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ABSTRACT 

The ECAT was designed and develo2ed as a complete pos i t ron  imaging system 

capable of  providing high c o n t r a s t ,  h igh r e so lu t ion ,  q u a n t i t a t i v e  images i n  2 

dimensional and tomographic formats .  F l e x a b i l i t y ,  i n  i t s  var ious  image mode 

opt ions  allow it t o  be used f o r  a wide v a r i e t y  of  imaging problems. 

medium (MR) and low (LR) tomographic r e so lu t ion  is  0.95 f 0.1, 1.3 f 0.1 

High (HR),  

and 1 . 7  & 0.1 cm FIVHM; high, medium and low re so lu t ion  i n  2-D images a r e  

0.85 f: 0.1, 1.3 f 0.1 and 1.7 ? 0.1 without or with some v a r i a t i o n  i n  depth 

depending on r e so lu t ion  mode employed. ECT system e f f i c i e n c y  is 30,100, 

15,900 and 9,200 c/sec/pCi/cc wi th  a 20 an dian  phantom a t  L R ,  MR and HR. Due 

t o  geometr ic ,de tec tor ,  e l e c t r o n i c  and sh ie ld ing  design,  coun t ra t e  c a p a b i l i t y  

and l i n e a r i t y  a r e  high with ninimum de tec t ion  of s c a t t e r e d  r a d i a t i o n  and random 

coincidence. Measured e r r o r  was found t o  be i n  exce l l en t  agreement with 

t h e o r e t i c a l ' s t a t i s t i c a l  p red ic t ions  d o m  t o  a l e v e l  of  1 .4% s tandard  devia t ion .  

Redundant sampling scheme o f  ECAT is shown t o  s i g n i f i c a n t l y  reduce e r r o r s  due 

t o  motion and d e t e c t o r  i n s t a b i l i t y .  Scan t imes a r e  v a r i a b l e  from 10 s e c  t o  

mul t ip l e  min/s l ice  i n  which m u l t i p l e  l e v e l s  a r e  au tomat ica l ly  c a r r i e d  out  by 

computer con t ro l  of  p a t i e n t  bed. 

i l l u s t r a t e  image q u a l i t y ,  r e so lu t ion  and e f f i c i e n c y  o f  both ECT and 2-D imaging 

mode. 

A wide v a r i e t y  o f  animal and human s t u d i e s  

These s t u d i e s  also provide exampLes of t h e  non-invasive s tudy method 

which has been made p o s s i b l e  through development o f  ECT. 

t h i s  developing modality ( P h y s k x b g k  Tomogmphj) 'can provide important information 

not  ob ta inab le  from t h e  p r imar i ly  morphologically o r i e n t e d  techniques o f  x-ray 

Unique p o t e n t i a l  o f  

CT and u l t rasound.  
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A number of  d i f f e r e n t  emission computerized tomographs (Em) have been o r  

These systems employ a wide range o f  design are being developed a t  t h i s  t ime. 

, 

concepts and are i n  var ious  s t ages  of app l i ca t ion ,  development o r  design. 

systems can be gene ra l ly  categorized as e i t h e r  s i n g l e  photon counting (SPC) 

systems which employ t h e  p r i n c i p l e s  of  e i t h e r  scanners ,  o r  s c i n t i l l a t i o n  cameras 

t o  t h e  technique of  r econs t r ac t ion  tomography f o r  t h e  imaging of compounds 

l abe led  with "Yc, 201T1, , I ,  e t c .  This  approach i s  exemplified with 

t h e  mul t ip l e  d e t e c t o r  a r r a y  designs of Kuhl e t  a l .  (1 ,2 ) ,  Mallard e t  a l .  (3) 

J & P Engineering 

of Keyes e t  a l .  ( 4 ) ,  Budinger e t  a l .  (5,6) and Jasczak e t  a l .  (7) .  The second 

approach employs t h e  use of a n n i h i l a t i o n  coincidence de tec t ion  (ACD) f o r  t h e  

imaging of  pos i t ron  emit t ing radiopharmaceuticals.  

by t h e  s i n g l e  s l i c e  mul t ip l e  d e t e c t o r  hexagonal designs o f  Phelps,  Hoffman 

Ter  Pogossian e t  a l .  (8-11), t h e  mul t i - s l i ce ,  mul t i -de tec tor  hexagonal design of  

Ter Pogossian, Mullani, Higgins e t  a l .  (12),  t h e  mul t ip l e  c r y s t a l  dual headed 

These 

1231 131 

1 2 and Union Carbide and with t h e  s c i n t i l l a t i o n  camera approach 

The ACD approach is  exemplified 

camera approach of  Brownell e t  a l .  (13,14), t h e  dual  headed s c i n t i l l a t i o n  camera 

approach of Muehllenher, Harper et  al .  (15,16), t h e  dual headed mult i -wire  pro- 

. p o r t i o n a l  chamber approach of Kaufman, Perez-Mendez e t  a l .  (17,18),  and t h e  

circular r i n g  systems of Robertson et  al. (19), Yamamoto e t  a l .  (20), Cho e t  a l .  

(21,22) and Derenzo, Budinger et  a l .  (23,24). 

A new pos i t ron  tomograph, ECAT, w a s  designed by two o f  t h e  au thors  ( M P  & EH), 
3 prior  t o  coming t o  UCLA, b u i l d  by O K E C  

We have t e s t e d  and are now r o u t i n e l y  ca r ry ing  o u t  s t u d i e s  with t h i s  system. 

ECAT was s p e c i f i c a l l y  designed t o  produce t r a n s a x i a l  tomographic images of  t h e  

d i s t r i b u t i o n  o f  pos i t ron-emi t t ing  radiopharmaceuticals i n  any po r t ion  of t h e  

and w a s  de l ive red  - to  UCLA i n  January 1977. 

The 

human body. I t  is  also capable  of producing q u a n t i t a t i v e  2-dimensional images. 

/7 

' 5  & P Engineering, England 

'ORTEC, Inc . ,  Oak Ridge, Tennessee 
' *Union Carbide Imaging Systems, Norwood, Massachusetts ( formally Clean Corp.) 
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While t h e  ECAT embodies many of t h e  basic p r i n c i p l e s  and design concepts 

developed i n  PET" I11 (8-10, 25)  it has  been redesigned and optimized i n  t e r n s  

o f  t h e  phys ica l  design and inherent  imaging c h a r a c t e r i s t i c s .  

designed t o  be a complete imaging system allowing a g rea t  deal  of f l e x i b i l i t y  

i n  i t s  var ious  imaging modes so as t o  handle a v a r i e t y  of imaging problems. 

The ECAT has been 

This  paper p re sen t s :  ( i )  a desc r ip t ion  of  ECAT; ( i i )  phantom s t u d i e s  

t o  i l l u s t r a t e  t h e  systems r e so lu t ion ,  e f f i c i ency ,  l i n e a r i t y ,  accuracy, f i e l d  

uniformity and design approach which minimizes t h e  acceptance of  random 

coincidence and s c a t t e r e d  r ad ia t ion ;  and ( i i i )  r ep resen ta t ive  s t u d i e s  i n  

animals and p a t i e n t s  i n  both t h e  t r a n s a x i a l  tomographic and 2-dimensional 

imaging modes. 

€CAT DESIGN C R I T E R I A  

The design o b j e c t i v e  o f  t h e  ECAT was t o  develop a complete pos i t ron  

imaging system capable of  providing not only t r a n s a x i a l  tomographic images 

but  a l s o  conventional 2-D images f o r  g r e a t e r  f l e x i b i l i t y  and u t i l i t y .  A 

grea t  dea l  of e f f o r t  was expended i n  developing a t r u l y  q u a n t i t a t i v e  in -  

* strument s i n c e  t h e  g r e a t e s t  s t r eng th  of emission computed tomography (ECT) 

is i n  q u a n t i t a t i v e l y  measuring physiologic  processes  (26-28). 

an imaging poin t  of view, t h e  q u a n t i t a t i v e  imaging c a p a b i l i t y  w i l l  a l s o  

From s t r i c t l y  

provide maximum image con t r a s t .  

'following c r i t e r i a  w a s  used as gu ide l ines  i n  developing t h e  ECAT. 

With t h e s e  general  ob jec t ives  i n  mind t h e  
. .  

(i) f lex . ib le  sampling c a p a b i l i t y  i n  both  t h e  l i n e a r  and angular  

d i r e c t i o n  cons i s t en t  with;  

(a) recons t ruc ted  image r e so lu t ion  (ie,  sampling d i s t ance  < % image - 
r e so lu t ion )  
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b) inherent  de t ec to r  r e s o l u t i o n  Cie, Sampling d i s t ance  < - % inherent  

d e t e c t o r  r e so lu t ion )  

c ) - r e q u i r e d  image accuracy [ ie ,  no sampling a r t i f a c t s )  

Accurate method for  photon 'a t tenuat ion  co r rec t ion  

Uniform d e t e c t o r  r e s o l u t i o n  and s e n s i t i v i t y  with depth 

Flinimum de tec t ion  o f  s c a t t e r e d  r a d i a t i o n  and random coincidence events  

i i )  

i i i )  

i v )  

v) High s e n s i t i v i t y  t o  meet . the  demanding s t a t i s t i c a l  requirements 

of CT and t o  minimize scan t imes 

Linear response of d e t e c t o r s  over count r a t e s  encountered v i )  

vii) High count r a t e  c a p a b i l i t y  

v i i i )  Accurate mechanical pos i t i on ing  r e so lu t ion  (ie, no a r t i f a c t s  due 

t o  mechanical d e t e c t o r  pos i t i on ing )  

Both 2-D and 3-D imaging c a p a b i l i t y .  i x )  

x) User o r i en ted  system opera t ion .  

The importance of  each of t h e s e  f a c t o r s  has been discussed previous ly  

i n  t h e  design of ECT systems (8,9,27-30).  The 

importance of providing a conventional 2-D imaging c a p a b i l i t y  with an ECT 

system has been previous ly  discussed by Keyes e t  al. ( 4 ) .  While we agree 

with t h e  importance of t h e  2-D imaging c a p a b i l i t y  as discussed by Keyes e t  

a l . ,  it was a l s o  f e l t  t h a t  t h e  ECAT should n o t  only provide a s tand-alone 

~. 2-D imaging c a p a b i l i t y  but  t h a t  t h e  2-D image would improve both t h e  accuracy '  

and e f f i c i e n c y  o f  t h e  use  o f  t h e  tomographic mode. 

images taken with t h e  €CAT are used i n t e r a c t i v e l y  t o  select l e v e l s  t o  be 

s tud ied  in 'more  d e t a i l  with t h e  ECT mode. This i n t e r a c t i v e  mode is used 

both with emission and t ransmission techniques t o  fac i l i t a te  se t -up  of 

For i n s t ance ,  r a p i d  2 - D  



p a t i e n t s  f o r  ECT s t u d i e s .  

Another design choice was i n  t h e  a r e a  of s i n g l e  s l i c e  versus  m u l t i p l e  

s l i c e  c a p a b i l i t i e s .  . A  f a c t o r  i n  t h i s  aspec t  was a cos t -des ign  dec is ion  

i n  an e f f o r t  t o  maintain a r e a l i s t i c  system c o s t  without s a c r i f i c i n g  imaging 

c a p a b i l i t i e s .  

to  s i n g l e  s l i c e  versus  mul t ip l e  s l i c e  designs which a r e  t h e  fol lowing:  

However, t h e r e  are a l s o  fundamental f a c t o r s  which r e l a t e  

i )  The first p r i o r i t y  i n  t h e  design approach t o  t h e  ECAT was t o  

produce q u u l t i t a t i v e ,  high c o n t r a s t  t r a n s a x i a l  tomographic images 

of h ighes t  q u a l i t y .  

e f f i c i e n c y  be placed i n  a p lane  c i rcumferent ia l  t o  t h e  p a t i e n t  t o  

This s t r o n g l y  d i c t a t e s  t h a t  t h e  m a x i m u m  de t ec t ion  

opt imize e f f i c i e n c y  i n  t h i s  mode. 

