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M S r n C T  
I 

Emission computed tomography can provide a q n a n t i t z t i v e  l ? J  VIVO 

measurement of r e g i o n a l  t i s s u e  r ad ionuc l ide  t r rcer  concen t r a t ions .  Th i s  

f a c i l i t y  when combined wi th  physiologic  models and r a d i o a c t i v e l y  l abe led  

physiologic  tracers that- behave i n  a p r e d i c t a b l e  na rne r  a l low measurenect 

of a wide v a r i e t y  of physiologic  v z r i a b l e s .  This  i n t e g r z t e d  technique has  

been r e f e r r e d  t o  by Phelps et a l .  as Phys7:0k~g?:c TmogrpaF2 (PT).  

t r o n  tonograph, t h e  ECAT, has  been w e l l  c h a r x t e r i z e d  i n  terns of a n a l y t i c a l  

measurements of t i s s u e  r a d i o a c t i v i t y  concen t r a t ions .  The ECAT hzs been used 

t o  measure t h e  r a t e  c o n s t a n t s  for t r a n s p o r t  and ze t abo l i sm of a glucose 

analog, (F-18)-2-fluoro-2-deoiryglucose i n  b r a i n  and h e a r t .  The compartmental 

model used i n  t h i s  work was developed by Hueng, P h e l p s  e t  a l .  Th i s  model 

A posi-  

and t h e  measured ra te  c o n s t a n t s  have been incorporated i n t o  t h e  ECAT ope ra t ing  

system and used on a ro l i t i ne  b a s i s  f b r  xeeaslirements of r e g i o n a l  metabol ic  

t 
I 

r a t e  f o r  glucose i n  b r a i n  and h e a r t .  A nodeldeveloped by Phelps e t  a l .  f o r  

measure of r e g i o n a l  c e r e b r a l  blood volume (rCBV) subsequent t o  s i n g i e  b r e a t h .  

i n h a l a t i o n  of 11 CO has  a l s o  been incorporated i n t o  t h e  ECAT. 11 CO is  used 

both f o r  study of rCBV and n u l t i p h a s e  ga t ed  s t u d i e s  of c a r d i a c  blood pools .  

13PlH 

f u s i o n  in b r a i n  and h e a r t .  

is used with a * i n i d i r e c t i o n . t r a n s p o r t  node1 to  examine c a p i l l a r y  per- 3 

Rumen s t u d i e s  are s h o m  t o  exemFlify each of the 

above approaches. I n  v ivo  i n v e s t i g a t i o n  of biochemical and phys io log ic  chznges 

i n  normal and d i seased  states w i t h  PT provides  a unique and fundamental capa- 

b i l i t y .  Th i s  approach can  e n r i c h  o u r  u n d e r s t a n d h g  and p o t e n t i a l l y  a l low 

c h a r a c t e r i z a t i o n  of d i s e a s e  a t  e h r l y  s t a g e s  where treatment and r e v e r s i b i l i t y  

have a b e t t e r  pe r spec t ive .  
/ 
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Tomographic techniques  f o r  minimizing o r  reinoving t h e  supe rpos i t i on  

of i n f o m a t i o n  wi th  depth have been t h e  goa l  of a number of systems f o r  

producing an  image of a s e c t i o n  of t h e  body i n  depth. I n  t h e  p a s t ,  n o s t  

tomographic images i n  d i agnos t i c  radiology and nuc lea r  medicine w e r e  pro- 

duced by employing t h e  p r i n c i p l e s  of " foca l  plane" tomography, f i r s t  descr ibed  

by Bocage i n  1921. More r e c e n t l y ,  computerized mathematical  techniques have 

been developed t h a t  a l low exac t  or  nea r ly  exac t  r econs t ruc t ion  of tomographic 

s e c t i o n s  of t h e  body. 

computerized tomography (CT). 

Th i s  t e c h i q u e  is  r e f e r r e d  t o  by t h e  popular  name of 

Although some of t h e  f i r s t  examples  of corn- 
! 

p u t e r i z e d  t r a n s a x i a l  r e c o n s t r u c t i o n  tomography were demonstrated i n  nuc lea r  

medicine by Kuhl and co-workers . ( l -4) ,  t h e  success fu l  development of t h e  MI 

(EM1 Medical L td . ,  Middlesex, England-) x-ray t ransmiss ion  scanner  by Rouns- 

f i e l d  (5) has  produced a r ap id  advancement i n  t h i s  technique i n  t h e  p a s t  sLx 

yea r s .  

While t h e  technique  of CT i s  c l e a r l y  a p p l i c a b l e  t o  nuc lea r  medicine 

imaging, i t s  c l i n i c a l  a p p l i c a t i o n  has  lagged f a r  behind x-ray t ransmiss ion  

CT (TCT). Although emission CT (ECT) i s  somewhat more d i f f i c u l t  than TCT 

many of t h e s e  t e c h n i c a l  problems have been o r  are now being  solved ( 6 ) .  

ECT has  a unique c a p a b i l i t y  t o  q u a n t i t a t i v e l y  measure phys io logic  

processes  as compared t o  t h e  more morphological o r  anatomical  c a p a b i l i t i e s  

in  TCT or u l t r a sound .  Th i s  can b e  c l e a r l y  apprec i a t ed  from t h e  f a c t  t h a t  

ECT can  be  coubined wi th  l a b e l e d  body s u b s t r a t e s  and phys io logic  models t o  

provide a n a l y t i c a l  measurements of metabolism, blood flow, blood volume, m e n -  

b rane  t r a n s p o r t ,  and o t h e r  phys io logic  v a r i a b l e s .  Th i s  i s  achieved,,through 

t h e  u s e  of ECT t o  a n a l y t i c a l l y  measure t i s s u e  a c t i v i t y  concen t r a t ion  i n  v ivo .  

I n  t h i s  way ECT is an  i n  vivo :lanology t o  i n  v i t r o  q u a n t i t a t i v e  audioradiog- 

-- 

-- -- 

I 

I 
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1 

1 .  



2 

raphy and t i s s u e  count ing techniques  which have been employed i n  a l abora to ry  

s e t t i n g  t o  s tudy b a s i c  phys io logic  and pathophysiologic  processes .  

approach has been r e f e r r e d  t o  as pi?ysz~ozOgic tomography, PT (7-8). 

This  

PT r e q u i r e s  l abe led  corripounds which t r a c e  phys io logic  processes  in 

a h o w n  and p r e d i c t a b l e  manner, and phys io logic  models which are appropr i -  

a t e l y  formulated and v a l i d a t e d  t o  d e r i v e  phys io logic  v a r i a b l e s  from ECT 

d a t a .  I n  o rde r  t o  e f 5 e c t i v e l y  achieve  t h i s  g c a l ,  PT r e q u i r e s  an  ECT system 

t h a t  is  capable  of performing t r u l y  q u a n t i t a t i v e  o r  a n a l y t i c a l  measurements 

of t i s s u e  t r a c e r  concen t r a t ions  and which has  been w e l l  cha rac t e r i zed  i n  

terms of s p a t i a l  r e s o l u t i o n ,  s e n s i t i v i t y  and s i g n a l  t o  n o i s e  r a t i o s  in t h e  

tomographic image. 
\ 

This  paper i l l u s t r a t e s  t h e  c a p a b i l i t i e s  of m i s s i o n  computed tomography 

and provides  exanples  of phys io logic  tmography f o r  t h e  r e g i o n a l  measurement 

of c e r e b r a l  and myocardial  metabol ic  rate f o r  glucose, r e g i o n a l  measurment  of 

c e r e b r a l  blood volume, gated ca rd iac  blood pools  and c a p i l l a r y  pe r fus ion  i n  

b r a i n  and h e a r t .  S tud ie s  on p a t i e n t s  w i th  s t r o k e  and nyoca rd ia l  ischemia 

are a l s o  presented .  

