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There is a l a rge  body of evidence i n  t h e  l i t e r a t u r e  demon- 

s t r a t i n g  a c lose  l i n k  between t h e  funct ional  a c t i v i t y  of a region 

of t h e  bra in  and i t s  metabolic a c t i v i t y  (16). This forms t h e .  . .  

bas i s  f o r  using metabolic s tud ies  t o  map t h e  regions of t h e  bra in  

which a r e  func t iona l ly  a c t i v a t e d  i n  response t o  a given stimulus. 

Roy and Sherrington i n  1890.(19) were t h e  first t o  pos tu la te  such 

a re la t ionsh ip  between changes i n  funct ional  a c t i v i t y  i n  The bra in  

agd a l t e r a t i o n s  i n  cerebra l  metabolism which then secondari ly 

produce changes i n  l o c a l  cerebra l  blood flow. s i n c e  then numerous 

s t u d i e s  have l e n t  suppor t . to  t h i s  hypothesis  (1,4,13,14,20,22). 

The development of the  Kety-Schmidt technique (10) f o r  t h e  : 

determination of average cerebra l  bl.ood flow and metabolism i n  1945 

made i t  poss ib le  t o  measure these  parameters d i r e c t l y  i n  man f o r  t h e  

first time. These s t u d i e s  i n  man confirmed t h e  e a r l i e r  animal experi- 

ments demonstrating metabolic and hemodynamic changes i n  t h e  bra in  

i n  assoc ia t ion  with funct ional  changes. For example, it was found 

t h a t  depression of cerebra l  f u n c t i o n a l * a c t i v i t y  due t o  coma of 

var ied  e . t io logies  was associated with a .decrease i n  cerebra l  oxygen 

metabolism and t h a t  t h e  reduced l eve l  of consciousness dorre la ted  

roughly with t h e  decrease i n  cerebra1,oxygen u t i l i z a t i o n  (11). 1.n 

p a t i e n t s  with organic dementia, cerebra l  blood'f low and metabolism 

are reduced and a d e f i n i t e  cor re la t ion  between the ,degree  of de- . 

pressed cerebra l  oxygen consumption and t h e .  degree of  dementia . 

has been r e p o r t e d .  (6,12) . 
Drug induced depression of cerebra l  funct ional  a c t i v i t y  a s  

f o r  sxampli with anes the t i c  agents a l s o  r e s u l t s  i n . a  reduction of 

cerebra l  oxygen consumption (23). On t h e  o t h e r  hand, convulsant 



agents have been shown i n  animal experiments t o  produce an 

increase i n  cerebral  oxygen uptake during the  induced seizure  

(5 ,21) . 'S imilar  changes have been fourid durir~g se izures  induced 

i n  man. Brodersen e t  al.(2) found during e l e c t r i c a l l y  induced seizures  

i n  man ::a: doubling of CMROt and CMROglucose followed by a  depression .. 

of  metabolism during the  p o s t i c t a l  period. 

The development of an autoradiographic technique fo r  t he  measure- 

ment of loca l  CMRgl i n  animals (24) has enabled s t ud i e s  o f  t he  

re la t ionsh ip  between functional  a c t i v i t y  and metabolism t o  be per-  

formed on a regional  ba s i s .  For exansle, . e l e c t r i c a l  s t imulat ion o f .  

the  s c i a t i c  nerve in the rat produces an increase i n  glucose con- 

sumption i n  t h e  i p s i l a t e r a l ,  dorsal  horn of  t he  'lumbar spinal  cord (8) . 
. . 

The production of focal  se izure  a c t i v i t y  by t he  loca l  i n j ec t i on  of 

. pen i c i l l i n  i n t o  t he  hand-face area  of  t he  motor cor tex of  the ' rhesus  

monkey r e s u l t s  i n  a s e l ec t i ve  increase  i n  glucose u t i l i z a t i o n  i n  the 

motor cor tex and i n  small d i s c r e t e  regions of the  putanen, globus 

pa l l idus ,  caudate nucleus and thalamus of the  same s ide;  regions 

believed t o  be s e l ec t i ve ly  act ivated during t h e  se izure  ( 3 , 8 ) .  Meta- 

bolic mapping O f  the primary visual  systcm of the  monkey i n  response. 

t o  d i f f e r en t  conditions'  of v isual  input has bcen ca r r ied  ou t  (9 ) .  
. . 