M a x i m u m  s i g n a l  t o  n o i s e  r a t i o s  and q u a n t i t a t i v e  accuracy can be  

obta ined  by reducing t h e  s i n g l e s  count rate ( i e ,  random coincidence 

r a t e )  and t r u e  coincidence due t o  s c a t t e r e d  r a d i a t i o n  by employing 

ii) 

sli t  s h i e l d s  o f  s u f f i c i e n t  th ickness  and length  and minimum open a r e a  

t o  restrict  the  r a d i a t i o n  accepted by each d e t e c t o r  t o  t h e  examined 

plane (8,31) ( i e ,  reduct ion of s i n g l e s  count r a t e  and s c a t t e r e d  

coincidence from a c t i v i t y  above and below t h e  plane of  i n t e r e s t ) .  

The magnitude of t h e  importance of t h e  s l i t  s h i e l d s  can be apprec ia ted  

f r o m  t h e  analytical work of Derenzo e t  a l .  (23) which showed t h a t  

t h e  random coincidence rate and coincidence s c a t t e r  de t ec t ion  rate 

increased  i n  propor t ion  t o  t h e  he igh t  o f  t h e  s l i t  opening t o  .the fou r th  

and t h i r d  power, r e spec t ive ly .  Lead s h i e l d i n g  around t h e  d e t e c t o r s  

f u r t h e r  reduces s i n g l e s  count rate and de tec to r - to -de tec to r  s c a t t e r  

coincidence. 

iii) Since  t h e  da t a  used t o  recons t ruc t  a s i n g l e  t r a n s a x i a l  p lane  are i n t e r -  
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n 
dependent it is  important t o  p lace  t h e  maximun e f f i c i e n c y  i n  t h e  c i r -  

cumferent ia l  conf igura t ion  t o  c o l l e c t  r a p i d l y  t h e s e  data before  p a t i e n t  

motion, organ motion or a c t i v i t y  movement occur which cause incons i s t enc ie s  

( i e ,  d i s t o r t i o n s )  among t h e s e  interdependent da ta .  For example, consider  

a s i n g l e  s l i c e  ( i e ,  a system which t akes  mul t ip l e  sl ices s e r i a l l y  one 

a t  a time) and a f i v e  s l i c e  system i n  which both systems have t h e  same 
1 

t o t a l  de t ec t ion  e f f i c i e n c y  ( i e ,  t h e  f i v e  s l i c e  system has 1/5 t h e  e f f i c i e n c y  

p e r  s l ice  of t h e  s i n g l e  s l i c e  system). These two systems could c o l l e c t  

d a t a  f o r  f i v e  s l i c e s  i n  t h e  same to t a l  time. However, t h e  s i n g l e  s l ice  

system would spend o n e - f i f t h  o f  t h e  time c o l l e c t i n g  t h e  interdependent 

d a t a  f o r  each t r a n s a x i a l  image. From this po in t  of  view, t h e  s i n g l e  s l i c e  

system would be fundamentally p re fe r r ed  s i n c e  any movement t h a t  occurred 

during t h e  d a t a  c o l l e c t i o n  of one plane i n  a s i n g l e  s l i c e  system does 

n o t  affect the  o t h e r  planes due t o  t h e  independence o f  one p lane  t o  

another .  I Any motion t h a t  occurred during t h e  t o t a l  scan time of  t h e  

f i v e  s l i c e  system would e f f e c t  a l l  f i v e  s l i c e s .  

ECAT 

The €CAT system (Fig.  1) is  based on optimized design c r i t e r i a  from experience 

gained i n  t h e  development of t h e  PEIT I1 and I11 posi t ron transaxial tomographs 

(8-10, 25, 31). 

NaI (Tl) 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 coupled e l ec -  

t r o n i c a l l y  i n  a mul t ip l e  coincidence format (Fig.  2) .  The 11 d e t e c t o r s  on each 

The €CAT 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 cm 

opposing bank produce 121 l i n e s  of  coincidence response f o r  each d e t e c t o r  bank 

pair  or a t o t a l  of 363 l i n e s  of response f o r  t h e  t o t a l  system. The coincidence 

t i m e . r e s o l u t i o n  fo r  t h e  system is 20 nanoseconds. The d i s t a n c e  between opposing 

banks of t h e  d e t e c t o r s  is 100 cm and t h e  to ta l  f i e l d  of view o f  t h e  system is  

a c i r c l e  with a 50 cm diameter.  
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The placement o f  t h e  66 d e t e c t o r s  with respec t  t o  one another ,  t h e  

i n n e r  bank sepa ra t ion  d i s t a n c e  and d e t e c t o r  s i z e  a r e  i n t e r r e l a t e d  f a c t o r s  

which must b e  c o r r e c t l y  matched f o r  optimum image recons t ruc t ion .  The d e t a i l e d  

r e l a t i o n s h i p s  between t h e s e  f a c t o r s  have been discussed i n  d e t a i l  elsewhere 

f o r  t h e  P E T  I11 (9,10,25,30). 

ECAT d i f f e r  from t h e  P E T  111, t h e  general  r e l a t i o n s h i p s  . and requirements 

discussed i n  t h e  above re ferences  apply t o  t h e  ECAT. 

Even though t h e  ind iv idua l  parameters i n  t h e  

The l ead  sh ie ld ing ,  c r i t i c a l  f o r  optimal and q u a n t i t a t i v e  performance, 

is designed t o  p r o t e c t  t h e  d e t e c t o r s  from r a d i a t i o n  o r i g i n a t i n g  i n  p a r t s  o f  

t h e  body o u t s i d e  t h e  f ields of  view. This reduces t h e  l o s s  o f  r e s o l u t i o n  and 

c o n t r a s t  which arises from acc iden ta l  or random coincidences and those  t r u e  

coincidences due t o  s c a t t e r e d  r a d i a t i o n .  This  a l s o  al lows high count r a t e  

c a p a b i l i t y  t o  be achieved s i n c e  t h e  above f a c t o r s  a r e  ra te  l i m i t i n g  i n  pos i t ron  

systems. Most o f  t h e  l ead  sh ie ld ing  is provided by two s t a t i o n a r y  lead  d i s c s  

(1.5" th i ck )  which a r e  placed on e i t h e r  s i d e  of t h e  plane of  i n t e r e s t .  These 

sh i e ld ing  d i s c s  extend from beyond t h e  NaI ( T l )  d e t e c t o r s  i n  towards t h e  c e n t e r  

t o  a 60 cm diameter a t  t h e  cen te r .  The d e t e c t o r s  a r e  embedded i n  l ead  blocks 

which act  no t  only as d e t e c t o r  ho lde r s ,  bu t  provide a d d i t i o n a l  l ead  s h i e l d i n g  

t o  reduce de tec to r - to -de tec to r  s c a t t e r i n g  t o  a va lue  of about 0.5% of t h e  

t r u e  coincidence counting rate. Thin l ead  sh ie ld ing  (1.6 mm) is  a l s o  pro-  

vided on t h e  i n s i d e  o f  t h e  p l a s t i c  covers  of t h e  gan t ry  t o  reduce t h e  low 

. 

energy r a d i a t i o n  ( i e ,  < 300 KeV).fmm t h e  p a t i e n t  which s c a t t e r s  from d i f f e r e n t  

p a r t s  of t h e  tomograph and from t h e  walls o f  t h e  imaging room. . 

Since  t h e  exposed d e t e c t o r  diameter  de f ines  t h e  inherent s p a t i a l  r e so lu t ion ,  

t h e  ECAT r e s o l u t i o n  is v a r i e d  by plac ing  a l ead  shadow s h i e l d  i n  f r o n t  o f  each 

bank o f  d e t e c t o r s  wi th  an opening c o n s i s t e n t  with t h e  des i r ed  s p a t i a l  

. 
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- 

r e s o l u t i o n ,  

r ec t angu la r  ho les  t h a t  a r e  f l a r e d  a t  d i f f e r e n t  angles  t o  allow each d e t e c t o r  

an unobstructed view of a l l  t h e  d e t e c t o r s  on t h e  opposing bank, 

Curren t ly ,  t h e  shadsw s h i e l d s  used on t h e  €CAT cwsis t  of 

The width 

of t h e  holes  i n  t h e  two types of  shadow s h i e l d s  p re sen t ly  used a r e  e i t h e r  

2 . 3  or  1.5 cm wide by 3.5 cm i n  t h e  a x i a l  d i r e c t i o n .  

produce an average d e t e c t o r  pa i r  r e s o l u t i o n  of  about 1.1 and 0.8 cm f u l l  

width h a l f  maximum (FIWI), r e s p e c t i v e l y  i n  t h e  plane.  The r e so lu t ion  i n  

These shadow s h i e l d s  

t h e  axiaL d i r e c t i o n  f o r  both of t h e  s l i t  s h i e l d s  is about 1 .9  cm, With 

t h e  3 ,8  cm diameter NaI (Tl) d e t e c t o r  f u l l y  exposed ( i e ,  no shadow s h i e l d s )  

t h e  average d e t e c t o r  p a i r  r e s o l u t i o n  is about 1 .6  an i n  t h e  plane and about 

1 .8  cm i n  t h e  axial d i r e c t i o n .  Removable covers a r e  provided on t h e  f r o n t  

of  t h e  ECAT gan t ry  f o r  i n s e r t i o n  or removal of t h e  shadow s h i e l d s  (Fig. 1 ) .  

The s i x  shadow s h i e l d s  f o r  t h e  s i x  banks of  t h e  d e t e c t o r s  r e q u i r e  seve ra l  

minutes t o  change. 

The output  of t h e  d e t e c t o r s  i s  amplif ied by a f a c t o r  o f  10 through a 

fast p reampl i f i e r .  The s i g n a l  i s  then  s e n t  t o  a d i sc r imina to r  which provides  

energy d iscr imina t ion  ( t y p i c a l l y  a 100 KeV th reshold)  and converts  t h e  

analog d e t e c t o r  pu l se  t o  a l o g i c  pu l se  for t iming. The l o g i c  pulses  from 

a l l  e leven d e t e c t o r s  i n  each bank are routed t o  a mixer which provides  a 

s i n g l e  output  s i g n a l .  ... The output  s i g n a l s  from t h e  mixers from two opposing 

d e t e c t o r  banks are routed t o  a coincidence u n i t .  This coincidence u n i t  

e s t a b l i s h e s  t h e  occurrenceof  coincidences between a l l  p a i r s  of  opposing de- 

t e c t o r s .  

i d e n t i f i e d  by using t h e  output  of t h e  coincidence u n i t  t o  s t r o b e  open a set 

of l l -one  b i t  l a t c h e s  t h a t  a r e  connected t o  t h e  d e t e c t o r s  on a bank. 

The a c t u a l  d e t e c t o r  p a i r  i n  which 2 coincidence has  occurred is 

When 

a coincidence occurs ,  b i t s  are set for t h e  two d e t e c t o r s  i n  which t h e  events  

o r i g i n a t e d ,  These b i t s  a r e  a b inary  word, This  22 b i t  b ina ry  word i s  then 
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encQded intQ a 9 b i t  word which i s  t r a n s f e r r e d  t o  a bu f fe r  memory and f i n a l l y  

t o  t h e  computer, 

r equ i r e s  t h r e e  coincidence c i r c u i t s ,  t h r e e  b inary  coding nodales  and one 

This  design reduces cos t  and complexity s i n c e  it only 

encoding modGle t o  e s t a b l i s h  t h e  t o t a l  363 coincidence combinations of t h e  

system. 
3 -. 

A l l  o f  t h e  e l e c t r o n i c s  f o r  t h e  €CAT a r e  i n  modular form, e i t h e r  NTM 

3 or CAMAC . The d i sc r imina to r s ,  coincidence c i r c u i t s  and mixer a r e  N I M  

modules w h i l e  t h e  encoders,  b u f f e r  memories, a rea l - t ime clock,  s tepping 

motor c o n t r o l l e r s  f o r  t h e  gant ry  and bed, and t h e  i n t e r f a c e  between t h e  

scanner and t h e  computer system a r e  i n  CQlAC. 