METHODS 

Recons t ruc t ion  Algorithms . 

The  b a s i s  of r e c o n s t r u c t i o n  tonography can  b e  b e s t  i l l u s t r a t e d  w i t h  

the example of t r a n s a x i a l  CT ( F i g . , l ) .  

a t  d i s c r e t e  ang le s  (o r  any equ iva len t  schene) around a c ross - sec t ion  of 

interest. These d a t a  are then  processed in one of a number of mathematical  

Data are obta ined  from l i n e a r  scans 

a lgor i thms t o  s o l v e  f o r  t h e  unknown c ross - sec t iona l  s t r u c t u r e .  

t ical  approach is t o  reduce t h e  3-dimensional problem t o  one of two dimensions 

(2-D) by f i r s t  assuming t h a t  t h e  c ros s - sec t ion  has  no t h i c l a e s s  ( i . e . ,  a 2-D 

plane).  

The mathema- 

Th i s  2-D problem is then p a r t i t i o n e d  into a l i n e a r  series of 1-D 



. .  
*. , _  
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l i n e a r  problems. For example, 

i n  a l i n e a r  scan is assumed t o  

i 
each datum po in t  o r  d e t e c t o r  reading ,  Y ,  

r ep resen t  a linear equat ion  of t h e  form: 

Y = A  1 + A 2 + " "  + Ai 

where A through A are the  un'mom amounts of a c t i v i t y  a long  t h e  l ine-of  

view of t h e  d e t 2 c t o r  (F ig .  1). 

dur ing  each l i n e a r  scan. 

ar2 angular  d i r e c t i o n  (9-11) , a c ross - sec t iona l  inage  can be unambiguonsly 

r econs t ruc t ed .  Th i s  f o r n u l a t i o n  of t h e  p r o b l m  i s  t h e  sme for- both  x-ray 

1 i 

A l i n e a r  set of t h e s e  equat ions  i s  generated 

A f t e r  s u f f i c i m t  d a t a  a r e  c o l l e c t e d  i n  t h e  l i n e a r  

and emission CT. However, t h e r e  are G n m b e r  of assunpt ions  i n  t h e  recons t ruc-  

t i o n  a lgo r i thm t h a t  pose a d d i t i o n a l  probleins i n  ECT. For example, t h e  assump- 

t i o n  t h a t  each d e t e c t o r  reading  (Y i n  Eq. 1) is equal  t c  t h e  l i n e a r  sum of 

a c t i v i t y  i n  each p i c t u r e  element a c r o s s  a w e l l  def ined  l i n e  a t  each d e t e c t o r  

p o s i t i o n  (Fig.  1) n e g l e c t s  t h e  f a c t  :hat t h e  photons emit ted frm rrhe a c t i v i t y  

in t h e  t i s s u e s  are decreased i n  number t o  varying degrees  by photon a t tenua-  

t i o n .  Thus, photon a t t e n u a t i o n  r e p r e s e n t s  another  s e t  of unknowns t h a t  must 

b e  solved or cor rec t ed  f o r  be fo re  t h e  h a g e  can be r econs t ruc t ed  wi th  conven- 

t i o n a l  tomographic algorithms. Methods fo r  compensating o r  c o r r e c t i n g  f o r  

photon a t t e n u a t i o n  have been developed and are d iscussed  elsewhere (6,  12,13). 

Thus, t h e  m i s s i o n  d a t a  are c o l l e c t e d ,  co r rec t ed  €or photon a t t e n u a t i o n  and 

then mathematical ly  r econs t ruc t ed  t o  form t h e  f i n a l  image of t h e  c ross -  

s e c t i o n a l  d i s t r i b u t i o n  of t i s s u e  a c t i v i t y  concen t r a t ion  (Fig.  2 ) .  

I 

il 

Presen t  r e c o n s t r u c t i o n  a lgor i thms can  b e  sepa ra t ed  i n t o  two c a t e g o r i e s :  

a l g e b r a i c  techniques ,  which g e n e r a l l y  u s e  i t e r a t i v e  schenes and f o u r i e r  

techniques  which u s e  f o u r i e r  series,. f o u r i e r  t ransforms or  convolut ion tech- 

n iques .  These techniques have been reviewed i n  s e v e r a l  p u b l i c a t i o n s  (9,  10, 11, 

,/ 
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I 

14) .  The most common r e c o n s t r u c t i o n  a l g o r i t h  and t h a t  used i n  t h e  system 

desc r ibed  i n  t h i s  work i s  convolut ion or l i n e a r  s u p e r p o s i t i o n  of f i l t e r e d  

back p r o j e c t i o n s .  

A number of o t h e r  phys i ca l  f a c t o r s  and requirements of emission computed 

tomography are discussed elsewhere ( 6 ,  10-15). 

P o s i t r o n  Imaging System 

The tomograph used i n  t h i s  work i s  t h e  ECAT (Fig.  3 ) .  This  system i s  

8 p o s i t r o n  tomograph which w a s  j o i n t l y  developed 5y Phelps and Hoffman (15) 
* 

wi th  ORTEC, Inc .  The ECAT is  s p e c i f i c a l l y  designed f o r  p o s i t r o n  imaging and 

employs an e l e c t r o n i c  form of c o l l i m a t i o n  i n  which t h e  two 511 keV photons 

that are s imultaneously emit ted a t  180" i n  p o s i t r o n  decay a re  d e t e c t e d  i n  

opposing d e t e c t o r s  w i t h  t h e  a i d  of a coincidence c i r c u i t .  Th i s  t ype  of 

e l e c t r o n i c  c o l l i m a t i o n  i s  r e f e r r e d  t o  as a n n i h i l a t i o n  coincidence d e t e c t i o n ,  

ACD (12) and avo ids  t h e  l e a d  c o l l h t o r s  t y p i c a l l y  einployed i n  n u c l e a r  medicine.  

ACD provides  h igh  s p a t i a l  r e s o l u t i o n ,  r e s o l u t i o n  and s e n s i t i v i t y  which a re  

depth independent and high geometric e f f i c i e n c y  when m u l t i p l e  coincidence f a n  

beam geometries are employed ( 1 2 ,  15-18). Th i s  type of m u l t i p l e  coincidence 

fan beam geometry is  i l l u s t r a t e d  in t h e  s c h a t i c  r e p r e s e n t a t i o n  of t h e  ECAT 

{Fig. 4 ) .  