~ o l l o w i n g  b i l a t e r a l  r e t i n a l  s t imulat ion d i f fe ren t  r a t e s  o f  glucose 

consumption were observed i n  a t  l e a s t  four  cytoarchi tectural  layers 

of t h e  s t r i a t e  cortex.    he most intense metabolic a c t i v i t y  appeared 

t o  be i n  Layer XV, t h e  locus of  t he  termination of t he  geniculo- 

c o r t i c a l  pathway. Bi la te ra l  v isual  occlusion lowered t h e  r a t e s  of 

glucose consumption i n  t h e  s t r i a t e  cortex and markedly reduced t he  
. . 

metabolic d i f f e r en t i a t i on  of t he  various layers .  Uni la tera l  visual .  
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deprivation del ineated  tile laminae of the  l a t e r a l  genicula te  

body and t h e  ocular  dominance colu~nns o f  the  s t r i a t e  cor tex  a s  

well a s  the  regions with normally monocular input i n  t h e  s t r i a t e  

cortex.  

The exqu i s i t e  s p e c i f i c i t y  of  t h e  metabolic response t o  

funct ional  ' ac t iva t ion  is  demonstrated by a study o f  t h e  r a t  v i b r i s s a l -  

c o r t i c a l  b a r r e l  system (.a. Stimulat ion of  one v i b r i s s a  produced, 

an increase  i n  glucose consumption i n  t h e  corresponding c o r t i c a l  

b a r r e l  column i n  the S1 barrel f i e l d .  Tho increase  i n  glucose 

u t i l i z a t i o n  i n  t h e  s i n g l e  column extended from lamina I . - . .  , 

through V I ,  with t h e  g r e a t e s t  increase  occurring i n  lamina IV.  ..The 

diameter o f  t h e  column of  increased glucose uptake was 375-425 urn 
. ., 

which corresponds very c lose ly  t o  the  anatomic dimensions o f  t h e  
. . 

c o r t i c a l  b a r r e l  column. 
. . 

With the'  development sf a methud f o r  t h e  determination o f  
. . - .' 

' 

LC?4Rgl in  man 07) it became poss ib le  t o  see  whether changes i n  
,- . . .>. 

, . r. .,' I,.*; 

funct ional  a c t i v i t y  .in . the  human bra in  could be de tec ted  by observing 
$. 

t h e  ~oncomitant  metabolic a l t e r a t i o n s .  The method f o r  the. deterrnina- 

t i o n  of  LCMRgl u t i l i z e s  1~8~-2-fluoro-2-deoxyglucose ([~$F]-FDG). 

I n  t h i s  . method. . ' ' .  [ l 8 ~ ] - F I I ~  is  used a s  a t r a c e r  f o r  t h e  exchange 

of  glucose between plasma and b r a i n  and i ts  phosphorylation by hexo- 

kinase i n  t h e  t i s s u e s .  .. The. labeled  product o f  metabolism, L ~ ~ F ? - F D G  

phosphate, is e s s e n t i a l l y  trapped i n . t h e  t i s s u e  over t h e  t ime course 

of t h e  measurement. A model based on t h e  gssumptions of a s teady 

s t a t e  f o r  glucose consumption, a f i r s t - o r d e r  e q u i l i b r a t i o n  o f  t h e  

.free [18F]-FDG pool i n  t h e  t i s s u e  with t h e  plasma l e v e l ,  and r e l a t i v e  

r a t e s  of phosphorylat ioi  of [l 8 ~ ] - ~ ~ ~  and glucose determinod by 

t h e i r  r e l a t i v e  concentrat ion i n  t h e  precursor pool and t h e i r  . 



. r e spec t i ve .k ine t j c  constants f o r  t he  hexokinase react ion has 

been developed (24) .  The following operational  equation based 

on t h i s  model has been derived i n  terms of  measurable variables:  
..... . . . .  . . . . . . .  - 

. . .  s ' GO(T) - lc ,~e-(k~'+ki)T ~ p ~ ~ r ~ ~ ~ + l ; , - n  dt 

where R = t he  s+cuJated r a t e  of  glucose consumption per gram of  . .  
. ._ ' . . 

C; = the  concentration of  FDG + FDG-6-phosphate i n  t he  t i s sue ;  . 0 '  . . . .... .'. .,,' ... 