The computer system o f  t h e  ECAT performs many opera t ions  such a s  con t ro l  

of ( i )  t h e  l i n e a r  and angular  scanning not ion  of t h e  gant ry  and t h e  l i n e a r  

motion o f , t h e  p a t i e n t  bed, ( i i )  d.ata c o l l e c t i o n ,  s o r t i n g ,  a t t enua t ion  

co r rec t ions  and r econs t ruc t ion  o f  t h e  image. ( i i i )  d a t a  d i s p l a y  and 

processing of  da t a  with region of i n t e r e s t  (ROI), histogram, and grey 

(and co lo r )  s c a l e  windowing c a p a b i l i t i e s  v i a  a joy  s t i c k .  ( i v )  hard-copy 

output  of  da t a  through a l i n e  p r i n t e r j p l o t t e r  and (v) long term s to rage  of  

information on floppy d i s c s .  All of the operations of the ECAT, although 

con t ro l l ed  through t h e  computer, are accessed by t h e  u s e r  through a simple 

ques t ion  and answer-format with t h e  video terminal  o f  t h e  con t ro l  console 

'' (Fig. 1). The i n i t i a t i o n  of t h e  system opera t ions  a r e  provided through 

push-buttons on t h e  con t ro l  console (ie, normalize,scan, a t t enua t ion  co r rec t ,  

d i sp l ay ,  histogram, region of interest ,  grey scale windowing, pause, r e s e t ,  

abor t ,  e t c . ) .  

The b a s i c  configurat ion of t h e  ECAT is shown i n  f i g u r e  3 which i l l u s t r a t e s  

t h e  func t iona l  aspec ts  of  t h e  system, 

3NIM is  an indus t ry  s tandard  f o r  Nuclear Instrument Modules. 

Data a r e  displayed with a memory buf fered  

CMlAC is a n  - - - 
i ndus t ry  s tandard  for Computer Aided P.4easurement And Control.  - -  - - - 
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video d i sp lay  system i n  a 256 x 320 f o r s a t  with 64 grey or  c o l o r  s c a l e s .  

small  d i sp l ay  is used f o r  photographing with e i t h e r  Polaroid o r  8" x 10" 

A 

t ransparency while  two large d i sp lays  (Blk/wht and co lor )  a r e  used f o r  viewing 

and photographing. Images can be disylayed and photographed i n  a s i n g l e  o r  

mu l t ip l e  image format.  A j oy  s t i c k  is employed t o  o u t l i n e  regions of i n t e r e s t  

f o r  automatic ca l cu la t ion  o f  a r e a  and mean ? s t d .  devia t ion  of  image values  

(See Fig.  6 )  and t o  d i sp l ay  da ta  wi th in  a s e l e c t e d  grey s c a l e  range o r  

window. ,A t r i p l e - d r i v e  double-sided floppy d i s c  with 1.87 mega bytes  of  

s to rage  i s  used f o r  p a t i e n t  da t a .  

i s  used f o r  high speed bulk s to rage  and a p r i n t e r / p l o t t e r  provides  a hard 

copy. 

A 7.5 mega byte  f ixed  and removable d i s c  

The computer is  a PDP 11/45 with 32 K of  memory. 

The bed of t h e  ECAT can be r a i s e d  from a l e v e l  o f  30" t o  38" above t h e  

f l o o r  o r  moved i n  and out of  t h e  tonograph f o r  p a t i e n t  pos i t i on ing  by manual 

con t ro l  but tons on t h e  s i d e  of t h e  bed. A low power neon laser is  used t o  

i l l m i n a t e  a narrow l i n e - a c r o s s  t h e  sub jec t  i n  the  d e t e c t o r  plane for con- 

venient  s e t  up and i d e n t i f i c a t i o n  o f  scan pos i t i ons .  

moved from t h e  con t ro l  console by t h e  u s e r  with t h e  joy  s t i c k  o r  under program 

\ 

The bed can a l s o  be 

c o n t r o l .  

Cardiac ga t ing  is provided by p a r t i t i o n i n g  t h e  &%WC b u f f e r  memory i n t o  

s e c t i o n s  f o r  d a t a  c o l l e c t e d  dur ing  d i f f e r e n t  phases o f  t h e  ca rd iac  cycle .  The 

<* 
s e l e c t e d  phase is i d e n t i f i e d  with t h e  ECG ga t ing  u n i t  which provides  a rou t ing  

s i g n a l  t o  s t o r e  t h e  da t a  i n  proper  s e c t i o n s  of t h e  C M A C  b u f f e r  memory. These 

d a t a  are then  t r a n s f e r r e d  t o  t h e  computer f o r  r econs t ruc t ion  of t h e  c ros s  

s e c t i o n a l  images of  each s e l e c t e d  phase of t h e  ca rd iac  cycle .  

Non uniformity i n  e f f i c i e n c y  between d e t e c t o r s  is removed by rou t ine ly  

c a l i b r a t i n g  t h e  system with a plane source which mounts on t r a c t s  i n  the  cen te r  

cover. 

t h e  system has shown t h a t  a weekly c a l i b r a t i o n  is more than adequate,  

I n i t i a l l y  t h i s  c a l i b r a t i o n  w a s  run d a i l y  but long term s t a b i l i t y  o f  
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RECT7171JEAR SCA'J MOVE 

R e c t i l i n e a r  scans are perforined by a combination of l i n e a r  scans of 

d e t e c t o r  banks followed by d i s c r e t e  movement of t h e  p a t i e n t  bed i n  t h e  

axial d i r e c t i o n  (gantry i s  not r o t a t e d ) .  The typical sampling r e so lu t ion  

i s  5.7 mm and 6 mm i n  t h e  t r ansve r se  and a x i a l  d i r ec t ion ,  r e spec t ive ly .  

Three views ( i e ,  from t h e  3 opposing d e t e c t o r  banks) a r e  simultaneously 

recorded and displayed;  an an te r io r -pos t e r io r  and two obl iques a t  2 60". 

The collecte>d da ta  are so r t ed  and displayed i n  high (HR), medium (MI) or 

low (LR) r e so lu t ion  modes. I n  t h e  HR mode only d a t a  from d i r e c t l y  opposing 

de tec to r s  a r e  employed. 

neighboring de tec to r s  which view a common poin t  a t  t h e  cen te r  of  t h e  de- 

t e c t o r  f i e l d  of  view are added t o  t h e  d a t a  i n  t h e  HR mode. The r e so lu t ion  

i n  t h e  HR, MR and LR are a l l  t h e  same a t  t h e  cen te r  l i n e  of  t h e  f i e l d  of 

In  t h e  ER and LR t h e  coincidence da ta  of 2 and 4 

view but  above and below t h i s  l i n e  t h e  t.iR and LR vary with d i s t ance  due t o  

angulat ion of  t h e  add i t iona l  l i n e s  of  response. 

r e so lu t ion  i n  depth. 

The HR mode has  constant  

The d i f f e r e n t  r e so lu t ion  modes allow s e l e c t i o n  of 

t h e  b e s t  compromise between r e so lu t ion  and e f f i c i e n c y  f o r  p a r t i c u l a r  imaging 

s i t u a t i o n s .  

each scan t h e  user can se l -ec t  any or a l l  reso lu t ionmodes  for disp lay .  

Since t h e  data for a l l  modes a r e  co l l ec t ed  and s to red  during 

The scan time i n  t h e  r e c t i l i n e a r  mode can be s e l e c t e d  f o r  a f i x e d  time 

o r  f i x e d  number of counts with typical whole body scan times f r p m  10 t o  50 

min. Scans can also be performed i n  a t ransmission o r  emission mode. An 

externa l  r i n g  source of  pos i t ron  a c t i v i t y  which fits i n  a t r a c k  o f  t h e  cen te r  

h o l e  o f  t h e  tomograph is counted without and with t h e  subjec t  i n  p lace ;  t h e  

ratio o f  these  two measurements is t h e  photon a t t enua t ion  i n  t h e  sub jec t .  
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The t ransmiss ion  d a t a  i s  used t o  e i t h e r  c o r r e c t  t h e  emission image for 

a t t enua t ion ,  for morphological i d e n t i f i c a t i o n  or used independently f o r  s e tup  

of t h e  p a t i e n t  f o r  t h e  emission scan (ie,  s e e  Fig. 1 4 ) .  

The r e c t i l i n e a r  2-D scanning mode is used f o r  t h e  following: 

i )  whole body or l imi t ed  f i e l d  organ scanning t o  determine t h e  

d i s t r i b u t i o n ,  uptake and r e t e n t i o n . o f  t h e  administered compound. 

Correc t ion  f o r  photon a t t enua t ion  al lows t h e  q u a n t i f i c a t i o n  of 

t h e  above parameters.  

set up and s e l e c t i o n  of l e v e l s  t o  be s tud ied  i n  d e t a i l  by ECT. i i )  

This  s i g n i f i c a n t l y  improves t h e  e f f i c i e n c y  of ECT and removes 

much o f  t h e  guess work of setup.  Once t h e  2-D image appears on 

t h e  d i sp lay  screen t h e  u s e r  s e l e c t s  t h e  l e v e l s  of i n t e r e s t  with 

t h e  j o y  s t i c k ,  t h e  computer moves t h e  p a t i e n t  t o  t h i s  l e v e l  

and t h e  ECT sequence is i n i t i a t e d .  
' 

iii) t o  provide an o v e r a l l  perspec t ive  o f  t h e  region s tud ied  by ECT. 

TRANSAXZAL TOMOGRAPffZC AiODE 

The tomographic scans a r e  performed by a combination o f  l i n e a r  scans  

of t h e  d e t e c t o r  banks over  a d i s t ance  o f  4 c m  followed by a r o t a t i o n  o f  t h e  

gant ry  through a d i s c r e t e  angle .  

angle  of 60' f o r  complete scan (Fig. 2). The computer then indexes t h e  

p a t i e n t  bed t o  t h e  next p o s i t i o n  ( i e ,  next  sl ice) and t h e  scanning sequence 

is repeated i n  t h e  oppos i te  d i r e c t i o n .  

decay, so r t ed ,  normalized, co r rec t ed  for photon a t t enua t ion ,  recons t ruc ted  

This sequence is c a r r i e d  o u t  through an 

The d a t a  are co r rec t ed  f o r  r ad ioac t ive  

wi th  a convolution based algori thm and displayed.  V a r i a b l e - l i n e a r  and 

angular  sampling i s  inhe ren t  i n  t h e  ECAT design and any l i n e a r  and angular  

sampling r e s o l u t i o n  which i s  mul t ip l e  or submult iple  of  0.57 cm 
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and & S 9 ,  yespecti-vely can be employed, 

be any s a p l i n g  l i m i t a t i o n s  which could r e s t r i c t  image r e so lu t ion  and c o n t r a s t  

or produce sampling a r t i f a c t s .  

Table I .  

t h a t  even though da ta  a r e  c o l l e c t e d  a t  5 , 7.5 or 10 increments they  a r e  

s o r t e d  i n t o  l i n e a r  scan p r o f i l e s  t h a t  a r e  separa ted  by only 2 . 5  . 

This assures  t h a t  t h e r e  need not  

Some t y p i c a l  sampling opt ions  a r e  shown i n  

I t  should be noted t h a t  due t o  the  geometric design of t h e  ECAT 

0 0 0 

0 

Scan t imes are s e l e c t a b l e  from 10 s e c / s l i c e  t o  mul t ip ie  mins /s l ice .  

Scan t i m e s / s l i c e  can be s e l e c t e d  f o r  a f ixed  t ime,  f ixed  t o t a l  number of  

counts or  can be au tomat ica l ly  increased from one s l i c e  t o  the  next t o  

compensate f o r  r ad ioac t ive  decay of t h e  administered rad ionucl ide .  

number of  s l i c e s  t o  be s tud ied  may be s e l e c t e d  by t h e  u s e r  and a r e  subsequently 

scanned au tomat ica l ly  ( i e ,  v i a  computer con t ro l  of  bed).  

