by  defin i ­

tio n27 co n ta in  little  o r no  necrosis, w e suggest tha t m em ­

b ra n e  b re a k d o w n  m ay  p reced e  h is to lo g ica lly  ev iden t 

n ecro sis . Indeed , K uesel, e t  a i , 30 suggested  that the ap ­

p ea ran ce  o f m o b ile  lip ids in  reg ions o f  v iab le  tum or ind i ­

ca tes  m etab o lic  e ffec ts  o f  poor p erfu sio n , and  n eu tra l lip id  

d ro p le ts  w ere  d e tec ted  in  the cy to p lasm  o f  hypox ic  tum or 

c e lls .13
L arg e  am o u n ts  o f  lip ids appear to b e  specific  fo r A A  o r 

G B M , b u t th e ir ab sen ce  does no t ru le  ou t A A  or G B M , 

H o w ev er, it is  im p o rta n t to no te  tha t h istopatho log ica l 

g rad in g  is im p e rfec t in  its co rre la tio n  w ith  p rognosis. In 

adu lts  in  p articu lar, the c lin ical cou rse  o f  low er grade 

tu m o rs , m o re  than  h a lf  o f  w hich  recu r as, o r evo lve  into, 

an  ag g ress iv e  p h en o ty p e , is d ifficu lt to p red ic t.38 T h e re ­

fo re , ev en  i f  !H ~M R  spectroscopy  m etabo lic  ch a rac te ris ­

tics h a v e  lim ited  d iagno stic  accuracy, they  m ay have  p ro g ­

n o s tic  s ig n ifican ce , as has b een  fo u n d  in  the  ca se  o f  

g lu co se  h y p e rm e tab o lism  in P E T .1,23,25,44,56 C u rren t issues 

in  th e  m an ag em en t o f  patien ts w ith  A S are  w hether o r not 

th e re  is an  ad v an tag e  to g ross-to ta l resec tion  and  w h e th e r 

o r n o t p o s to p e ra tiv e  rad io therapy  in fluences the ra te  o f  

d iffe ren tia tio n  o r re la p se .38 A  m etabo lic  charac te ris tic  that 

in d ep en d en tly  co rre la tes  w ith  m alig n an t b eh av io r co u id  

h e lp  the c lin ic ian  to  balance  the  risks and b en efits  o f  

ag g re ss iv e  th e rap y  m o re  accurately. B ecause  m ic ro sco p ic  

n ec ro s is  in  G B M  does co rre la te  w ith  p ro g n o s is ,9,10,41 it is 

possible th a t the p resen ce  o f lip ids w ill also. M o reo v er, 

Decause the  ap p earan ce  o f  m ob ile  lip ids appeal's to  p re ­

c e d e  e v id e n t n e c ro s is ,30 i t  is po ssib le  th a t the ir p re sen ce  in  

A A s w ill p ro v id e  a m ark e r fo r tum ors likely  to ev o lv e  in to  

m o re  ag g ressiv e  behav ior. T herefo re , the p o p u la tio n  th a t 

has b e e n  accru ed  in  this trial w ill b e  fo llo w ed  o v er th e  

n e x t few  years to ob ta in  re lapse-free  and  overall su rv iv a l 

s ta tis tic s . T h is  m ay  enab le  us to  de term ine  if  the p re se n c e  

o f  lip id s  o r o th e r m etabo lic  characteristics (for ex am p le , 

ch o lin e  co n cen tra tio n s  th a t are above m ed ian  vs. th o se  

b e lo w  m ed ian ) p red ic ts  p rognosis ind ep en d en t o f  h is ­
to p a th o lo g ica l g rade.
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