Ci = t h e  a r t e r i a l  plasma cencenrrarlon of  PDG; 

Cp = t h e  a r t e r i a l '  plasma concefitrazion of  glucuse; 

, k; = t h e  rate constant f o r  the  t ranspor t -  from plasma t o  t he  

t i s s u e  precursor pool of FDG; 

k; = t h e  rate constant f o r  t he  t ranspor t  back from the  tissue 

precursor pool t o  plasma f o r  FDG; 

k: = t h e  r a t e  constant f o r  t he  phosphorylation of FDG i n  t h e  

X = the  r a t i o  of  t he  d i s t r i bu t i on  'volumesdf FDG i n  the  t i s sue  

t o  t h a t  Of glucose; 

4 = t he  f r ac t i on  o f  glucose t ha t  ollcc phosphorylated continues 

down the  glycolytfc  pathway; 

* 
and Km and Vmax" ~ n d  K, and Vma, a r e  the  k ine t i c  constants of 

hexokinase f o r  FDG and glucose respectively.  

. The l a t t e r  s i x  constants can be combined. i n t o  one constant 

which has been designated the  lumped constant (A Vmax * Km/Q 



The three-dimensional d i s t r i b u t i o n  of 1 8 ~  a c t i v i t y  i n  t h e  

* 
bra in  (CT) i s  quant i f ied  by pos i t ron  emission tomography. I n  t h e  

worlc reported here t h e  PETT I11 Scanner at  BrooIchaven National 

Laboratory was used. This instrument cons i s t s  o f  48 Nal '(Tl) 

s c i n t i l l a t i o n  de tec to r s  i n  a hexagonal ar ray .  Each s ide  o f  t h e  

hexagon has 8 de tec to r s  mounted on a platform .capable of  r e c t i l i n e a r  

motion and the  e n t i r e  hexagon is  mo-mted on a gantry  capable of  

r o t a t i n g .  Collimation is achieved by measuring only pos i t ron  

ann ih i l a t ion  r a d i a t i o n  by having each d e t e c t o r  i n  coincidence with 

a l l  t h e  de tec to r s  i n  t h e  opposite  bank. With t r a n s l a t i o n  o f  t h e  ' 

banks (1 cm) and r o t a t i o n  of  t h e  gantry  (60 degrees i n  3 degree 
, . 

. . 
increments) t h e  r a d i o a c t i v i t y  i n  t h e  b ra in  t i s s u e  is measured from 

a number of  angles.  A reconst ruct ion algorithm s i m i l a r  t o  t h a t  used 

i n  CAT scanning allows l o c a l  t i s s u e  i sotope concentrat ion t o  be 

ca lcula ted .  The i n t r i n s i c  s p a t i a l  r e so lu t ion  o f  t h e  PETT I11 i s  

1.7 cm ful lwidth-hal f  maxinum (15). 

. . In  addi t ion  t o  t h e  determination of  t h e  d i s t r i b u t i o n  o f  b ra in  

1 8 ~ - a c t i v i t y  knowledge o f  both tile a r t e r i a l  blood plasma glucose 

18 and [ F]-FDG concentrat ions a s  a function of  time following t h e  

intravenous adminis t ra t ion  o f  [18~] iS required.  The [18F] -FDG is  

adm~nis te red  as  a bolus and then 30 minutes a r e  allowed t o  e lapse  

before t h e  bra in  d i s t r i b u t i o n  of  18f: a c t i v i t y  is  determined i n  

order  t o  minimize t h e  amount o f  f r e e  1 8 ~ - F D G  i n  t h e  precursor  pool. 

Thus most of t h e  1 8 ~  a c t i v i t y  i n  t h e  sec t ion  scan i s  i n  t h e  form of  

18F-~DG-~04. Correction is  made f o r  t h e  small amount of  f r e e  1 8 ~ - F D G  

present  from knowledge o f  t h e  a r t e r i a l  plasma 18F-F~G t i n e  course and 

t h e  turnover r a t e  of  t h e  precursor  pool. 

With t h i s  information plus  knowledge of  t h e  values f o r  

k:, k;, k; and t h e  lumykd 'constant f o r  fluorodeoxyglucose i n  man, 



. which have been determined i n  a s e r i e s  of normal subjects  ( 18) , 

. i t  is. poss ible  t o  ca lcu la te  the  value of loca l  cerebral  glucose 

metabolism f o r  a;:/ i-egion of t he  b ra in  with a resolut ion of 1.7 cm. 