The ECAT c o n s i s t s  of a hexagonal a r r a y  of s i x t y - s i x  3 .8  x 7.5 c m  N a I  

d e t e c t o r s  i n  which a l l  d e t e c t o r s  on opposing banks are connected i n  m u l t i p l e  

coincidence. 

submult iples  of 5.7 m) scans  a t  d i s c r e t e  ang le s  ( m u l t i p l e s  or submult iples  of 

L inea r  ( 4  cm d i s t a n c e  i n  d i s c r e t e  s t e p s  t h a t  are m u l t i p l e s  of 

2.5O) are c a r r i e d  through a t o t a l  a n g l e  of 60". The d a t a  then  s o r t e d ,  c o r r e c t e d  

f o r  photon a t t e n u a t i o n  and r e c o n s t r u c t e d - w i t h  a convolution-based a lgo r i thm 

wi th  an on-l ine PDP 11/45 minicomputer. The c o l l e c t e d  d a t a  are s t o r e d  on 

* L i f e  Sciences Div., ORTEC, Inc. ,  Oak Ridge, Tennessee 
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j 
bard d i s c s  wi th  f i n a l  p a t i e n t  images s t o r e d  orl f loppy d i s c s .  

are displayed w i t h  t h e  memory-buffered video d i s p l a y  system i n  a 109 ~ ~ 1 0 0  

or 200 x 200 format w i t h  64 grey l e v e l s  o r  c o l o r .  

bed t h a t  can be  moved up and down and i n  t h e  a x i a l  d i r e c t i o n  e i t h e r  m n u a l l y  

or under automatic c o n t r o l  of t h e  on-line computer s o  t h a t  t h e  complete 

s tudy can be c a r r i e d  ou t  au tomat i ca l ly  by d i r e c t  computer c o n t r o l .  

system w a s  designed as  a high-contrast ,  h igh-eff ic iency,  h igh - re sc lu t ion ,  

The images 

The p a t i e n t  is placed on a 

This  

q u a n t i t a t i v e ,  f a s t  scanning s i n g l e - s l i c e  system r e p r e s e n t h g  a n  inproved 

and optimized v e r s i o n  of t h e  PE';T I11 system o r i g i n a l l y  developed by Phelps ,  

Hoffman, Ter-Pogossian and co-workers (16, 1 7 ) .  

The ECAT is a whole body inaging sys te in  t h a t  can p e r f o n  3-dimensional 

tomographic s t u d i e s  and a l s o  2-dimensional (2-D) imaging. The t h r e e  opposing 

p a i r s  of d e t e c t o r  banks (Fig.  4 )  proqide t h r e e  simultaneous views of t h e  

p a t i e n t  i n  t h e  2-D mod2 (images at Oo and + - SC" ob l ique  a n g l e s ) .  Mul t ip l e  

tomographic c ros s - sec t ions  are obtained f o r  a complete organ s tudy in a 

ser ia l  f a sh ion .  Typ ica l ly ,  a 2-D image of t h e  p a t i e n t  is  f i r s t  per'formed 

and displayed i n  real time. The t echn ic i an  then selects t h e  crea t o  b e  

s tud igd  tomographically by a joy s t i c k  on the console ,  e n t e r s  t h e  r equ i r ed  

number oftnmographiccross-sections and t h e  scanning sequence is then 

c a r r i e d  out au tomat i ca l ly  under computer c o n t r o l  (see F igs .  7 & l o ) .  

of t h e  o p e r a t i o n s  of t h e  systan are en te red  by a s h p l e  question-answer format 

through t h e  video terminal  a n d - d n i t i a t e d  by pushbuttons on t h e  console .  

t h e  tomographic and 2-D images can  be co r rec t ed  f o r  a t t e n u a t i o n  wi th  e i t h e r  

- 
A l l  

Both 

an e x t e r n a l  r i n g  source  of p o s i t r o n  a c t i v i t y  o r  a n  automatic  gemet,ric cor- 

r e c t i o n  ( 1 2 ,  15-17). 

Scan t imes are s e l e c t a b l e  from 10 seconds t o  m u l t i p l e  miautes pe r  s l ice  



6 

i n  t h e  t r a n s a x i a l  mode. Resolut ion is s e l e c t a b l e  i n  both t h e  t r a n s a x i a l  

and 2-D imaging node from 9 t o  18 m. (15). 

The s y s t e a  is  c a l i b r a t e d  i n  terns of a b s o l u t e  concen t r a t ion  u n i t s  

wi th  a uniform c y l i n d r i c a l  phantom of krmwn r a d i o a c t i v i t y  concen t r a t ion  (15). 

The system sof tware  of t h e  EC4T allows t h e  u s e r  t o  e x t r a c t  r eg ion  of i n t e r e s t  

concen t r a t ions ,  window t h e  images, h i s t o g r a s  o r  p r o f i l e  t h e  images and a 

v a r i e t y  of o t h e r  post-processing c a p a b i l i t i e s .  

Phys io logic  Models I 

! 
! 

I n  gene ra l ,  t h e  modeling approach w e  have taken wi th  PY is  t o  employ 

t h e  type  of compartmental modeis used i n  autoradiography and a l s o  e q u i l i -  

' b r i m .  o r  s teady  s ta te  models (7-8). 

Cerebra l  Blood Volume Bodel: The model f o r  c e r e b r a l  blood volume (CBV) 

was i n i t i a l l y ' d e v e l o p e d  by Phelps e t  a l .  (21) f o r  x-ray f luo rescence  measure- 

ments and later a p p l i e d  by Kuhl e t  a1 (22) t o  ECT. This  equi l ibr ium model 

i s  given by: 

11 

11 
(1) ( co-RBc)T CBV = 

( CO-RBC)S x 0.85 x d 

11 11 where ( CO-RBC) and ( CO-RBC) are t h e  c e r e b r a l  t i s s u e  and venous blood 

concen t r a t ion  of ' IC0 l abe led  r ed  blood cells (RBC), 0.85 i s  a c o r r e c t i o n  

T B 

account ing for .  t h e  d i f f e r e n c e  between l a r g e  vessel and c e r e b r a l  hematocr i t  

(21) and d is t h e  dens i ty  of c e r e b r a l  t i s s u e  (1.04 gn /cc> .  The va lue  in t h e  

numerator is determined d i r e c t l y  wi th  t h e  tonograph. 

is measured from a s i n g l e  venous blood sample wi th  a w e l l  counter .  

blood cel ls  are l a b l e d  by a s i n g l e  b r e a t h  i n h a l a t i o n  of "CO gas .  ' 

The term in t h e  denominator 

The r e d  

Glucose Metabolism Model: - Determination of metabol ic  ra te  f o r  g lucose  

wi th  (F-18)-2-fluoro-2-deoxy-D-glucose (FDG) as a g lucose  analog i s  based 



7 

. -  I 

I 
upon a mod i f i ca t ion  of t h e  autoradiographic  model of Sokoloff et  al. (19) .  

Sokoloff e t  a l .  used (C-14)-2-deoxyglucose (DG) as a glucose tracer f o r  t h e  

measurenent of c e r e b r a l  metabol ic  ra te  f o r  glucose (CXXGlu). The Sokoloff 

et  a l .  model (19) is  a f i r s t  o r d e r  t r a n s p o r t  node1 wi th  3 compartments i n  

which deoxgglucose i s  t r anspor t ed  by t h e  same f a c i l i t a t e d  mechanism as glucose,  

except t h a t  DG is trapped' i n  t h e  c e l l  i n  t h e  phosphorylated form of X-6-P04 

(Fig.  5 ) .  DG-6-PO is n a t  f u r t 5 e r  metabolized due t o  t h e  i n h i b i t i o n  o r  

blocking of t h e  2 deoxy form of glucose (19). 

