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0 )  Rotote for Multiple Angles 

c I Tronslote - Rotote 

b) Tronslote for Multiple Sections 

d )  Tronslote-Rotote 

A T.O. F. 

el  Multiple Circulor Arroys f l  Multiple Arroys With 
Time-of-  Flight IT.0.F.) 

XBL1121- 1619 

Figure 1: Evolution of detector geometries for 
positron emission tomography. 

[5] Multiple circular arrays of fast scintilla- 
tion crystals coupled to moderately large 
high-speed photomultiplier tubes for local- 
ization by differential time-of-flight 
measurement (Fig If). 64-75 

Fundamental considerations in positron emission 
tomography for medical imaging show the advan- 
tages of high density scintillators over wire 
chambers and converters in terms of detection 
efficiency, time resolution, sensitivity, and 
maximum useful event rates. 76 Contemporary 
designs and the trend for the near future are 
focussed on the multilayer approaches (Figures 
le and If) which provide the highest dose effi- 
ciency and useful event rates. 

3 .  MEDICAL OBJECTIVES -- 
We sumarize below the primary requirements for 
the quantitative imaging of flow and metabolism 
using positron emission tomography. These points 

have been more fully described in previous 
papers. 77, 78 

[l] The highest possible dose efficiency, which 
requires both a large solid angle and high 
detection efficiency. Time-of-fl ight infor- 
mation can substantially reduce the number 
o f  events needed for a given statistical 
accuracy (especially for large emission 
regions). 

A resolution of 5 mn FWHM or better, capa- 
ble of quantitative measurements o f  regions 
10 mn in size. The requirement for dynamic, 
gated imaging means that this resolution 
must be achieved with little or no mechani- 
cal sampling motion. 

[2] 

[3] The ability to measure the arterial input 
function of the tracer to the organ being 
imaged and to follow its subsequent accumu- 
lation and' clearance, This requires the 
ability to collect sufficient data in typi- 
cally 10 second time frames and permits 
very little sampling motion.77379 

[4] A sufficient number of transverse sections 
to cover the volume of interest which is 
usually more than 5 cm axially. 

Discrimination against background events by 
'shielding, and by timing and pulse height 
discrimination. 

[6] Ability to correct data for accidental and 
prompt scatter backgrounds and for image 
distortions. 

Ability to tilt at least 15O. 

imaging and 25 cm for head imaging. 

[ 5 ]  

[ 7 ]  

[8] A patient port of at least 50 cm for body 

4 .  DESIGN CONSIDERATIONS -- 
Design considerations for positron emission tom- 
ographs have been previously described in some 
detail. 2 7 ~  47, 77, Primary differences among 
designs occur in the choice of detector mate- 
rial, the depth of the shielding, and the sam- 
pling employed. 

4.1 Detector Materials - 
Table 2 lists the three detector materials used 
in positron tomographs, NaI(Tl), CsF, and bis- 
muth germanate (BGO). NaI(T1) leads in photon 
yield and pulse height resolution, CsF leads in 
speed, and BGO leads in detection efficiency. An 
"ideal detector" with the best properties of all 
three would be very useful. 

While sol id state detectors have been suggested 
for positron emission t o m ~ g r a p h y , ~ ~ ' ~ ~  their 
detection efficiency is relatively low. The 
development of a semiconductor with the density 



TABLE 2.  PROPERTIES OF SCINTILLATION MATERIALS 
FOR POSITRON EMISSION TOMOGRAPHY 

M a t e r i a l  NaI(T1) CsF BGO I' I de a 1 
De tec to r  'I 

D e n s i t y  (gm/cm3) 3.67 
Atomic numbers 11,53 
Hygroscopic? YES 
Pho toe lec t ron  y i e l d  (511 keV) 2,500 
S c i n t i l l a t i o n  decay t ime  (nsec)  230 
Photoel ect rons/nsec 11 
Time r e s o l u t i o n  (FWHM nsec) 1.5 
Energy r e s o l u t i o n  ( %  FWHM) 7 