In  addi t ion t o  using t h i s  technique t o  make quan t i t a t ive  

measurements of LC1ditgl i n  man. we investigated its usefulness i n  

mapping funct ional ly  ac t i ve  systems of  t h e  brain  i n  response t o  a 

physiologic s t i ~ r d l u s  . 
. We examined th ree  d i f f e r en t  s t imul i ;  a v i sua l ,  a t a c t i l e  .and 

' 

a-n auditory stimulus i n  a s e r i e s  of seventeen normal subjects , .  Each o f  the 
. " 

' 
s t imul i  was s t a r t e d  2 t o  3 minutes p r i o r  t o  t he  intravenous ad- 

min is t ra t ion  of ["FI-FDG and was continued f o r  60 minutes following 

in jec t ion .  Thc sect ion scans were s t a r t ed  30 minutes a f t e r  t he  - .  

FDG in jec t ion .  Each scan took 10 t o  14 minutes.and 6 t o  8 scans were 

obtained a t  1 cn: l eve l s  through the  region o f  i n t e r e s t  o f ' t h e  brain.  

Figure 1 is a drawing of  a l a t e r a l  and medial view of  t he  human 

bra in  with t h e  plaae  of the  scans indicated t h e i r  re la t ionsh ip  

t o  the  s t r i a t e  c c ~ t e x ,  somatosensory cortex,  and primary auditory 

correx i l l u s t r a t ed :  

In t he  visual  study the  subject  was asked t o  look i n t o  an 

18" diameter p ~ e x i g l a s '  hemisphere ios i t ioned  28". from h i s  eyes. 

H e  was asked t o  f i x a t e  on a small l i g h t  located a t  t he  center  o f  the  

hemisphere which was 'dimmed a t  random so s l i g h t l y  a s  t o  be 

de tec tab le  only by foveal vision.  The subjects  reported t he  dimrring 

events with grexi:ar than 95% accuracy indicat ing good visual  f ixa t ion .  

One-half o f  the  plexiglas  hemisphere was painted b lack-and . the  o ther  

ha l f  remained c lsaz .  In  the  l a t t e r  hemifield a well-illuminated, 

slowly moving high-contrast black and white pa t te rn  of  small l i ne s  
. . 

a t  various o r i e i ~ t a t i o n s  was placed. m e  visual  s tud ies  were per- 



D' 

formed i n  s i x  sub jec t s ,  t h r e e  of whom had t h e i r  l e f t  v isual  f i e l d  

st imulated and t h r e e t h e i r  r i g h t .  In  a l l  s i x  subjects  i n  whom one 

I 
I v i sua l  f i e l d  was st imulated,  the  glucose consunption i n  t h e  contra-  

I l a t e r a l  striats cor tex  was g r e a t e r  than t h a t  i n  t h e  i p s i l a t e r a l  
' 

s t r i a t e  cortex.  Normal control  sub jec t s  not receiving a v i sua l  

stimulus exhibi ted  symmetry i n  glucose metabolism i n  t h e  s t r i a t e .  

cortex.  The s t r i a t e  cor tex  is  located  i n  sec t ion  scan planes  0M+4 

and OM+5 (Fig. 1 ) .  I n  t h e  subject  shown i n  Figure 2 t h e  metabolic' 

r a t e  i n  t h e  r i g h t  s t r i a t e  cortex,  c o n t r a l a t e r a l  t o  the  st imulated 

.. visua l  f i e l d ,  was 25% t o  30% g r e a t e r  than t h a t  o f  t h e  i p s i l a t e r a l  

s t r i a t e  cortex.  . . I 3 '  i . . . h  . 

. ' I n  t h e  t a c t i l e  study . the  stimulus consisted o f  l i g h t  s t roking. , ,  . . .  ,-,,> 
* .......,. 

- 

of t h e  volar  and dorsa l  surface  of  t h e  fingers:l.and hand o f  one arm :,' . . .  <.. -." .,.. e-8. 

. . 

with a brush. Five sub jec t s  were s tudied,  two of  which ' r e c e i v e d  
.. . 