4 

The 0 . G l u  is  given by (19):  

- (k2* + k *)TJTC k ( t ) e  (k2* + k3*)td;] 
QIRGlu = C P k i * ( t )  - kl*e O P  

L C r / '  C * ( t ) d t  - e - (k2* + k3*)TJT Cp*(t)e (k2* + k3*)t 
LO 

- - .  

where C 

and DG, Ci*(T) i s  t h e  t o t a l  DG and DG-6-P04 concen t r a t ion  i n  t h e  t i s s u e ,  

a t  r e g i o n  i and t i m e  T .  The k*s are t h e  ra te  c o n s t a n t s  f o r  DG t r a n s p o r t  

and C * ( t )  are  t h e  mean plasma c a p i l l a r y  concen t r a t ion  of glucose 
P P r. 

and phosphoryl izat ion between t h e  v a r i o u s  compartments (Fig.  5 ) .  LC i s  t h e  

lumped c o n s t a n t  and is a set of  six c o n s t a n t s  which r e f l e c t  t h e  rate of 

phosphoryl izat ion,  dephosphoryl izat ion and volumes of d i s t r i b u t i o n  of deoxy- 

glucose t o  glucose.  A t  s t eady  state, LC i s  equal  t o  t h e  r a t i o  of t h e  a r t e r i a l -  

venous e x t r a c t i o n  f r a c t i o n  of DG t o  g lycose  a c r o s s  t h s  organ of interest. 

This model assumes t h a t  once DG is  phosphorylated t o  DG-6-POL by hexckinase,  

it is n o t  c l e a r e d  from t h e  t i s s u e  during t h e  t h e  of s tudy .  B r a i n  or h e a r t ,  

c o n t a i n  only low a c t i v i t y  l e v e l s  of phosphotcse, t h e  enzyme which hydrolyses  

DG-6-P04 -f DG PO4. 
/ 

Our s t u d i e s  i n d i c a t e  that loss  of FDG-6:PO al though n o t  l a r g e ,  is 4' 
8 

s i g n i f i c a n t  depending upon t h e  time a f t e r  t h e  i n j e c t i o n .  Thus, w e  have 

r i g o r o u s l y  de r ived  a form of t h e  Sokoloff et  a l .  (19) model which inc ludes  
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a k*4 term a l low f o r  hydro lys i s  of FDG-5-PO 

competes between c l ea rance  t o  t h e  bloqd (k *) and rephosphoryl iza t ion  2 

back t o  FDG which then 4 

(k*3) t o  FDG-6-P04 (Fig.  5 ) .  The genera l  f o r o  of t h i s  model f o r  t h e  

measurement of t h e  metabol ic  ra te  f o r  glucose (?EP,Glu) is  given by: 

I 
I 
i 
I 

(3)  

( I C ~  - al)d -u 1 +- + (a 
C F . ( T ) *  - kZ 

MRGlu = P 1 u2-al  ( 
e - e  

L 

,a2. = k * + k * + k4* 
2 3 

k * + k4* 

k * + k3* + k4* 
where a = 2 

2 

of convolut ion.  

W e  have measured t h e  r a t e ' c o n s t a n t s  and t h e  

b r a i n  and h e a r t .  These rate cons t an t s  a long wi th  

1 -  
- a and@s t h e  ope ra t ion  1 

lump cons tan t  f o r  both 

t h e  nodel  have been d i r e c t l y  

incorpora ted  h t o  t h e  so f tware  of t h e  tonograph. 

A s i m p l i f i e d  form of t h e  nodel  f o r  t h e  c a l c u l a t i o n  of e i t h e r  t he  

c e r e b r a l  o r  myocardial  metabol ic  rate f o r  g lucose  (MRGlu) i s  given by: 

( 4 )  
18 

PIRGlu = Plasma Glucose (To ta l  of F i n  t i s s u e  - Free  FDG i n  T i s s u e  i , T  
Lumped Constant (To ta l  F3G de l ive red  t o  t h e  t i s s u e )  

- . The t o t a l  18F concen t r a t i cn  i n  t i s s u e  a t  reg ion  i and time T i s  

measured wi th  t h e  tonograph, t h e  f r e e  FDG concen t r a t ion  i n  reg ion  i of t h e  

t i s s u e  is c a l c u l a t e d  from t h e  rate c o n s t a n t s  and t h e  measured plasma FDG 

concentxation of t i m e  T ,  t h e  t o t a l  FDG de l ive red  to  t h e  t i s s u e  .is t h e  area under 

t h e  plasma concent ra t fon  curve.  

va lues  can be  determined from venous blood from a r e s t i n g  arm without  l o s s  of 

W e  have shown (8) t h a t  a l l  t h e  blood 

accuracy compard t o  t h e  u s e  of arterial  va lves  as employed by Sokoloff ,  et a l .  

(19) o r  Reivich,  e t  a l .  (20) .  
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. L  

13NH i i i jected as an intravenous bo lus  is pre- 3 C a p i l l a r y  Perfusion:  

s e n t l y  used as a r e l a t i v e  i n d i c a t o r  of c a p i l l a r y  pe r fus ion  (blood flow p e r  gn 

of perfused t i s s u e ) .  T'ne nodel  f o r  t h i s  approach as o r i g i n a l l y  proposed by 

Phelps ,  et a l .  ( 2 3 ,  2 4 )  is based upon E u n i d i r e c t i o n a l  t r a n s p o r t  e x t r a c t i o n  

of 13NH from blood i n t o  t i s s u e  w i t h  f h a t i o n  by metabol ic  t r app ing  of l 3 N H  

i n  t h e  l a r g e  amino a c i d  pools of  b r a i n  and h e a r t .  Sche lbe r t  e t  a l .  (25) have 

shown a l i n e a r  r e l a t i o n s h i p  between t i s s u e  NH, concen t r a t ion  wi th  myocardial 

blood flow ove r  t h e  range of ze ro  t o  about 300cc/nin/100gns. 

3 3 

13  
2 

Above t h i s  f low 

13 
range t h e  NH t i s s u e  concen t r a t ion  s t i l l increases  but  t h e  response becomes 

non l inea r .  Phelps,  et a l . ' h a v e  shorn good a g r e m e n t  between t h e  known d i s t r i -  

bu t ion  of  c e r e b r a l  blood f low and t h e  d i s t r i b a t i o n  of NH t i s s u e  concentra- 

t i o n  i n  t h e  b r a i n  of hman  s u b j e c t s  ( 2 3 ,  2 4 )  i n  v ivo  and between I3NH t i s s u e  

3 

13 
3 .  

3 

concen t r a t ion  and flow measired with n i c rosphe res  in dogs (unpublished wrk) . 
The assumptions and requirements of this approach are d i sucssed  i n  d e t a i l  

elsewhere ( 2 3 - 2 5 ) .  

RESULTS . 