4.61 
55.9 
VERY 

100 
3 

35 
0.4 

30 

7.13 >6 
83,32,8 >80 

NO NO 
300 >1,000 
300 <lo  

1 > 100 
7 co.2 

12 <a 

and atomic number o f  bismuth germanate o r  NaI 
would p r o v i d e  an a t t r a c t i v e  a l t e r n a t i v e  t o  t h e  
s c i n t i l l a t o r  d e t e c t o r  by  t h e  e l i m i n a t i o n  o f  t h e  
p h o t o m u l t i p l i e r  coupl  i n g  problem (d iscussed i n  
t h e  nex t  s e c t i o n ) .  

4.2 Detec to r  Pack ing - 
F i g u r e  2 shows s c i n t i l l a t o r - p h o t o t u b e  c o u p l i n g  
schemes p r e s e n t l y  implemented o r  planned. E a r l y  
des igns ( F i g u r e  2a) were r e s t r i c t e d  t o  s uare o r  
c y l i n d r i c a l  c r y s t a l s  l a r g e r  than 14 mn.9 F igu re  
2b shows t h e  c o u p l i n g  o f  c y l i n d r i c a l  phototubes 
t o  r e c t a n g u l a r  c r y s t a l s  h a l f  as wide. The li h t  
t r a n s f e r  e f f i c i e n c y  i s  approx imate ly  50%. A 
s i m i l a r  approach as r e c e n t l y  been desc r ibed  
u s i n g  severa l  s ides o f  t h e  c r y s t a l s . 8 8  F i g u r e  2c 

0 )  One-To-One b )  One -To -One 
Ful I Coupling Portio1 Coupling 
( L 14mm PMT) 

rSense wires 

shows t h e  c o u p l i n g  used i n  t h e  Donner 280- 
c r y s t a l  s i n g l e - l a y e r  tomograph which a l so  has a 
1 i g h t  t r a n s f e r  e f f i c i e n c y  o f  about 50%. '+Os 29 
F i g u r e  2d shows a one-dimensional p o s i t i o n -  
s e n s i t i v e  des ign us ing  t h e  Anger l i g h t  r a t i o  
p r i n c i p l e .  Th i s  approach can be used f o r  c rys -  
t a l s  much narrower than  t h e  phototubes. 89,90 
F i g u r e  2e shows another cod ing  scheme t h a t  
s e l e c t i v e l y  s p l i t s  t h e  l i g h t  among t h e  photo- 
tubes so t h a t  t h e  c r y s t a l  p roduc ing  t h e  l i g h t  
may be i d e n t i f i e d . g 1  The dev i ce  i n  F i g u r e  2 f  i s  
based on sense wi res as suggested by  Charpak and 
t o  our  knowledge has rece ived  o n l y  p r e l i m i n a r y  
e v a l u a t i o n  thus f a r  .92-  94 Mult ianode phototubes 
have been 96 b u t  f u r t h e r  develop- 
ment i s  r e q u i r e d  f o r  use w i t h  smal l  c r y s t a l s .  
Microchannel phototubes have h i g h  speed b u t  a re  

c )  One - To - One d) Light -Proportion 
Light Pipecoupling Position Logic 

e) Coded Coupling f )  Phototube With Crystal 
ldent if icot ion by 
Sense Wires 

L S o l i d  state light 
detectors 

9 )  Multi Anode PMT h) Phototube With 
Crystol ldent ificot ion 
Sensors 

x n ~ e z  3 - 36 re 
F i g u r e  2: Various s c i n t i l  l a t o r - p h o t o t u b e  coupl  i n g  schemes. 
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F i  u r e  3: Var ious sampling schemes: ( a )  S t a t i o n a r y  r i n g 2 6 - 4 4  b 
h b m e  9 83 Y 