-a st imulus . t o  the lef t  hand and t h r e e  :t.o.::ther:tight hand. Scans from. 
<I ST 

'. unstimulated control  sub jec t s  a t  . l e v e l s  .OM+8 and OM+9: ' through t h e  . . .. . . . .A. .x:. 

hand a rea  of thz  somatosensory cor tex  showed b i l a t e r a l  s p ~ n e t r y  . -. -. 
L ,  

while a scan a t  the  same leve l  from a subject  i n  rshbm: t h e  l e f ?  hand ' 

and f i n g e r s  were st imulated exh ib i t ed , inc reased  glucose u t i l i z a t i o n  

i n  t h e  hand a r e a  of  the  r i g h t  pos tcen t ra l  gyms (Figure 3 ) .  The 

metabolic r a t e  f o r  glucose of t h e  r i g h t  pos tcen t ra l  gyrus i s  15% 

g r e a t e r  than t h e  homologous a r e a  i n  t h e  l e f t  hemisphere. I t  should 

be noted t h a t  the  region o f  increased glucose consumption extends well 

beyond t h e  somatosensory cortex.  In  4 out  0 f . 5  of  t h e  subjects  glucose 

u t i l i z a t i o n  was g r e a t e r  i n  t h e  pos tcen t ra l  gyms con t ra la te ra l  t o  t h e  

st imulated hand. 

. . 
In  t h e  audi tory  study, sub jec t s  wirh normal hearing defined a s  . . 

15 dB hearing t h r e s I ~ o l d ' l e v e 1  o r  b e t t e r  a t  frequencies of 250 I-lz . 

through 8000 H z  were used. The st imulus.  consisted of a tape recorded ' , , 



s t o r y  presented mollaurally by means of  earphones. Both ea r s  of 

: the  subject  were covered with earphones housed i n  ~ a i c o  auditory 

enclosures providing 30 t o  35 dB a t tenuat ion.  The aud i to ry  

st imulus was.presented a t  75 dB sound pressure  l e v e l .  The s u b j e c t ' s  

t a s k  was t o  recount a s  iuch d e t a i l  o f  t h e  s t o r y  a s  poss ib le  a t  t h e  

end o f  t h e  s t i ldy  and they were t o l d  t h a t  they would be  pa id  i n  

propor t ion t o  t h e  d e t a i l s  remembered. Auditory s t u d i e s  were per-  

. formed i n  s i x  right-handed subjects .  Three received t h e  audi tory  

st imulus v i a  t h e  r i g h t  e a r  'and t h r e e  v i a  t h e  l e f t .  

The primary aud i to ry  cor tex  is  located  i n  s e c t i o n  scan . . 

plane 0N+4. I n  t h e  s i x  sub jec t s  receiving t h e  audi tory  stlmulus an 

. increase  i n  glucose metabolism was present  i n  t h e  r i g h t  temporal 
- .  

cor tex  independent of  the  e a r  i n t o  which t h e  st imulus was i n t r o -  

duced. Figure 4 is a sec t ion  scan a t  OM+4 a t  t h e  l e v e l  o f  ?he 

aud i to ry  cor tex  i n  a snhject  receiving t h e  audi tory  st imulus i n  

t h e  l e f t  ear .  Tho r i g h t  temporal cor tex  has a metabolic r a t e  f o r  

glucose 30% g r e a t e r  than t h e  homologous region of  t h e  l e f t  hemisphere. 

This area  of increased glucose metabolisrn extends well beyond t h e  

primary audi tory  cortex.  Subjects  receiving t h e  s t imulus  i n  t h e  

r i g h t  e a r  showed q u a n t i t a t i v e l y  s i m i l a r  r e s u l t s  with t h e  r i g h t  

temporal cor tex  always more metabolical ly a c t i v e  than t h e  l e f t .  

In e igh t  control  s u b j e c t s  not  receiving any s t imula t ion t h e  

mean s i d e  t o  s i d e  d i f fe rence  i n  cerebra l  metabolic r a t e  f o r  glucose 

i n  any region of t h e  b ra in  d i d  not  exceed 6%. 

These s t u d i e s  demonstrate t h a t  by mapping the  loca l  changes i n  

cerebra l  glucose metabolism i t  is poss ib le  t o  determine which 

regions of  t h e  hman bra in  becvaie funct ional ly  a c t i v e  i n  response 

t o  a s p e c i f i c  s t inmlus.  This technique should be usefa1 not only 

i n  studying physiologic  changes i n  normal sub jec t s  but  i n  pathologic 



condit ions i n  which an a r e a  may be normal s t r u c t u r a l l y  but be d i s -  

connected from o t h e r  areas of  t h e  b ra in  o r  be unable t o  funct ion 

because of  metabolic derangements.. Such changes would not  be 

detected by angiography . o r  x-ray tomography (CAT scan) whereas 

methods t h a t  measure funct ional ly .  r e l a t e d  parameters may demonstrate 

t h e  changes t h a t  a r e  present.. . . 
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