The 

The image r e so lu t ion  is determined by t h e  sampling r e so lu t ion ,  inherent  

d e t e c t o r  r e s o l u t i o n  ( i e . ,  wi th  or without shadow s h i e l d s  i n  p lace)  and recon- 

s t r u c t i o n  f i l t e r  func t ion  employed. 

t h e  phantom s e c t i o n  but a number o f  d i f f e r e n t  combinations o f  t h e  above 

f a c t o r s  a r e  employed t o  opt imize image r e so lu t ion ,  c o n t r a s t  and s igna l /no i se  

Typical r e s o l u t i o n  values  a r e  shown i n  

f o r  d i f f e r e n t  types o f  s t u d i e s  performed. 

is about 55 seconds fo r  t h e  typical 100 x 100 d i s p l a y  format.  

The present  r econs t ruc t ion  time 

However, t o t a l  

time from end of scan t o  -image d i s p l a y  is  about 2 min. due t o  add i t iona l  

time for a t t enua t ion  co r rec t ion  and disp lay .  (Work is i n  progress  t o  shor ten  

t h i s  t ime) . 
Attenuat ion co r rec t ion  i s  appl ied  from e i t h e r  a t ransmission measured 

co r rec t ion  or geometric co r rec t ion  as discussed elsewhere (9,31).- Phelps e t  

a l .  (31) have shown from measurements i n  human s u b j e c t s ,  t h a t  t he  average 

path length  a t t enua t ion  with 

- 

- 
ACD i n  the  head, abdomen and thorax  vary about 
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f3%, +8% +28% til s t d  d e v i a t i ~ n ] ,  r e spec t iye ly  and the re fo re  t h e  neasured 

a t t e n u a t i o n  co r rec t ion  is only -used f o r  hea r t  s t u d i e s .  

The ECAT can a l s o  be c a l i b r a t e d  with a uniform phantom containing a 

known a c t i v i t y  concent ra t ion  such t h a t  t h e  images from a s u b j e c t  can be d i s -  

played and read d i r e c t l y  i n  concent ra t ion  u n i t s  of pCi/cc o r  metabol ic  r a t e s  

i n  mg/min/100 g a s  ( i e ,  with incorpora t ion  of  a physiologic  model o f  metabolism), 

The sub jec t  is  pos i t ioned  i n  t h e  ECAT with t h e  a id  o f  a low power neon 
i 

laser and a s e l e c t e d  s e r i e s  o f  ECT scans can be c a r r i e d  out  au tomat ica l ly ,  

A l t e rna t ive ly ,  t ransmission or emission r e c t i l i n e a r  scans can be used i n t e r a c t i v e l y  

through t h e  joy  s t i c k  t o  s e l e c t  appropr ia te  l e v e l s  t o  be scanned by ECT. 

RES 0 L UTI ON 

- E C T :  As discussed above a number o f  d i f f e r e n t  r e s o l u t i o n  c a p a b i l i t i e s  

e x i s t  for t h e  ECAT, 

r e s o l u t i o n  mode i n  t h e  t r a n s a x i a l  tomographic format a r e  shown i n  Figure 4 ,  

These va lues  were obtained with 2 m diameter l i n e  sources  (64Cu) i n  a 

20 cm dizmeter s o l i d  p l a s t i c  phantom as a s c a t t e r i n g  media, 

ac ross  t h e  t r a n s a x i a l  plane h a s  a measured uniformity of < 1 mm, The 

However, t y p i c a l  va lues  for t h e  high, medium and low 

The r e s o l u t i o n  

measured r e s o l u t i o n  i n  t h e  axial d i r e c t i o n  is 1.8 c m  without t h e  shadow 

s h i e l d s  and 1.9 cm with t h e  shadow s h i e l d s .  
. .  

ReaX.lXniah: The r e s o l u t i o n  w a s  measured with 2 mm diameter  l jse .  sources 
.... .. 

i n  a .20 cm t h i c k  s c a t t e r i n g  media, 

only s t r a i g h t  ac ross  l i n e  of coincidence)  the’  F%%l . reso lu t ions  a r e .  0.85 _+ -0.1, 

In t h e  h igh  resoluthori  .mode (ie,, us$.ng - 
.. 

1.3 20.1 and.1.7 k - 1  cnl with t h e  1 1 5  cm, 2.3 cm shadow s h i e l d s  and no shadow 

s h i e l d s ,  r e spec t ive ly ,  Due 
.. 

In  t h i s  mode r e s o l u t i o n  is constant with depth. 
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t o  t h e  use o f  some angulated l i n e s  of response t h e  .medium and low re so lu t ion  

mode r e s o l u t i o n s  vary i n  depth,  

FWHM 

(FOV) and 7.5 and 14 cm from t h e  c e n t e r  o f  t h e  FOV. For example, with a 15 

The medium reso lu t ion  mode inc reases  t h e  

by an average of 0, 3 and 6 mm a t  t he  c e n t e r  of  t h e  f i e l d  o f  view 

and 28 cm diameter ob jec t  t h e  r e s o l u t i o n  across  t h e  cen te r  of t h e  ob jec t  i s  

t h e  same as t h e  high r e s o l u t i o n  mode but progressively worsens by 3 mm a t  
.. .. 

t h e  o u t e r  edge o f  t h e  15 c m  diameter ob jec t  o r  progress ive ly  worsens by 6 EUU 

a t  t h e  o u t e r  edge of t h e  28  m diameter ob jec t .  The r e s o l u t i o n  i n  t h e  low 

r e s o l u t i o n  mode worsens by 0 ,  6 and 15 m a t  t h e  c e n t e r  l i n e ,  7.5 and 14 cm 

from c e n t e r  l i n e .  Across t h e  r e t i l i n e a r  image, r e so lu t ion  a t  any given 

depth v a r i e s  ,< 1 mm. 

E F F ' I  C7 ENC Y 

. .  

- Em: The e f f i c i e n c y  was measured with 15 and 20 cm diameter cy l inde r s  

f i l l e d  with pos i t ron  a c t i v i t y  ( 1 8 F ) .  

and 1.5 cm diameter shadow s h i e l d s  are l i s t e d  i n  Table 2 .  As a measure of  

e f f i c i ency  t h e  count r a t e / a c t i v i t y  concentrat ion was determined f o r  a 

uniform d i s t r i b u t i o n  of a c t i v i t y  i n  a c y l i n d r i c a l  phantom. This w a s  

considered more r e a l i s t i c  than l i n e  or po in t  sources i n  a i r  s i n c e  it 

reflects t h e  a c t u a l  imaging s i t u a t i o n  (ie. ,  d i s t r i b u t e d  a c t i v i t y  i n  an 

a t t e n u a t i n g  media). However, i n  s t a t i n g  e f f i c i e n c y  with a d i s t r i b u t e d  source,  

one must acknowledge t h e  fraction of counts due t o  scat ter  coincidence (see 

The values  without and with t h e  2 . 3  cm 

c 

s e c t i o n  on i n  plane scatter) and random coincidence. The e f f i c i e n c y  values  

l i s t e d  i n  Table 1 contain 1% random coincidences.  
, 

.These r e l a t i v e l y  small diameter phantoms were chosen t o  allow comparison 

t o  systems with smaller FOV than t h e ' 5 0  an f i e l d  o f  t h e  ECAT (ie.,  systems 

designed t o  have m a x i m  e f f i c i e n c y  for  a small FOV). The l a r g e  FOV o f  t h e  



16 

ECAT is  employed t o  a l low any po r t ion  of t h e  human body t o  be examined without 

d i s t o r t i o n s ' d u e  t o  f i e l d  s ize  l i m i t a t i o n s .  

The e f f i c i e n c i e s  i n  Table  1 can b e  compared a t  t h e  same r e s o l u t i o n  t o  

4 t h e  PETT I11 with t h e  3.8cmshadow s h i e l d s  of 10,000 c/sec/pCi/cc ( t h i s  

corresponds t o  low re so lu t ion  mode of ECAT i n  Table 2) with a 20 c m  diameter 

phantom' and t h e  r i n g  system being developed by -Derenzo and Budinger of  11,300 

c/sec/pCi/cc i n  a 20 cm phantom with a r e so lu t ion  t h a t  i s  about 8 mm ( c i r c u l a r )  4 

a t  t h e  c e n t e r  o f  t h e  30 cm FOV, 8 x 13 mm and 8 x 19 mm ( e l i p t i c a l )  a t  10 and 

15 cm from cen te r ,  r e spec t ive ly  (32).  I n  t h i s  comparison i t  should be noted 

t h a t  t h e  r e s o l u t i o n  of t h e  Derenzo-Budinger r i n g  i s  about 50% b e t t e r  than ECAT 

in t h e  axial d i r e c t i o n .  

The de tec t ion  e f f i c i ency  of  t h e  ECAT decreases  a s  t h e  exposed d e t e c t o r  

diameter is  decreased with t h e  shadow s h i e l d s  (Table 1) .  However, t h i s  decrease 

is not  as r ap id  as would be expected from geometric cons idera t ions  (25) be- 

cause t h e  sh i e lded  o r  covered p a r t  of  t h e  d e t e c t o r  a c t s  as a "catcher" f o r  

t h e  511 KeV photons which e n t e r  through t h e  holes  i n  t h e  shadow s h i e l d s .  

This  i s  an important cons idera t ion  i n  choice of d e t e c t o r  s i z e s  ( i e ,  e f f i c i e n c y  

vs r e so lu t ion )  due t o  t h e  d i f f i c u l t y  of de t ec t ing  511 KeV photons. 

R e W n m :  The r e c t i l i n e a r  scan e f f i c i ency  i s  0.09, 0 . 2 7  and 0.45 

times t h e  e f f i c i e n c y  f o r  ECT fo r  t h e  high, medium and low re so lu t ion  r e c t i l i n e a r  

scan modes f o r  a 20 cm diameter phantom. 

size is no t  employing t h e  t o t a l  e f f i c i e n c y  of t h e  50 cm FOV of  t h e  ECAT. 

LlNEARlTY AN3 COUNT RATE CAPABlLlTY 

Again remembering t h a t  t h i s  phantom 

. 

The systepl l i n e a r i t y  and count rate c a p a b i l i t y  were evaluated by f i l l i n g  

a uniform 20 cm diameter  phantom wi th  a water s o l u t i o n  o f  13N-ammonia and 

recording t h e  system count r a t e  as a func t ion  of t ime. 

4 

5Unpub1ished da ta  (Hoffman, Phelps) . 

The 10.0 min h a l f  l i f e  

E f f i c i ency  va lue  assumes 100% pos i t ron  emission/pCi. 

. .  



decay o f  1 3 N  was used t o  examine t h e  devia t ion  from a t r u e  count r a t e .  Figure 

5 i l l u s t r a t e s  t h a t  t h e  ECAT l i n e a r i t y  i s  exce l l en t  i n  t h e  count r a t e  range of  

- < 20,000 c / sec  i n  which it is  t y p i c a l l y  employed. 

RANDOM COTNCIUENCE 

The same phantom used above w a s  a l s o  eiilployed i n  t h e  measurement of  t h e  

random coincidence f r a c t i o n  a t  s eve ra l  d i f f e r e n t  system count r a t e s .  

va lues  are shown i n  Table 3. 

These -. 
The random coincidence f r a c t i o n  inc reases  with 

system count r a t e  s i n c e  t h e  random coincidence count ra te  i s  propor t iona l  t o  

t h e  (amount of  r a d i o a c t i v i t y )  * whereas t h e  t r u e  coincidence count r a t e  is  

d i r e c t l y  propor t iona l  t o  amount of  r a d i o a c t i v i t y .  

SCA77TR CO 7 NC 7 U ENC E 
We determined t h e  magnitude of  t r u e  coincidence r e s u l t i n g  from s c a t t e r e d  

r a d i a t i o n  produced by a c t i v i t y  i n  and out  o f  t h e  plane o f  t h e  FOV. 

occurr ing from o u t s i d e  t h e  FOV w a s  measured with a phantom t h a t  was 16 cm long 

The f r a c t i o n  

and 20 cm i n  diameter which had a 4 cm long sec t ion  i n  the  c e n t e r  t h a t  could 

be  f i l l e d  s e p a r a t e l y  with a c t i v i t y  or water.  

with a c t i v i t y  inc luding  t h e  c e n t e r  s e c t i o n  and pos i t ioned  ( i e ,  t h e  16 cm length 

The phantom was i n i t i a l l y  f i l l e d  

. i n  t h e  axial d i r e c t i o n  of  t h e  ECAT) wi th  t h e  4 cm s e c t i o n  i n  t h e  FOV of  t h e  

ECAT. The t o t a l  co inc idence  count r a t e  w a s  recorded and then  t h e  a c t i v i t y  i n  

t h e  4 c m  s e c t i o n  was replaced with water and t h e  count rate measured again.  The 

second count ra te  r ep resen t s  t h e  coincidence events  due t o  s c a t t e r e d  r a d i a t i o n  

from the a c t i v i t y  above and below t h e  FOV (out o f  p lane  s c a t t e r ] .  This f r a c t i o n  

was found t o  be  5.4% of  t h e  t r u e  coincidence count rate. 