The lef t -hand s i d e  of Fig 6 shows a Z-dinensional image of t h e  d i s t r i -  

bu t ion  of blood i n  t h e  human body taken w i t h  t h e  ECAT subsequmt  t o  a s i n g l e  

b r e a t h  i n h a l a t i o n  of "CO. Although t h i s  2-dimensional image shows t h e  over- 

a l l  d i s t r i b u t i o n  of blood it is l k i t e d  i n  terms of t h e  d e t a i l e d  d i s t r i b u t i o n  

i n  any given organ. The tomographic h s g e s  of - t h e  c ros s - sec t iona l  d i s t r i b u -  

t i o n  a t  v a r i o u s  levels through t h e  brain shown on t h e  r i g h t  s i d e  of Fig.  6 

i l l u s t r a t e  t h e  d e t a i l  w t t h  which tomography can d e l i n e a t e  t h e  i n t e r n a l  blood 

d i s t r i b u t i o n  of t h e  b r a i n .  

images of c e r e b r t l  blood volume iri u n i t s  of cc 's  of blood pe r  gram of t i s s u e  

By u s i n g  t h e  model i n  Eq. 1 t h e  tonograph provides  

.on  a r e g i o n a l  b a s i s .  
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Fig .  7 i l l u s t r a t e s  t h e  tomographic c t p a b i l i t y  t o  c l e a r l y  d e l i n e a t e  

t h e  i n d i v i d u a l  chambers of t h e  h e a r t  and l a r g e  blood v e s s e l s  t h a t  were 

no t  apparent  on t h e  ?-dimensional image (Fig.  6) because of supe rpos i t i on .  

I n  a d d i t i o n ,  t h e  d a t a  c o l l e c t i o n  of t h e  tmograph  can be ga t ed  by an EKG 

s i g n a l  such t h a t  t h e  tomographic i aages  of t h e  h e a r t  czn be  r econs t ruc t ed  

f o r  each phase of t h e  c a r d i a c  c y c l e  (Fig.  8 ) .  Th i s  a l lows  one t o  c a l c u l a t e  

t h e  mechanical w o r k c a p a b i l i t y  of each c h m b e r  of t h e  h e a r t .  by a s i m p l e  

ana s a f e  technique. 

F i g .  9 is a human s tudy 0.: t h e  c e r e b r a l  n e t a b o l i c  ra te  for glucose 

using FDG. The 2-dimensional image of t h e  head shown i n  t h e  lower r i g h t  

hand corner  of Fig. 9 i l l u s t r a t e s  t h e  high concen t r a t ion  of FDG i n  t h e  

b r a i n  bu t  t h e  pe rcep t ion  of t h e  i n t e r n a l  s t r u c t u r e s  of t h e  b r a i n  is  l i i c i t e d .  

The c r o s s - s e c t i o n a l  tomographic images i n  t h e  upper p o r t i o n  of Fig.  9 clearlv 
i, 

i l l u s t r a t g t h e  d e t a i l e d  d e l i n e a t i o n  of t h e  d i f f e r e n t  s u b s t r u c t u r e s  of t h e  

b r a i n  w i t h  ECT. U t i l f z i n g  t h e  model i n  Eq.  3 t h e  iinages are converted to 

u n i t s  of mg of glucose u t i l i z e d  p e r  minute pe r  graia of t i s s u e .  Thus one can 

e x t r a c t  t h e  r e g i o n a l  c e l l u l a r  metabol ic  rates i n  t h e  h m a n  s u b j e c t  by a non- 

invas ive  technique. 

Fig.  10  i l l u s t r a t e s  t h e  study of myocardial  g lucose  metabolism i n  t h e  
I 

human s u b j e c t .  The 2 4 i m e n s i o n a l  images on t h e  r i g h t  were tzkeo t o  select i I 
i 
i 
i 
i 

l e v e l s  t o  be  examined tornographically. 

is taken with t h e  K A T  i n  a t r ansmiss ion  mode and is  s i m i l a r  t o  a radiograph. 

The p l u s  sign on t h e  'image i l l u s t r a t e s  where t h e  operagor has used t h e  j o y  

s t ick  t o  select r eg ions  t o  be s t u d i e d  tonograph ica l ly  2 s  i l l u s t r a t e d  at t h e  

far l e f t  hand s i d e  of Fig.  10 w i t h  t r ansmiss ion  tomographic inages of t h e  

thorax.  The 2-dimensional i nage  a t  bottom r i g h t  s i d e  of F ig .  10 is  t h e  emission 

The 2-djnensional image a t  t h e  t o p  

1 
'1 
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image showing FDG l o c a l i z e d  p r imar i ly  i n  t h e  b r a i n  and h e a r t .  The p l u s  s i g n  

on t h e  2-dimensional inage  aga in  i n d i c a t e s  where t h e  ope ra to r  has  s e l e c t e d  

a s t a r t i n g  po in t  a t  t h e  base of t h e  h e a r t  f o r  t h e  tomographic examination. 

The tomographic m i s s i o n  h r g e s  c l e a r l y  show t h e  g lucose  metabolism i n  t h e  

l e f t  ( a l l  l e v e l s )  and r i g h t  ( t o p  2 l e v e l s )  v e n t r i c l e  a t  l e v e l s  t h a t  range 

t h e  base  t o  t h e  appz of t h e  h e a r t .  

F ig .  11 il lustrates a s tudy of t h e  p a t i e n t  wi th  s t r o k e  i n  which 13NH3 

w a s  used a s  a tracer t o  image t h e  d i s t r i b u t i o n  of c a p i l l a r y  blood flow. I n  

a d d i t i o n ,  t h e  p a t i e n t  was exmined  i n  terms of t h e  c e r e b r a l  metabol ic  rate 

fo r  g lucose  wi th  FDG and t h e  i n t e g r i t y  of t h e  blood b r a i n  b a r r i e r  with 68Ga 

EDTA. The x-ray t ransmiss ion  tomographic s tudy  is  shown on t h e  f a r  r i g h t  

rom 

of t h e  f i g u r e  and w a s  read a s  norna l  even though t h e  p a t i e n t  w a s  symptomatic 

of an  i n f a r c t  i n  t h e  r i g h t  p o s t e r i o r  p o r t i o n  of t h e  o c c i p i t a l  l obe  of t.he 

b r a i n .  The ischemic i n f a r c t  i s  c l e a r l y  seen ( a s  noted by t h e  arrow) i n  both 

t h e  blood flow and metabolism study and f u r t h e r  de l inea ted  by t h e  appearance 

of a blood b r a i n  b a r r i e r  d e f e c t  wi th  68Ga. .EDTA (arrow). 

F ig .  1 2  shows a p a t i e n t  w i th  myocardial  ischemia i n  t h e  p o s t e r i o r  w a l l  

of t h e  l e f t  v e n t r i c l e  which is  c l e a r l y  seen  i n  t h e  l3NR3 s tudy  !arrows). 

Note t h e  c l o s e  anatomical  correspondence of t h e  blood chambers ( 

wi th  t h e  NII images of t h e  myocardium. 