The scatter from a c t i v i t y  wi th in  t h e  F O V ’ ( i n  plane  s c a t t e r )  was measured 

with a 20 cm diameter x 4 cm t h i c k  p las t ic  phantom which contained a s i n g l e  

l i n e  source.  Separa te  measurements were performed with t h e  l i n e  source a t  
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t h e  c e n t e r  of t h e  phantom, 5 cm from c e n t e r  and 9 cm from c e n t e r  of t h e  phantom. 

The f r a c t i o n  of s c a t t e r  was then determined f o r  s e l e c t e d  l i n e a r  scan p r o f i l e s  

from t h e  72 angular  p ro jec t ions  by measuring the  number of  counts  o u t s i d e  of  

t h e  3.8 c m  ( i e ,  d e t e c t o r  d i m . )  wide po r t ion  of t h e  l i n e  spread func t ion  and 

d iv id ing  t h i s  value by t h e  t o t a l  number o f  counts  recorded i n  t h e  f u l l  FOV 

. .  . 

and th2  20 c m  diameter  o f  t k e  o b j e c t .  These va lues  were found t o  be 10.3% 

and 6.1%, r e spec t ive ly .  

of p l a n t )  i s  about 15.4 and 7.1% f o r  t h e  f u l l  50 cm FOV and a 20 c m  diameter 

Thus, t h e  t o t a l  s c a t t e r  f r a c t i o n s  ( i e ,  i n  p lus  out  

ob jec t ,  r e spec t ive ly .  These s c a t t e r  f r a c t i o n s  a r e  worse case  va lues  s i n c e  

they were measured i n  LR mode ( i e ,  bR and HR modes w i l l  have lower s c a t t e r  

f r a c t i o n s  because . they  have lower s o l i d  angle  e f f i c i e n c i e s ) .  

f r a c t i o n s  are similar, although somewhat lower, than those repor ted  by 

Derenzo (24) o f  18% f o r  t h e  30 cm FOV Donner r i n g  system. The somewhat lower 

va lue  f o r  t h e  ECAT i s  understandable  s ince  i t  has l a r g e r  d e t e c t o r s  with a h igher  

These s c a t t e r  

511 KeV/low energy ( i e ,  s c a t t e r  r a d i a t i o n )  de t ec t ion  e f f i c i e n c y  and a l a r g e r  

s epa ra t ion  d i s t ance  between 'detectors  (100 cm compared t o  80 cm f o r  Donner camera 

which provides  a b e t t e r  s o l i d  angle  d iscr imina t ion  aga ins t  s c a t t e r : s c a t t e r  f r a c t i o n  

i s  inve r se ly  propor t iona l  t o  d e t e c t o r  s o l i d  angle  e f f i c i e n c y ) .  

system has somewhat b e t t e r  s l i t  sh i e ld ing  than t h e  ECAT and t h e r e f o r e  t h e  d i f f e r -  

ences are less than would be p red ic t ed  from cons idera t ions  given above. 

s c a t t e r  f r a c t i o n s  a r e  a l s o  considerably lower than t h e  values of 40 t o  60%, 

depending on t h e  amount of pu l se  he igh t  ana lys i s ,  f o r  t h e  S e a r l e  Radiographics 

pos i t ron  camera without s l i t  s h i e l d s  (33). 

The Donner r i n g  

These 

6 

I t  should a l s o  b e  noted t h a t  i n  t h e  ECT mode t h e  scatter and random co- 

incidence f r a c t i o n s  are s u b s t a n t i a l l y  reduced i n  t h e  f i n a l  image as a r e s u l t  

o f  an inherent  deemphasis (low weighting) in t h e  r econs t ruc t ion  process  

due t o  t h e i r  low frequency na ture .  

coincidence f r a c t i o n  were 15% i n  t h e  c o l l e c t e d  da ta ,  t h i s  f r a c t i o n  i s  reduced 

t o  about 6% i n  t h e  recons t ruc ted  image of a 20 an diameter o b j e c t .  

6Searle  Radiographic, Chicago, I l l i n o i s .  

For example, i f  the  s c a t t e r  p lus  random 



19 

ACCURACY AND FlELV UNTFOJGITTY 

ECT: The accuracy o f  t h e  reconstructed image i s  a funct ion of many - 
f a c t o r s :  s ta t i s t ics ,  accuracy of a t t e n u a t i o n  co r rec t ion ,  amount o f  s c a t t e r e d  

r a d i a t i o n  and random coincidences,  d e t e c t o r  s t a b i l i t y ,  da t a  lo s ses  due t o  

dead time, mechanical pos i t ion ing  accuracy, motion a r t i f a c t s ,  sampling e r r o r s ,  

s p a t i a l  response o f  d e t e c t o r  r e l a t i v e  t o  assumption o f  recons t ruc t ion  algorithm, 

r e l a t i o n s h i p  o f  t h e  shape of  t h e  recons t ruc t ion  f i l t e r  

r e so lu t ion ,  l i n e a r  and angular  sampling and s t a t i s t i c s ,  e t c .  Vany o f  t h e s e  

f a c t o r s  are d i f f i c u l t  i f  no t  impossible t o  de f ine  i n  a general  way s i n c e  

they are a l l  i n t e r r e l a t e d  and t h e i r  magnitude is i n  g r e a t  p a r t  a funct ion of 

t h e  p a r t i c u l a r  tomographic design. 

elsewhere (8-10, 25-31, 34-36).  Phantom s t u d i e s  were c a r r i e d  out t o  examine 

t h e  t o t a l  effect  o f  these f a c t o r s  without p a r t i c u l a r  a t t e n t i o n  t o  them 

ind iv idua l ly .  

tQ inherent  d e t e c t o r  

Plany of  t h e s e  f a c t o r s  have been discussed 

A 20 cm diameter phantom containing a uniformily d i s t r i b u t e d  source of  

pos i t ron  a c t i v i t y  (68Ga) was imaged f o r  d i f f e r e n t  t o t a l  times t o  c o l l e c t  

20,000,000, 1,000,000 and 500,000 t o t a l  counts. The % standard 

devia t ion  (% SD) from t h e  mean p i c t u r e  element value w a s  then ca l cu la t ed  over 

t h e  c e n t e r  15 cm s e c t i o n  of t h e  image (ie, t o  v o i d  edge effects) ,  

t h e o r e t i c a l  % S.D. was a l s o  c a l c u l a t e d  assuming t h e  only source Qf e r r o r  was 

The average 

-2 s t a t i s t i ca l  i n  o r i g i n  as given by: 

% S.D. =. 0.75 b 3 / ( 2  ( A X I ' W ]  ' x 100 (1) 

where D, AX and N are t h e  o b j e c t  diameter, l i n e a r  sampling d i s t a n c e  and t o t a l  

number of counts i n  t h e  image, r e spec t ive ly .  E q .  1 assumes a Shepp (37) recon- 

a c u t  off  frequence o f  (2AX)-' and l i n e a r  - ' s t r u c t i ~ n  fi.1te.r function; with 

i n t e r p o l a t i o n  i n  t h e  back p ro jec t ion .  E q .  1 i s  similar t o  t h e  equations 
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derived by Chesler  e t  a l .  (35) and Budinger e t  a l .  (34). The measured S.D. 

e r r o r s  a t  20 mi l l i on ,  1 mi l l i on  and 0.5 mi l l i on  t o t a l  counts were found t o  

be less than or equal t o  t h e  t h e o r e t i c a l  s ta t i s t ica l  p red ic t ions  down t o  a 

value of about 1.4% (Fig.  6 ) .  This  i n d i c a t e s  t h a t  t h e  no i se  component i n  

t h e  ECT images of t h e  ECAT is p r imar i ly  due t o  photon s ta t i s t ics .  

f a c t o r  i n  t h e  accuracy o f  t h e  ECAT r e s u l t s  from t h e  redundant sampling i n  

which each da ta  poin t  i s  repea ted ly  sampled by d i f f e r e n t  d e t e c t o r s  throughout 

A s i g n i f i c a n t  

t h e  scan (3>1). 

e f f i c i e n c y  from t h e  edge t o  t h e  c e n t e r  of  t h e  ob jec t  t o  o f f s e t  p a r t i a l l y  

t h e  e f f e c t s  of  photon a t t enua t ion  and error propogation i n  CT which inc rease  

e r r o r  from edge t o  c e n t e r  (31,33). 

The redundant sampling employed i n  t h e  €CAT a l s o  increases  

A phantom which s imulated t h e  b ra in  was imaged under d i f f e r e n t  condi t ions :  

i) s t a t i o n a r y  pos i t i on  with a l l  d e t e c t o r s  i n  c a l i b r a t i o n ,  s t a t i o n a r y  pos i t i on  

with t h e  c e n t e r  11 and 33 coincidence l i n e s  of  response ( i e ,  c e n t e r  p o s i t i o n s  

where maximum reinforcement of e r r o r  occurs)  disconnected; and i i )  t h e  phantom 

was moved 20 times desc re t e ly  i n  one d i r e c t i o n  (ie, toward and away from 

one d e t e c t o r  bank p a i r ;  a worse.case motion) over  a t o t z l  d i s t a n c e  o f  1 .5  cm 

during t h e  scan. The minor d i s t o r t i o n s  t h a t  occurred during t h e s e  s t u d i e s  

(Figs.  7 & 8) r e s u l t  from t h e  inherent  p ro tec t ion  provided by t h e  redundant 

d a t a  sampling f e a t u r e  of  t h e  K A T .  

ou t  of c a l i b r a t i o n  any r e s u l t i n g  art ifacts can be  removed by recons t ruc t ing  

If a s tudy  is performed wi th  t h e  d e t e c t o r s  

t h e  image af ter  r e c a l i b r a t i o n  (Fig. 8). 

m T r L r N E m  SCAN s-ruvrEs 
1 

,Figure 9 shows a whole body r e c t i l i n e a r  scan of  a normal human s u b j e c t  
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11 
5 minutes after t h e  i n h a l a t i o n  of  10 m C i  of  "CO. 

hemoglobin t h i s  shows t h e  blood d i s t r i b u t i o n .  

Since - CO binds t o  

A whole body t ransmission scan 

is a l s o  shown. 

Figure 10 shows t h e  whole body d i s t r i b u t i o n  of  ' 8F-.2-deoxyglucose 

(18FDG) i n  a 20 Kg dog along with t h e  t ransmission image and t h e  emission 

image a f t e r  co r rec t ion  f o r  photon a t t enua t ion  using t h e  t ransmission d a t a ,  

This i l lustrates t h e  use  of combined t ranmiss ion-emiss ion  d a t a  t o  provide 

q u a n t i t a t i v e  information f o r  measurement of radiopharmaceutical  d i s t r i b u t i o n s .  

A whole body r e c t i l i n e a r  bone scan of a noma1 20 Kg dog 60 minutes 

after t h e  I . V .  adminis t ra t ion  o f  3.5 nCi o f  "F-in phys io logic  s a l i n e  i s  

shown i n  Figure 11. 

Figure 1 2  shows t h e  whole body r e c t i l i n e a r  and ECT scans  of a 26 yea r  o ld  

p a t i e n t  with Hodgkins lymphoma. 

post I . V .  i n j e c t i o n  of  5 m C i  of "F-in physiologic  s a l i n e .  

The r e c t i l i n e a r  scan was c a r r i e d  out  2 hours 

Mult iple  me tas t a s i s  

are seen  i n  t h e  c a l v a r i a l  region, lower t h o r a c i c  and lumbar sp ine  region, 

r i g h t  g r e a t e r  t rochan te r ,  d i s t a l  two-thirds of t h e  l e f t  femor and l e f t  i l i a c  

c r e s t .  

seen i n  a ''Yc-HEDSPA scan. The c a l v a r i a l  l e s i o n s  were somewhat b e t t e r  seen 

on t h e  99mTc-HEDSPA scan whereas t h e  remainder w e r e  equal ly  we l l  seen on both 

exams with t h e  exception t h a t  an apparent  l e s i o n  i n  t h e  r i g h t  shoulder  w a s  

b e t t e r  seen i n  t h e  18F  scan and a focus of 18F uptake w a s  a l s o  noted i n  t h e  

mid c e r v i c a l  s p i n e - i n  the ECAT scan. 

A l l  of  t h e  confirmed l e s ions  seen on t h e  "F ECAT scan were a l s o  

. 

P r i o r  t o  t h e  r e c t i l i n e a r  scans (1 hour p o s t  i n j ec t ion )  12 ECT scans 

were taken  from 4 cm above t h e  i l i a c  crest i n  18 mm steps down t o  t h e  g r e a t e r  

t rochan te r  (Fig. 12). 

t h e  7 t h  l e v e l  and i n  t h e  head of t h e  r i g h t  femur of t h e  12th  l e v e l .  

High uptake of 18F is noted i n  l e f t  i l i a c  c r e s t  a t  
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Where t h e  r e c t i l i n e a r  images shown above c l e a r l y  d i sp l ay  a wide range 

o f  information they a r e  l imi t ed  i n  d e t a i l e d  eva lua t ions .  This i s  i l l u s t r a t e d  

i n  comparing the  "CO r e c t i l i n e a r  scan i n  Figure 9 w i t h  t h e  "CO ECT scans 

of t h e  b ra in  shown i n  Figure 13. 

but ion  o f  ce reb ra l  blood volume (CBV). The da ta  from Figure 13 can be used 

t o  c a l c u l a t e  the  CBV i n  u n i t s  of cc  of blood/gm of  t i s s u e  (39-41). 

The ECT scans show the  d e t a i l e d  d i s t r i -  

Figure 14  i l l u s t r a t e s  both t h e  use of  t ransmission and emission l imi t ed  

f i e l d  r e c t i l i n e a r  scans f o r  t h e  i n t e r a c t i v e  s e l e c t i o n  o f  l e v e l s  t o  be 

examined i n  d e t a i l  with ECT. 

13 were taken (3  mins/scan),  displayed-on the  viewing screen  and t h e  joy 

s t i c k  used t o  s e l e c t  t h e  s t a r t i n g  l e v e l  ( ind ica ted  by x) for ECT. The 

computer then au tomat ica l ly  moved the  p a t i e n t  t o  t h e  p o s i t i o n  ind ica ted  and 

The r e c t i l i n e a r  scans a t  t h e  bottom of Figure 

performed a s e l e c t e d  sequence o f  ECT scans.  

ungated, no te  t h e  de l inea t ion  of t h e  vascular  s t r u c t u r e s  o f  and surrounding 

the  h e a r t .  

Even though t h i s  s tudy was 

Figure 15 shows a s e r i e s  of ECT images of t h e  thorax i n  a human subsequent 

t o  t h e  I.V. i n j e c t i o n  of 18FDG. 

18FDG t o  inage t h e  cross s e c t i o n a l  d i s t r i b u t i o n  of glucose metabolism i n  t h e  

These images i l l u s t r a t e  t h e  use o f  ECT and 

,,e 
Repre-sentative ECT images of the  b r a i n  .$allowing a.n I . V .  of 13NH3 and 

41 

18FDG i n  human sub jec t  are shown i n . F i g u r e  16. The '3"H3 images a r e  considered 

t o  r e f l e c t  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  dens i ty  (and poss ib ly  per fus ion)  I n  the  

b r a i n  (41, 44) whereas 18FDG images represent  t h e  d i s t r i b u t i o n  o f  t h e  ce reb ra l  

4 metabolic r a t e  f o r  glucose,  ChRGlu (45-47). Quan t i t a t ive  s t u d i e s  have been 

c a r r i e d  out  on normal volunteers  with l8F%G i n  which the  ECT values f o r  OlRGlu 

i n  reg iona l  a r eas  o f  cor tex ,  i n t e r n a l  grey nuc le i  and subcor t i ca l  white mat ter  



are i n  exce l l en t  agreement with va lues  i n  t h e  l i t e r a t u r e  from autoradio-  

graphic  s t u d i e s  i n  monkeys and with hemispheric vzlues  i n  man (46).  Note t h e  

de l inea t ion  of t h e  s u p e r f i c i a l  cor tex ,  v i s u a l  cor tex ,  i n t e r n a l  grey nuc le i  i n  

t h e  region of t h e  basa l  gang l i a  ( i e ,  caudate nucleus,  thalamus e t c . )  and sub- 

c o r t i c a l  white  matter i n  both t h e  I3NH3 and 18FDG images i n  Figure 16. Direct  

correspondence i n  t h e  13hW3 and "FDG inages have been observed i n  normal regions 

of t h e  b r a i n  i n  our  s t u d i e s  with human sub jec t s ' (47 ) .  

ce reb ra l  perfusion,  then t h i s  would be  expected s ince  perfusion i s  normally 

regula ted  by reg iona l  metabolic a c t i v i t y .  

I f  13NH3 r ep resen t s  

Figure 17 shows s e l e c t e d  ECT l e v e l s  from an 13NH3 and 6BGaEDTA s t u d i e s  

with t h e  ECAT and a x-ray CT s tudy  of a 23 year  o l d  p a t i e n t  with a r i g h t  

o c c i p i t a l  i n f a r c t .  The 13NH3 and 'GaEDTA c l e a r l y  demonstrate a perfusion 

and blood b r a i n  b a r r i e r  de fec t  (arrow). 

The b r a i n  s l i c e s  (not  t he  same p a t i e n t )  a r e  shown f o r  anatomical comparison 

o f  t h e  h igh ly  perfused s u p e r f i c i a l  cor tex ,  v i s u a l  cor tex  and grey n u c l e i  i n  

basa l  gnag l i a  (caudate  nucleus,  thalamus, mesencephalon) seen i n  13NH 

The x-ray CT scan was negat ive .  

images. 3 

A 70 yea r  o l d  p a t i e n t  with a gl ioblastoma i n  t h e  r i g h t  f r o n t a l  lobe  

was s tud ied  with 68GaEDTA, l3hFi3 and x-ray CT (with con t r a s t  enhancement) as 

shown i n  Figure 19. The tumor was c l e a r l y  seen i n  68Ga EDTA and x-ray CT 

s t u d i e s .  The 13KH3 scan a t  0.M. + 7 an showed apparent  reduced per fus ion  

throughout t h e  e n t i r e  r i g h t  hemisphere co inc id ing 'wi th  edema seen  i n  t h e  EM1 

scan, apparent reduced per fus ion  (OM + 5.2, + 3.4 and + 1.6) a t  t h e  s i t e  o f  

t h e  tumor and apparent  increased  per fus ion  (arrows t o  dark a reas )  a t  t h e  

per iphery  of t h e  tumor. Note reg ions  of low apparent per fus ion  (arrows t o  

l i g h t  a reas)  coinciding with edema seen on x-ray CT scan. 

i n  t h e  edemous t i s s u e  could occur  because of increased  t i s s u e  p re s su re  with a 

l o s s  

A poss ib l e  ischemic area is seen at  OM + 1.6 bu t  t h i s  was not  observed by any 

The l ack  of per fus ion  

o f  au to regu la t ion  ( i e ,  pas s ive  c o n s t r i c t i o n  or col laps ing  of  v e s s e l s ) .  
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o t h e r  examination. n 

CONCLUSTON 

The ECAT is  a complete pos i t ron  imaging system capable o f  providing 

high c o n t r a s t ,  h igh r e so lu t ion ,  q u a n t i t a t i v e  images i n  both a 2 dimensional and 

tomographic format.  The f l e x i b i l i t y  of t h i s  system i n  i ts  va r ious  image 

mode opt ions  allows i t  t o  be used for a wide v a r i e t y  of imaging problems. 

The geometric and phys ica l  design of t h e  ECAT inhe ren t ly  provides  f o r  high 

image q u a l i t y .  

r a d i a t i o n  i s  accomplished by using r e l a t i v e l y  l a r g e  d e t e c t o r  bank sepa ra t ion  

d is tanced  (100 an) and well  designed s i n g l e  plane s l i t  s h i e l d s  which reduce 

de tec t ion  of  r a d i a t i o n  o r i g i n a t i n g  o u t s i d e  t h e  p lane  of  i n t e r e s t .  

r a t i o  o f  s c a t t e r e d  t o  unsca t t e red  coincidence is inve r se ly  propor t iona l  t o  t h e  

square of  t h e  d i s t a n c e  between d e t e c t o r s  (ie, doubling d reduces s c a t t e r  f r a c t i o n  

by 4 ) .  Increas ing  d a l s o  reduces t h e  t r u e  coincidence e f f i c i ency  p e r  d e t e c t o r  

pa i r  by d . However, as d . i n c r e a s e s  more d e t e c t o r s  can be added and s i n c e  t h e  

de t ec t ion  e f f i c i e n c y  i n  a n n i h i l a t i o n  coincidence de tec t ion  inc reases  as t h e  

square o f  t h e  number of d e t e c t o r s  (8) t h i s  completely o f f s e t s  t h e  reduct ion i n  

Geometric d i scr imina t ion  aga ins t  coincidence from s c a t t e r e d  

The de tec t ion  

2 

e f f i c i ency  f o r  each de tec to r .  Therefore,  t h e  l a r g e  d e t e c t o r  s epa ra t ion  d i s t ance  

reduces t h e  scatter f ract ion without any loss of system de tec t ion  e f f i c i ency .  

S ince  t h e  scatter f r a c t i o n  is also d i r e c t l y  propor t iona l  t o  t h e  3rd power of 

the opening i n  t h e  s l i t  s h i e l d s  (23) t h i s  design aspec t  of  the. ECAT f u r t h e r  

reduces t h e  s c a t t e r  f r a c t i o n .  

The r e l a t i v e l y  l a r g e  va lue  o f  d a l s o  provides  b e t t e r  uniformity of  r e s o l u t i o n  

wi th  depth (8-11). 

2 a 
Since  t h e  random coincidence f r a c t i o n  is a l s o  inve r se ly  propor t iona l  t o  d , 

t h e  ECAT design e x h i b i t s  a low occurrence o f  random coincidences.  

s h i e l d s  and d e t e c t o r  sh i e ld ing  dramat ica l ly  reduces random coincidences by 

The s l i t  
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reducing t h e  d e t e c t o r  count r a t e s  from photons o r i g i n a t i n g  ou t s ide  t h e  plane 

of  i n t e r e s t  ( i e ,  random coincidence r a t e  is propor t iona l  t o  t h e  4 th  power of 

s l i t  s h i e l d  opening ( 2 3 ) ) .  

The d e t e c t o r  s i z e  ( 3 . 8  c m  x 7.6 an) used i n  t h e  ECAT provides  high de tec t ion  

e f f i c i ency  and f u r t h e r  improves t h e  r a t i o  of  t r u e  t o  randcm coincidence while 

s t i l l  allowing high r e so lu t ion .  

i n  s e l e c t a b l e  t r a d e  o f f s  between r e so lu t ion  and e f f i c i e n c y  which is  backed 

Shadow sh ie ld ing  of  d e t e c t o r s  provides  f l e x a b i l i t y  

with high sampling r e so lu t ion .  

A l l  of  t h e  above f a c t o r s  improve c o n t r a s t ,  q u a n t i t a t i v e  accuracy and count 

rate c a p a b i l i t y .  

The redundant sampling f e a t u r e  o f  t h e  ECAT provides  improved accuracy and 

uniform e r r o r  d i s t r i b u t i o n  compared t o  uniform sampling system designs ( i e ,  

SPC systems and c i r c u l a r  r i n g  ACD systems).  Redundant sampling a l s o  provides  

p ro tec t ion  aga ins t  d e t e c t o r  i n s t a b i l i t i e s  and a r t i f a c t s  due t o  a c t i v i t y ,  organ 

or p a t i e n t  movement. 