11 
CO images) 

1 3  
3 

CONCLUSION 

W e  have used t h e  ECAT p o s i t r o n  tonograph t o  i n v e s t i g a t e ,  c h a r a c t e r i z e  

and v a l i d a t e  t h e  phys io logic  models acd  t o  apply them f o r  t h e - f i n a l  measure- 

ment of phys io logic  v a r i a b l e s  i n  vivo. For example, t h e  tomographi,c system 

was used t o  measure all of t h e  rate cons t an t s  i n  t h e  model for t h e  metabol ic  

rate for glucose  wi th  FDG ( E q .  3)  znd then t h e  model w i th  t h e  measured va lues  
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of t h e  rate c o n s t a n t s  w a s  incorporated i n t o  t h e  ope ra t ing  system so€tware 

of t h e  ECAT t c  perform t h e  i n  v ivo  measurements of metabol ic  ra tes  f o r  

glucose.  To c a r r y  out  an a c t u a l  s tudy,  t h e  s u b j e c t  is i n j e c t e d  intravenously 

w i t h  FDG, venous blood samples taken,  and 30 t o  40 n i n u t e s  p o s t  i n j e c t i o n  are 

allowed t o  ach ieve  s teady s t a t e  cond i t ions  b e f o r e  imaging is  i n i t i a t e d .  

blood d a t a  (plasiaa glucose concen t r a t ion  measured by t h e  c l i n i c a l  l a b  and 

FDG plasma concen t r a t ion  measured i n  a w e l l  coun te r )  are  en te red  i n  t h e  

tomograph and t h e  inages a re  converted t o  u n i t s  of g lucose  metabol ic  rate, 

The 

: 

(ng g lucose  u t i l i zed /n in /gm t i s ' sue) .  Thus, as seen i n  F ig .  13, s h o r t l y  a f t e r  

scanning, r e g i o n a l  c e r e b r a l  n e t a b o l i c  rate for glticose can be  e x t r a c t e d  w i t h  

t h e  region of i n t e r e s t  c a p a b i l i t i e s  of t h e  ECAT. A s  r e g i o n , o f  interest is  

moved around t o  d i f f e r e n t  l o c a t i o n s  i n  t h e  image t h e  metabol ic  rate,  s i z e  of 

t h e  r eg ion  arid stanc?ard d2viaCioti cjf V a i i a t i o n  wi th in  t h e  r eg ion  are updaced 

i n  real  time. Th i s  same approach i s  a l s o  einployed i n  t h e  measurement of myo- 

c a r d i a l  metabol ic  rate for glucose.  The system i s  set up i n  such a manner 

t h a t  t h e  s t u d i e s  are now r o u t i n e l y  c a r r i e d  ou t  by nuc lea r  medicine t echn ic i ans .  

The measureinent of r e g i o n a l  c e r e b r a l  blood volume ( rCBV)  i s  accomplished 

wi th  a s imple s i n g l e  b r e a t h  of "CO and about 3 venous blood samples. 

blood concen t r a t ion  of GO-carboxyhenoglobin i s  en te red  i n t o  thec tonograph ic  

system and t h e  rCBV v a l u e s  are then e x t r a c t e d  i n  t h e  same inanner as d i scussed  

The 

11 

CO has also been used ' t o  inage 11 above f o r  t h e  glucose metabol ic  rate. 

t h e  v e n t r i c u l a r  c h a b e r s  and l a rge '  vessels of t h e  h e a r t .  

performed tomographic s t u d i e s  i n  vh ich  t h e  m u l t i p l e  phase of t h e  c a r d i a c  

We -have r e c e n t l y  

c y c l e  are s e l e c t e d  by ERG g a t i n g  and s t o r e d  i n  s e p a r a t e  memory l o c a t i o n s  of 

t h e  tomograph. Each phase of t h e  c a r d i a c  cycle is then r econs t ruc t ed  (Fig.  8) 

and subsequently viewed i n  a c i n e  format.  Th i s  t ype  of s tudy  n o t  only provides  

- -  
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i 
clear d e l i n e a t i o n  of t h e  v e n t r i c u l a r  chambers but: a l s o  t h e  c a l c u l a t i o n  of 

t h e  e j e c t i o n  f r a c t i o n  and s t r o k e  voltme on a l e v e l  t o  l e v e l  and chamber t o  

chamber b a s i s .  

myocardial i n f a r c t i o n  and a l s o  t o  c h a r a c t e r i z e  t h e  r eg iona l  and g l o b a l  

mechanical work c a p a b i l i t y  of t h e  h e a r t .  

Th i s  technique a l lows  one t o  observe a k i n e s i s  a s s o c i a t e d  w i t h  
t 

A f t e r  i n i t i a l  s t u d i e s  i n  normal s u b j e c t s  w i t h  FDG (8, 20, 26)  t h e  

approach descr ibed i n  t h i s  paper w a s  developed and has  been a p p l i e d  t o  

p a t i e n t s  with i) ep i l epsy  (27)  ii) a wide v a r i e t y  of d i f f e r e n t  types acd 

changes in f o c a l  and d i f f u s e  c e r e b r a l  ischeinia (28) iii) c e r e b r a l  tumors 

(15) and i v )  ischemic h e a r t  d i s e a s e  (Fig.  10).  Th i s  approach has  a l s o  been 

used wi th  I3NH as a 

t e r i z e  mild coronary 

ECT provides  a 

3 

a l iv i r ig  s u b j e c t  f o r  

c a p i l l a r y  pe r fus ion  t r a c e r  (25) t o  d e t e c t  and charac- 

a r t e r y  s t e n o s i s  down t o  a l e v e l  of 47% s t e n o s i s  ( 2 9 ) .  

non-invasive met'hod t o  enploy tracer methodology i n  
* .  

t h e  m e a s u r e e n t  of physiologic  v a r i a b l e s  wi th  a s p a c i a l  

r e s o l u t i o n  and accuracy never be fo re  poss ib l e .  

s h o r t  l i v e d  p o s i t r o n  e m i t t i n g  r ad ionuc l ides  a l lows  m u l t i p l e  s t u d i e s  and 

t h e  s tudy  of time varying phenon?ena i n  a l i v i n g  s u b j e c t  .without t h e  per turba-  

t ions.-and l h i t a t i o n s  inposed by d e s t r u c t i v e  in v i t r o  techniques.  It a l s o  

a l l Q w s  t h e  s tudy of human d i s o r d e r s  in t h e  human s u b j e c t  which avoid t h e .  

Physiologic Tono_paphj w i t h  

d i f f i c u l t i e s  or i n  some cases t h e  i m p o s s i b i l i t y  ( i .e.  schizophrenia)  of duplf-  

c a t i n g  human d i s e z s e  i n  animals.  

and physiology in n o m a 1  and pathophysiologic  states through physiozogic 

tomography,provides a unique ant3 fundamental c a p a b i l i t y .  

The s tndy and m e a s u r e  of i n  v ivo  biochemistry 

Th i s  approach can 

e n r i c h  our  understanding a n d ' p o t e n t i a l l y  a l l o w . t h e  cha rac t e r i za t ion , and  

t i o n  of d i s e a s e  a t  e a r l y  s t a g e s  where treatment and r e v e r s i b i l i t y  of t h e  

detec-  

d i s e a s e  have a b e t t e r  pe r spec t ive .  
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FIGliRE CAPTIONS 

F igure  1. Schematic i l l u s t r a t i o n  of d a t a  c o l l e c t i o n  f o m t  f o r  t r a n s a x i a l  

emission computed tomography c o n s i s t i n g  of l i n e a r  s cans  a t  d i s c r e t e  angles  

through 180' around t h e  o b j e c t .  

of a c t i v i t y  w i t h i n  t h e  d e t e c t o r  f i e l d  of view a t  each d i s c r e t e  s t e p  i n  t h e  

scans.  