The f a s t  scanning c a p a b i l i t i e s ,  high de tec t ion  e f f i c i e n c y ,  automatic 

programmed scanning sequences, and i n t e r a c t i v e  2D and 3D imaging c a p a b i l i t i e s  

i nc rease  t h e  o v e r a l l  imaging e f f i c i e n c y  and improve the  accuracy of t h e  s tudy.  High 

de tec t ion  eff ic iency of ECAT allows short scan t imes and/or  h igh  s t a t i s t i ca l  image 

q u a l i t y  ( ie,  > mil l ion  c/min. for 13hJl-13 and "FDG i n  b r a i n  and "CO i n  h e a r t  

p e r  20 m C i  at LR; MR & HR values  can b e  determined from Table 2) .  

Quan t i t a t ive  image accuracy appears  t o  be p r imar i ly  l imi t ed  by photon 

s ta t is t ics  r a t h e r  than algorithm, mechanical or e l e c t r o n i c  e r r o r s  down t o  a 

l e v e l  of  f 1.4%. Accurate and convenient a t t enua t ion  co r rec t ion  of  ACD is also 

a major f a c t o r  i n  o v e r a l l  image accuracy. The magnitude o f  e r r o r  introduced 

i n t o  a c t u a l  p a t i e n t  s t u d i e s  from t h e  geometric a t t enua t ion  ( i e ,  from discrepancies  

between shape of c ros s  s e c t i o n  and t h e  assumed e l i p t i c a l  shape and use of  a 

s i n g l e  va lue  o f  a t t enua t ion  c o e f f i c i e n t )  or s t a t i s t i c a l  e r r o r  when t h e  t ransmission 



measurement is employed needs t o  be s tudied  i n  more d e t a i l .  

A v a r i e t y  of  d i f f e r e n t  types of s t u d i e s  a r e  presented t o  i l l u s t r a t e  t h e  

imaging c a p a b i l i t i e s  of  t h e  ECAT i n  a number of  d i f f e r e n t  procedures.  However, 

t hese  s t u d i e s  a l s o  se rve  as examples of  t h e  non-invasive s tudy methods which 

have been made poss ib l e  through t h e  development of ECT. I t  should be apprec ia ted  

t h a t  ECT not  only provides improved image q u a l i t y  through tomography but more 

important ly  it allows one t o  perform a measurement t h a t  has not  been poss ib l e  

o r  methodologically l imi t ed  by o t h e r  approaches. ECT allows one t o  q u a n t i t a t i v e l y  

measure a physiologic  process  with a new dimension i n  d e t a i l  and accuracy while 

s t i l l  maintaining t h e  non-invasive aspect  of t h e  method. The q u a n t i t a t i v e  format 

and phys io logic  models f o r  ECT are exemplified by analogy t o  autoradiography. 

However, ECT al lows s t u d i e s  t o  be c a r r i e d  i n  t h e  l i v i n g  v i a b l e  animal or p a t i e n t  

. s e t t i n g  (26,27). 

Where x-ray CT and u l t rasound a r e  providing a h ighly  e f f e c t i v e  method for 

t h e  de t ec t ion  of a v a r i e t y .  of human d iseases ,  t h e  complete assessment of p a t i e n t  

s ta t i s  f o r  proper  management is s t i l l  l imi ted .  The eva lua t ion  o f  metabolism, 

blood flow and volume, ves se l  permeabi l i ty ,  anaerobic-aerobic  r a t i o s ,  metabol ic  

shunts ,  t i s s u e  a c i d o s i s  and a v a r i e t y  of o t h e r  func t ions ,  on a reg iona l  organ 

b a s i s  would improve our  understanding of human d i so rde r s .  Probably the  g r e a t e s t  

p o t e n t i a l  o f  t h i s  technique is in t h e  de t ec t ion ,  i -nves t iga t ion  and c h a r a c t e r i z a t i o n  

of d i sease  a t  a s t a g e  when it is  r e v e r s i b l e  and t o  provide information f o r  more 

dec i s ive  t reatment  o r  t reatment  eva lua t ion .  

a s soc ia t ed  wi th  f o c a l  l e s ions ,  bu t  occur from h e r e d i t a r y  o r  developing l o s s  of  

The s tudy  o f  d i s e a s e s  which a r e  not 

funct ion (ie,  degenerat ive metabol ic  o r  vascu la r  d i seases )  could a l s o  be improved 

through t h e  use  o f  ECT. 

Quan t i t a t ive  instrumentat ion is only  one f a c t o r  i n  t h e  measurement of  

phys io logic  processes .  

are understood and desc r ibab le  with physiologic  models a r e  requi red .  

as one of  t h e  ra te  l i m i t i n g  s t e p s  f o r  t h e  growth o f  t h i s  technique.  

Labeled s u b s t r a t e s  or physiologic  analogs whose k i n e t i c s  

This appears  

On one hand 
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t h e r e  are t h e  pos i t ron  emi t t ing  i so topes  of  "C, 1 3 N  and ''0 which a r e  na tura l  

elements f o r  l abe l ing  compounds without d i s tu rb ing  t h e i r  b io log ica l  or chemical 

behavior.  These labe led  compounds a r e  supported by t h e  optimal imaging p rope r t i e s  

o f  coincidence de tec t ion  i n  a q u a n t i t a t i v e  imaging format. However, due t o  the  

s h o r t  h a l f  l i v e s  of t h e s e  i so topes  a o n - s i t e  a c c e l e r a t o r  is requi red .  The 

development of  pos i t ron  tomography has  s'iimulated work i n  the  a r e a  of b e t t e r  

def in ing  t h e  requirements &d a c c e l e r a t o r  design p o s s i b i l i t i e s  f o r  an e f f e c t i v e  
-, 

a c c e l e r a t o r  based genera tor  system s p e c i f i c a l l y  designed t o  meet t h e  requirements 

of a medical environment and t h e  needs of ECT. 

18F is  a commercially a v a i l a b l e  pos i t ron  rad io iso tope  which can be  used 

f o r  l a b e l l i n g  physiologic  analogs as exemplified by t h e  development o f  "F-2.- 

deoxyglucose by Wolf's group a t  Brookhaven ( 3 8 ) .  

(68Ga) can a l s o  be used t o  l a b e l  p o t e n t i a l l y  use fu l  compounds f o r  pos i t ron  

68Ga from a commercial genera tor  

tomography but  may be  l imi t ed  t o  t h e  more conventional form of  radiopharmaceut icals .  

On t h e  o t h e r  hand s i n g l e  photon counting (SPC) approaches have t h e  advantage 

123 of r e a d i l y  a v a i l a b l e  i so topes  ( p r i n c i p a l l y  '9, but  a l s o  201T1, 1311 and I). 

Where t h e s e  i so topes  can be  used t o  l a b e l  phys io logica l ly  a c t i v e  compounds t h e  

. -- i n  vivo s t a b i l i t y  and physiologic  i n t e g r i t y  of t h e  labe led  compound have gene ra l ly  

been d i f f i c u l t  t o  maintain.  Labelled compounds which are c a r e f u l l y  "designed" 

t o  minimize t h e  pe r tu rba t ion  of t h e  compounds b i o - s p e c i f i c  p r o p e r t i e s  and t o  

provide -- i n  vivo s t a b i l i t y  would al low new advances with SPC tomography. Where 
. .  

SPC tomography has  been success fu l  i n  s t u d i e s  of t h e  bra in ,  l i m i t e d  success  has 

been achieved t o  d a t e  for  whole body s t u d i e s  (29). 

I t  would appear t h a t  much of t h e  success  of ECT and t h e  technique of  choice 

w i l l  be determined i n  large degree by t h e  type of compounds and phys io logic  

models t h a t  can be  developed. 

The unique p o t e n t i a l  of this developing modality e x i s t  i n  t h e  measurement 



and use  o f  physiologic  parameters and i n v e s t i g a t i v e  e f f o r t s  should r e s i s t  t h e  

use o f  radiopharmaceuticals as c o n t r a s t  enhancement m a t e r i a l s  for t h e  de t ec t ion  

of  d i sease  as so o f t e n  has occurred i n  t h e  p a s t .  I f  t h i s  goal can be achieved 

p h p h b g i c  -?2)rnoghaphy w i l l  provide important information not  ob ta inab le  from 

t h e  p r imar i ly  morphologically o r i en ted  techniques of  x-ray CT and ul t rasound.  

. 

n 
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TABLE 2. 

SYSTEM EFFICIENCY' VERSUS RESOLUTION 

Average Detector  Pair  Image 
Resolution (FWHM) * Resolution 

(FWHM) 

Image 
Mode 

15 cm diam. 20 cm diam. 
phantom phantom 

(counts/sec/pCi/cc) 

1 .6  cm 

1.1 cm 

1.7 cm 

1 .3  cm 

' Low Resolution 25,100 ' 

Medium Resolution 13,500 

30,100 

15,900 

0.8 cm 0.95 cm High Resolution 7,, 730 9,200 

'Efficiency is given f o r  100% p o s i t r o n  emission/pCi. Fract ion o f  random coincidence i s  C 1%. Amount of s c a t t i r e d  
r a d i a t i o n  i s  about 10%. Energy threshold is  100 KeV. 

Detector  pa i r  r e so lu t ion  values  a r e  the average of t h e  inherent  d e t e c t o r  p a i r  r e s o l u t i o n s  from a l l  363 l i n c s  of 
response i n  t h e  ECAT. 
s h i e l d s ,  r e spoc t ive ly .  

* 

The 1 . 6 ,  1.1 and 0.8 cm values are  without and with t h e  2 .3  and 1.5 cm wide shadow 
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TABLE 3, 

FRACTION OF TOTAL SYSTEM COUhTFATE DUE TO RAXDOM COINCIDENCES* 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . .  

Total  System Countrate 
. (counts/sec) 

.Random Coincidence 
To ta l .  Coincidence ( 9 6 )  

50,000 

20,000 

17 

8.0 

10,000 4.1 

5,000 2 , 1  

. . . .  . . . . . . .  1,000 0.7 
. . . .  . .  . .  . . .  . . . . . . . . . . . . . . . . . . . . . .  

* 
Phantom was 20 cm d i m .  x 5 cm long and contained a uniform d i s t r i b u t i o n  
of 1 3 ~ ~ ~  i n  krater. 
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FIGURE CAPTIOMS 

Figure 1: 

' Figure 2: 

Figure 3: 

Figure 4:  

Figure 5 :  

Figure 6: 

Figure 7: 

Photographs of ECAT i n  Nuclear Medicine C l in i c  a t  U C M .  

Schematic i l l u s t r a t i o n  of t y p i c a l  scanning motiom and example of 

fan beam geometry of mul t ip le  coincidence design of ECAT. 

I l l u s t r a t i o n  of t h e  func t iona l  m d  i n t e r z c t i v e  design of ECAT. 

Line spread funct ion (LS) in,ECT mode a t  high (HI?), mediun ( ~ C r a )  

and low re so lu t ion  (LR). Phantom w a s  20 cm in dim. with 2 m 

dim. l i n e  sources separated by 1 . 4 ,  3.1, 4.8 and 6.5 cm from 

l e f t  t o  r i g h t .  H i s tog rm through images shows LSF's;. each dot 

i s  separated by 2.5 mm. One standard devia t ion  of r e so lu t ion  

var iance shown i n  inage was ca lcu la t ed  from resolved LSF's. 

Measurement of ECAT l i n e a r i t y .  Data w e r e  taken w i t h  a 20 cm 

d i m .  x 4 cm t h i c k  phantom containing 13KI 

t h e  co r rec t  10 min. half t ine  of 1315. 

So l id  l i n e  i s  
3 '  

Dots a re  measured 

count ra tes .  Excel lent  l i inear i ty  i s  observed over zeesured 

countrate .  

Er ror  estimate of  ECAT. Reconstructed images of 20 cm diaia. 

phantom containing uniform d i s t r i b u t i o n  of pos i t ron  a c t i v i t y .  

Left:Medium reso lu t ion ;  Right: High r e so lu t ion .  Images contain 

20 mi l l i on  counts.  

ca l cu la t ed  from center  15 cm d i m .  sec t ion  as shown by region 

Experimental (exp)  e r r o r  ($ S . D . )  w a s  

of  i n t e r e s t  i n  t o p  image. Histogram p r o f i l e s  through cen te r  

of images are shown. T h e o r e t i c d  (Tneor) e r r o r s  are ca lcu la ted  

from eq. 1. 

Reduction of  motion a r t i f a c t s  due t o  redundant sampling scheme 

of  ECAT. 

ou te r  cy l inder  with 19 cm d iam. ,  inner  cy l inder  ( o f f  cen te r )  

with 13.5 cm d i m .  and two s m a l l  i n t e r i o r  c y l b d e r s  with 3 cm 

dim. Numbers i n  figure are r e l a t i v e  a c t i v i t i e s .  Top r i g h t :  

Top l e f t :  Sketch of phantorn which i s  conposed of 
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Figure 8: 

Figure 9: 

Reconstructed image of phantgm, 

a t  p o s i t i o n  of + s igns  on image a r e  shown. Note 

t h a t  image values  a r e  i n  exce l l en t  agreement with 

Histogram p r o f i l e  

a c t i v i t y  values  and small  p l a s t i c  wal l  which d iv ides  

t h e  l e f t  and r i g h t  s i d e s  i s  seen even though i t s  

th ickness  is  only 2 mm. Bottom l e f t :  recons t ruc ted  

image with no motion. Bottom r i g h t :  Reconstructed 
\ 

image i n  which phantom was moved i n  desc re t e  1 .5  cm s t e p s  

( i e ,  worse than continuous motion over  same d is tance)  

20 t imes i n  one d i r e c t i o n  during scan.  Note t h a t  

on ly  minor a r t i f a c t s  appear.  Resolut ion was medium 

and images conta in  about 7 mil l ion  t o  provide high 

d e f i n i t i o n  o f  poss ib l e  a r t i f a c t s .  

Effect of  redundant sampling and use of r e c a l i b r a t i o n  

t o  reduce and remove e r r o r s  due t o  poss ib l e  d e t e c t o r  

i n s t a b i l i t i e s .  Top l e f t :  Reconstructed image with 

€CAT i n  c a l i b r a t i o n .  Top r i g h t :  Reconstructed inage 

with 11 c e n t e r  coincidence l i n e s  of  response (LOR) s e t  

t o  zero (disconnected) .  Mo s i g n i f i c a n t  a r t i f a c t s  a r e  

seen. Bottom lef t :  33 c e n t e r  LOR (11 on each bank) s e t  

t o  zero. 

ar t i facts  are seen consider ing t h a t  33 LOR are zero. 

Because of redundant sampling only modest 
, .  

Bottom r i g h t :  

set t o  ze ro  and data recons t ruc ted .  Note a r t i f a c t s  seen 

i n  bottom l e f t  image are removed. Resolution w a s  medium 

and images conta in  about 7 mil l ion  counts  t o  provide 

high d e f i n i t i o n  of  poss ib l e  ar t i facts .  

Left: 

i nha la t ion  of 10 m C i  of "Co. Image shows genera l  - 

€CAT was r e c a l i b r a t e d  with 3 3  LOR s t i l l  

Whole body r e c t i l i n e a r  scan of  human sub jec t  a f t e r  
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blood d i s t r i b u t i o n  and prominailt v e s s e l s  and blood pools 

Figure 10: 

F igure  11: 

( i e ,  supe r io r  s a g i t t a l  s inus ,  c a r o t i d s ,  j ugu la r s ,  h e a r t  

chambers, spleen,  i l i a c s ,  e t c . ) .  A-P and two 2 60" 

obl iques are simultaneously recorded. Whole body t ransmission 

scan is  also shown. Resolution was medium and t o t a l  scan 

time f o r  emission and t ransmission images were 40  min. each. 

Khole body r e c t i l i n e a r  scan of  19 Kg dog 90 min.  a f t e r  I . V .  

i n j e c t i o n  of 2 . 3  m C i  of "FDG. Lef t :  40 min. emission scan. 

Center:  40 min. t ransmission scan. Right: Emission scan 

cor rec ted  for photon a t t enua t ion  with da t a  from c e n t e r  image. 

Resolution was medium. 

Figure 12:  

Figure 13: 

Whole body r e c t i l i n e a r  bone scan of 20 Kg dog one hour a f t e r  

i n j e c t i o n  of  3.5 m C i  o f  "F. Resolution was medium and scan 

time was 40 min. 

Left :  Whole body r e c t i l i n e a r  bone scan of p a t i e n t  with 

Hodgkins lymphoma two hours a f t e r  i n j e c t i o n  of  5 m C i  of 

'*F. Resolution was medium reso lu t ion  shadow s h i e l d s  - low 

re so lu t ion  mode. Tota l  scan t ime was 25 min. ( s e e  t e x t  f o r  

desc r ip t ion ) .  Right: 12 ECT scan from 4 cm above i l i a c  

crest i n  15 m s t e p s  down toward -g rea t e r  t rochan te r .  There 

- i s  good d e f i n i t i o n  of t h e  v e r t e b r a l  body, spinus process ,  

i l i ac  bones, i s c h i a c  bone, S.I. j o i n t ,  sachrum, femur, e t c .  

Arrows i n d i c a t e  lesions i n  i l i ac  crest and head o f  femur. 

Resolution was medium, scan t imes were 3 min/ level  and images 

conta in  f r o m  530,000 t o  1.8 mil l ion  counts.  

Cerebral  blood volume Em images o f  human s u b j e c t  subsequent 

t o  s i n g l e  brea th  i n h a l a t i o n  of 20 m C i  o f  "Co. Images a r e  

f r o m  4 an above t o  3.5 cm below ( l e f t  t o  r i g h t )  o r b i t a l  

meatal l i n e .  Images show blood d i s t r i b u t i o n  i n  t h e  ve ins ,  
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Figure. 14: 

a r t e r i e s  and grey and white ma t t e r  s t r u c t u r e s .  

Resolution was high (9.5 mm), images conta in  from 750 t o  

1 .7  mi l l i on  counts  and scan t ime was 4 t o  5 min/level .  

Example of i n t e r a c t i v e  c a p a b i l i t y  between r e c t i l i n e a r  and 

ECT scans o f  ECAT. Lef t :  t ransmission scans of  thorax.  

Bottom: 3 min. l imi t ed  f i e l d  r e c t i l i n e a r  scan showing use  

of j o y  s t i c k  (X  i s  pos i t i on  o f  cursor )  t o  s e l e c t  l e v e l s  

. .  

which a r e  au tomat ica l ly  c a r r i e d  out  i n  ECT mode (shown 

above). Right: Emission images of  thorax subsequent t o  

inha la t ion  of  10 m C i  of "CO. 

f i e l d  r e c t i l i n e a r  scan showing use  of  j o y  s t i c k  (X) t o  

s e l e c t  l e v e l s  which a r e  then  au tomat ica l ly  s tud ied  with 

ECT as shown above. Emission images from t o p  t o  bottom 

and l e f t  t o  r i g h t  are from top  o f  h e a r t  i n  15 mm s t e p s  toward 

apex. F i r s t  image shows r i g h t  v e n t r i c l e  and ou t  f low t r a c t ,  

r i g h t  a t r ium, pulmonary a r t e r y ,  l e f t  v e n t r i c l e ,  l e f t  

atrium and ao r t a .  Second image shows r i g h t  v e n t r i c l e ,  

supe r io r  venacava, l e f t  v e n t r i c l e ,  l e f t  out-flow and a o r t a .  

Third and f o u r t h  images show r i g h t  v e n t r i c l e  and a o r t a .  

Septum is well  v i sua l i zed .  F i f t h  and s i x t h  l e v e l s  show 

l e f t  and r i g h t  v e n t r i c l e ,  i n f e r i o r  venacava, r i g h t  atrium 

Bottom: Shows 3 min. l imi t ed  

and a o r t a .  Inner v e n t r i c u l a r  septum is w e l l  def ined.  Images 

are ungated; r e s o l u t i o n  was medium and images conta in  

from 600,000 t o  3 mil l ion / l eve l .  Scan t imes were 7 mins./ 

P l e v e l .  
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Figure 15: 

Figure 16: 

Figure 17: 

ECT images of  myocardial glucose metabolism i n  human sub jec t  

30 min. .after 1 . V .  i n j e c t i o n  4.6 mCi  of "FDG. 

were 7 min/level and images contain from 350,000 t o  600,000 

Scan t imes 

counts.  Resolution was medium and images a r e  ungated. biajor 

s t r u c t u r e  seen i s  l e f t  v e n t r i c l e .  Right v e n t r i c l e  is seen i n  

t o p  image. 

Se lec t ed  ECT images of ce reb ra l  "perfusion" and glucose 

metabolism subsequent t o  I . V .  i n j e c t i o n  of  I3NH3 (20 mCi)  and 

"FDG ( 5  m C i ) ,  r e spec t ive ly .  

Images a r e  from t o p  t o  apex o f  h e a r t  i n  18 mm s t e p s .  
\. 

Images conta in  from 700,000 t o  

2 mil l ion  counts / leve l .  Scan t imes f o r  l3w3 were 3 m i n / l e v e ~  

and 7 min/ level  with "FDG. Note de l inea t ion  o f  s u p e r f i c i a l  

cor tex,  v i s u a l  cor tex ,  l e f t  and r i g h t  i n t e r n a l  grey n u c l e i  

i n  region of basa l  gang l i a  and i n t e r n a l  capsule .  Photographs 

' of  b ra in  s l i c e s  a r e  shown a t  l e f t  f o r  anatomical comparisons. 

13NH3 and "FDG scans are from d i f f e r e n t  s u b j e c t s  and t h e r e f o r e  

l e v e l s  a r e  not  exac t ly  comparable. Resolution was medium. 

Se lec t ed  images from p a t i e n t  with r i g h t  o c c i p i t a l  i n f a r c t .  

I3NH, and 68GaEDTA images show per fus ion  and blood b r a i n  

b a r r i e r  (NNN) defec t .  High level of a c t i v i t y  seen i n  c e n t e r  - 
posterior region is blood a c t i v i t y  i n  s u p e r i o r  s a g i t t a l  s inus .  

Note t h a t  i f  13hW3 images are superimposed on 6'GaEDTA t h e  

I . BBB de fec t  corresponds. d i r e c t l y  t o  per fus ion  de fec t .  Brain 

slices (not same p a t i e n t )  are shown for  anatomical comparison. 

X-ray CT scans with and without rad iographic  c o n t r a s t  material 

were negat ive.  Resolution w a s  medium. 
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. Figure 18: Se lec t ed  images from 13iW,, 68GaEDTA and x-ray CT scan 

(with con t r a s t )  of  p a t i e n t  with a gl ioblastoma.  Resolution 

was medium. See t e x t  f o r  d i scuss ion  of  images. 



FIGURE 1. 
_ _ _ -  - .. . 



, 

ir’ 
r-  

FIGURE 2 .  

FIGURE 3 .  



FIGURE 5. 

c 
0 
0 

c 5 
c 
3 
0 

t3 

a 
0 

0 
c 

c c 
a 
0 
0 

Eo 
c 
I) 
)r 
v) 



-.. . 

I 

r. 

.. - 

. FI'GURE -7 . . .  



n 

. FIGURE 8. 

, 



RECTILINEAR SCANS ( k 0 )  

EMISSION 

FIGURE 9. 

FIGURE 10. 

TRANSMISSION 



RECTILINEAR SCANS (DOG) 

. .  

TRANSMISSION 18F- EMISSION 

FIGURE 11. 

- - . __ . . -. -FIGURE 12. . . . _  





_.. 

3 
r 

- - -  .- 

b 

L 

. .  

. .  . 

. - .  . -  

I 

t . .  

e 



. _ _  - .  FIGURE 16. - 



f 
r 

J 

'"NH3 

OM t5.5 

O M  t4.0 

OM t2.5 

OM - 2.0 

.FIGURE 17. .  . - .- 

I 

a 

, 



6b 

i 