.P ly  A2' .... A are t h e  d i s c r e t e  amounts i' 

I 
1 

i 

I 
I 
I 1 

F i g u r e  2 .  Data processing sequcnce of ECT. Emission d a t a  from l i n e a r  scans I .  

(f ( x ,y ) )  are c o l l e c t e d  a t  d i s c r e t e  ang le s  as shown i n  Fig.  1 t o  form t h e  

d a t a  set Q (r,O). 

t o  produce fi ( r , 8 )  which i s  then processed wi th in  a r e c o n s t r u c t i o n  a l g o r i t b  

t o  produce t h e  f i n a l  i m g e  i n  c e r t e s i a n  coord ina te s  (f ( x , y ) ) .  

These d a t a  a re  c o r r e c t e d  f o r  photon a t t e n u a t i o n  (a(r, 9)) 

A 

F i g u r e  3 .  

UCLA. 

The ECAT p o s i t r o n  imaging system i n  Nuclear Medicine C l i n i c  a t  

F igu re  4 .  Schematic i l l u s t r a t i o n  of ECAT. Example of m u l t i p l e  coincidence 

geometry is shown between one d e t e c t o r  and a l l  d e t e r t o r s  of opposing bank. 

All d e t e c t o r s  on opposing banks employ t h i s  type of coincidence l o g i c  t o  pro- 

duce 

each 

scan 

5 " ) ,  

a t o t a l  of 363 lines of coincidence response for t h e  system (121 for 

opposing pai,r of d e t e c t o r  banks). 

over  a d i s t a n c e  of 4 an, t h e  gan t ry  ro t a . t e s  a f i x e d  a n g l e  ( t y p i c a l l y  

d e t e c t o r  banks sczn in the oppos i t e  d i r e c t i o n  and t h i s  sequence is  

I n  tomography a l l  d e t e c t o r  banks 

repeated through a t o t a l  a n g l e  of 60'. 

t o  t h e  nex t  p o s i t i o n  by computer c o n t r o l  of t h e  bed and t h e  sequence i s  

The s u b j e c t  is automaticall'y moved 

repeated i n  t h e  oppos i t e  d i r e c t i o n .  I n  2-dimensional (2-0) imaging t h e  

p a t i e n t  is moved through t h e  tonograph i n  t h e  axial  d i r e c t i o n  as t h e  d e t e c t o r  
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j 
1 

banks scan back and f o r t h  (no angular  scanning is  performed). 

opposing d e t e c t o r  banks provide 3 simultzneous 2-D h a g e s  of s u b j e c t  (0" 

and - + 60" o b l i q u e  views) .  

The 3 

Figure  5. 

glucose analoge of deoxyglucose o r  fluorodeoxygiucose.  

t h e  forward and r e v e r s e  t r a n s p o r t  r a t e  c o n s t a n t s  a c r o s s  t h e  c a p i l l a r y  nem- 

braue; 

glucose and t h e  phosphatase medfated hydro lys i s  of deoxyglucose-6-PO 

t o  deoxyglucoss. 

Schematic i l l u s t r a t i o n  OF compartmental nodei  f o r  t h e  l a b e l e d  

The kl* and k .f; are 2 

k * and k4* are  t h e  hexokinase mediated phosphorylation of deoxy- 3 
back 4 

Figure  6.  

L e f t :  two dimensional r e c t i l i n e a r  scaps of t h e  whole body blood d i s t r i b u t i o n .  

Blood volume images subsequent t o  s i n g l e  b r e z t h  i n h a l a t i o n  "CO. 

I 

wi th  t h e  a n t e r i o r - p o s t e r i o r  and - + 60" o b l i q u e  . q i e w s .  

minutes:  r e s o l u t i o n  1.3 c m .  Right:  c r o s s  s e c t i o n a l  images of t h e  b r a i n  

( c e r e b r a l  blood v o l m e )  s t a r t i n g  a t  6 cn above t h e  o r b i t a l  m e a t u s ,  OM, and 

moving l e f t  t o  r i g h t  and top t o  bottom t o  3 cm below t h e  OM i n  15 m increments.  

Top is anterior and l e f t  s i d e  is at l e f t  of inage.  The major s t r u c t u r e s  seen 

i n  t h e  images are s u p e r i o r  s a g g i t a l  s i n u s ,  s t r a i g h t  s i n u s  and high blood 

volume in reg ions  of t h e  s y l v i a n  f i s s u r e  and b a s a l  gang l i a ,  12terzl s i n u s ,  

l e f t  and r i g h t  c a r o t i d  arteries and cavernous s i n u s e s ,  s i g n o i d  s i n u s e s  and a 

high blood volume in t h e  n a s a l  area. Resolut ion of 9.5 m. A n t e r i o r  is a t  

T o t a l  scan time, 2 G  

t o p  and l e f t  s i d e  is  a t  l e f t  (adapted fron ref. 1 5 ) .  

/ 

Figure  7. Example of t r ansmiss ion  and emission s t u d i e s  i n  bo th  a two dinen- 

s i o n a l  and tomographic format.  Le f t :  t ransmission scans of t h e  thorax.  Bottom: 

-?. .,,-,--. .r .... - .-.- - . -_  .. .- 
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3 minute 2-dimensional ( 2 4 )  images of t h e  thorax showing u s e  of j o y  s t i c k  

(x is  p o s i t i o n  of j oy  s t i c k  cu r so r )  t o  s e l e c t  l e v e l s  which are au tomat i ca l ly  

scanned in t h e  t ransmiss ion  ECT mode (shown above) .  Right :  emission inages 

of t h e  thorax  subsequent t o  s i n g l e  b r e a t h  i n h a l a t i o n  of 10 m C i  of "CO. 

Bottom: shows 3 minute 2-D.images i l l u s t r a t i n g  t h e  u s e  cf t h e  j o y  s t i c k  (x) 

t o  s e l e c t  l e v e l s  which are au tomat i ca l ly  scanned wi th  emissicln ECT as shown 

above. 

h e a r t  in 15 mn s t e p s  towards apex. 

v . en t r i cu la r  chamber; RA and LA, r i g h t  and l e f t  a r t e r i a l  chanber;  OF, ou t  

f low tract;  A ,  a o r t a ,  SV, s u p e r i o r  venacava; PA, p u h o n a r y  a r t e r y ;  IVS, 

i n t r a v e n t r i c u l a r  septum; I V C ,  i n f e r i o r  vencava. Images are ungated, r e s o l u t i o n  

w a s  1.3 c m  and images contained from 600,000 t o  3,000,000 counts  p e r  l e v e l  

(takefi from ref.  1 5 ) .  

I 

Emission iinages from top  t o  bottoin and l e f t  t o  r i g h t  are from top of 

Abbreviat ions:  RV and LV r i g h t  and l e f t  

F igure  8. 

human vo lun tee r .  

(10 mCi). 

a t r ium and A is  a o r t a .  

v e n t r i c l e  ( d i a s t o l i c  t o  s y s t o l i c )  and asynchrony wi th  r i g h t  atrium. L e f t  

Example of fou r  phase gated s tudy of t h e  h e z r t  chanbers  in n o m 1  

Subjec ts  blood w a s  l abe led  wi th  a s i n g l e  b r e a t h  of "CO 

LV and RV are l e f t  and r i g h t  v e n t r i c u l a r  chambers. RA is  r i g h t  

Note synchrony i n  c o n s t r i c t i o n  of l e f t  and r i g h t  

s i d e  is a t  r i g h t  

of t h e  thorax  is  

and a n t e r i o r  is a t  t o p  of each image. A s i n g l e  c r o s s  s e c t i o n  

shown in exanple.  

of c e r e b r a l  metabol ic  rate f o r  g lucose  in human vo lun tee r  F igu re  9. Study 

wi th  18F-2-fluoro-2-deoxyglucose (FDG) . Inages i n  bottom r i g h t  k n d  c o m e r  

are from 2-dimensional 6can of t h e  head and i l l u s t r a t e  t h e  h igh  uptake i n  t h e  

b r a i n  a d  poor d e l i n e a t i o n  of t h e  i n t e r n a l  s t r u c t u r e s  wi th  2-dimension imaging 
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(AP and two 60" ob l ique  views a r e  shown). m g e s  above and l e f t  a r e  c ross -  

s e c t i o n a l  tomographic images. h a g e s  z t  l e f t  t o  r i g h t  and top  t o  bottom are I 
I 

from 9 c m  above t o  l e v e l  of o r b i t a l  nea tus .  h t e r i o r  i s  top and l e f t  s i d e  i s  I 

I l e f t .  Note clear d e l i n e a t i o n  of s u p e r f i c i a l  c o r t e x ,  s u b c o r t i c a l  whi te  nattel;, 

internal grey n u c l 2 i  in t h e  reg ion  of t h e  b a s a l  gang l i a  ( l e f t  and r i g h t  caudate  

thalamus e t c . ) ,  v i s u a l  c o r t e x ,  c e r e b e l l a r  co r t ex ,  vermus znd b r a i n  s t e m  t h z t  

w e r e  no t  v i s u a l i z e d  i R  t h e  two d h e n s i o n a l  iiaage. The model i n  eq. 3 was 

used t o  conver t  t h e  images t o  u n i t s . o f  c e r e b r a l  metabol ic  r a t e  f o r  g lucose  

(mgs g lucose  u t i l i z e d  pe r  m i n .  p e r  gm of t i s s u e ) .  

j 

1 i 
I 

1 

Figure  10. 

vo lun tee r  w i th  FDG: Right: image a t  top  is a tvo-dimensional (2-D) image 

Example of a s tudy  of myocardial  g lucose  metabolism i n  human 

of t h e  c h e s t  in t r a n s n i s s i o n  mode showing t h e  silhouette of the h e z t  LI t h e  

lung f i e l d s .  The c r o s s  on t h e  k a g 2  shows t h e  s e l e c t i o n  of l e v e l s  f o r  t h e  

tomographic s tudy i n  t h e  t ransmiss ion  node ( f a r  l e f t ) .  A t  t h e  bottom are 

shown 2-D images in e n i s s i o n  mode subsequent t o  i n j e c t i o n  of FDG. L e f t :  

t ransmiss ion  tomographic inages  of t h e  thorax f r o 3  base t o  apex of h e a r t .  

These images a r e  used f o r  morphological i d e n t i f i c a t i o n  and a t t e n u a t i o n  cor rec-  

t i o n  of t h e  emission images. Center:  m k s i o n  tomographic images of myocar- 

d i a l  metabol ic  rate f o r  glucose.  Images are a l s o  f rom'base  t o  apex of h e a r t .  

Top two l e v e l s  show t h e  myoca rd ia lme tabo l i c  rate f o r  g lucose  in l e f t  and 

r i g h t  v e n t r i c l e  whi le  t h e  lok-er images ma in ly  show metabol ic  rate f o r  g lucose  

in l e f t  ventricle. The his togram p r o f i l e s  a t  t h e  r i g h t  i l l u s t r a t e  image con- 

t ras t  between myocar&iun and surrounding lung 2nd l i v e r  t i s s u e .  Histograms 

are a t  p o s i t i o n s  of + s i g n s  on t h e  tomographic h a g e s .  

l e f t  v e n t r i c l e  t o  lung and l i v e r  are about 20 and 10,  r e s p e c t i v e l y .  

Image c o n t r a s t  of 
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F igure  11. Se lec t ed  images from a p a t i e n t  w i t h  a r i g h t  o c c i p i t a l  c e r e b r a l  

i n f a r c t .  I3NJ3 and FDG s t u d i e s  show t h e  pe r fus ion  and icetabol ic  d e f i c i t  
3 

(arrow) r e s u l t i n g  from ischemic i n f a r c t .  Ga-b8 EDTA imzges show t h e  break 

down i n  t h e  c a p i l l a r y  membrane (blood b r a i n  b a r r i e r  d e f e c t ;  arrow). The 

a c t i v i t y  i n  t h e  per iphery of t h e  head i n  Ga-58 EDTA images is  i n  t h e  e x t r a  

c e r e b r a l  t i s s u e  which does no t  have a blood brair. b a r r i e r  and t h e r e f o r e ,  

a c t i v i t y  f r e e l y  d i f f u s e s  i n t o  t h e  t i s s u e .  Note, t h a t  i f  

superimposed onGa-68 EDTA i m g e s ,  t h e  blood b r a i n  b a r r i e r  d e f i c i t  corresponds 

13 MH3 images are 

. .  

d i r e c t l y  t o  pe r fus ion  d e f e c t .  X-ray CT scans wi th  

phic  c o n t r a s t ' n a t e r i a l  were read as  n o m 1  (shown on 

r e f .  15). 

and without  radiogra-  

r i g h t ;  adapted from 

. .  
F i g u r e  12.. C a p i l l a r y  pe r fus ion  (13XH ) and blood chamber (L'CO) images 3 

of a p a t i e n t  w i t h  myocardial ischemia i n  t h e  p o s t e r i o r  w a l l  of t h e  l e f t  

v e n t r i c l e  (arrows). Also n o t e  t h e  c l o s e  anatomical correspondence of t h e  

L1 13 
blood chambers ( CO images) and t h e  v e n t r i c u l a r  myocardium ( NH images). 3 

I3NH w a s  i n j e c t e d  in t r avenous ly  and "CO w a s  adminis tered by a s i n g l e  b r e a t h  3 

i n h a l a t i o n .  

F i g u r e  13. I l l u s t r a t i o n  o f  r eg ion  of i n t e r e s t  (ROI)  e x t r a c t i o n  of c e r e b r a l  

metabol ic  rate for glucose (ClGGlu). Eq. 3 and t h e  measured-values  of t h e  

rate c o n s t a n t s  are r e s i d e n t  i n  t h e  o p e r a t i n g  s y s t e n  so f tware  of  t h e  ECAT 

so t h a t  a f t e r  e n t r y  of plasma v a l u e s  for g lucose  and FDG'concentrztions t h e  

j o y  s t i c k  can be used t o  select ROI  f o r  d i s p l a y  of IZOI area, CMRGlu and 

s t anda rd  d e v i a t i o n  of v a r i a t i o n  of GLRGlu i n  ROL. As ROT i s  moved around 

image t h e s e  parameters are updated i n  real time. 
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