Scan-rotate45-52 
3- ti ( d ) pos i t  o 1 ogy 39 9 ( e )  d i c ho t om i c lo Q 1 O9 ( f ) c 1 amshe 1 1 1 1 0,111 

l i m i t e d  b y  low pack ing dens i t y ,  h i g h  r i c e ,  and 
a r e l a t i v e l y  s h o r t  u s e f u l  l i fe t ime.97-100 The 
concept shown i n  F i g u r e  2h uses a h i g h  q u a l i t y  
single-anode square phototube f o r  t i m i n g  and 
p u l s e  h e i g h t  s e l e c t i o n .  Separate l i g h t  sensors 
are used t o  determine which c r y s t a l  produced t h e  
l i g h t .  The use o f  photodiode sensors t o  i d e n t i f y  
c r y s t a l s  has been suggested b y  o t h e r s  as 
w e l l . l o 1  The requi rement  f o r  t h i s  des ign i s  t h a t  
t he  c r y s t a l  i d e n t i f i e r  must r e l i a b l y  d e t e c t  some 
o f  t he  s c i n t i l l a t i o n  photons a v a i l a b l e  f rom t h e  
511 keV photon i n t e r a c t i o n  i n  the  s c i n t i l l a t o r .  

4.3 S p a t i a l  Reso lu t i on  

A system w i t h  a r e s o l u t i o n  s i m i l a r  t o  o r  coarser  
than  one-hal f  t h e  dimension o f  t h e  q u a n t i t a t i o n  
volume w i l l  n e c e s s a r i l  g i v e  erroneous q u a n t i t a -  
t i v e  information.eO*l Below we l i s t  t h e  fac -  
t o r s  t h a t  determine t h e  s p a t i a l  r e s o l u t i o n  i n  
t h e  r e c o n s t r u c t e d  tomographic images : 

-- 

2 

p o s i t r o n  emiss ion tomographic systems u s i n g  
c l o s e l y  packed d e t e c t o r s  g i v e  optimum s e n s i t i v -  
i t y  b u t  t h e  s p a t i a l  r e s o l u t i o n  i s  l i m i t e d  by  t h e  
1 i n e a r  sampling t o  app rox ima te l y  t h e  d i s t a n c e  
between t h e  d e t e c t o r  c e n t e r s  and i s  n o t  u n i f o r m  
throughout  t h e  image space. 35, 40,81 Systems t h a t  
employ l a r g e  c r y s t a l s  have b o t h  l i m i t e d  l i n e a r  
and angular  sampling, so t h a t  mo t ion  o f  t h e  
d e t e c t o r  a r r a y  i s  r e q u i r e d  f o r  good s p a t i a l  r e s -  
o l u t i o n .  The use o f  lead aper tu res  t o  improve 
s p a t i a l  r e s o l u t i o n  r e s u l t s  i n  a s i g n i f i c a n t  loss 
i n  s e n s i t i v i t y  and an increased number o f  sam- 
p l  i n g  p o s i t i o n s .  Several approaches employed t o  
overcome these l i m i t a t i o n s  are shown i n  F igu re  
3. The most commonly employed method i s  t h e  c i r -  
c u l a r  wobble mot ion which has been shown t o  be 
q u i t e  e f fec t i ve .32 ,  55,83,  lo3-lo6 A pure r o t a t i o n  
o f  a nonuni formly spaced a r r a y  ( " p o s i t o l o g y " )  
has been proposed,39,107 as w e l l  as t h e  
o s c i l l a t i o n  o f  h a l f - r i n  s about t h e  a x i s  o f  t h e  
system ( "d i cho tomic " ) .  128, log 

, 

[l] Sampling D e n s i t y  The o n l y  method we know t h a t  can improve t h e  
sampl ing a t  a l l  angles wi th o n l y  two mechanical 

Rapid or ,  i d e a l l y ,  instantaneous complete spa- p o s i t i o n s  i s  t h e  "c lamshe l l "  mo t ion  ( F i g u r e  
t i a l  sampling i s  needed f o r  t hose  s t u d i e s  4).1109111 F i g u r e  4a shows a c i r c u l a r  a r r a y  w i t h  
r e q u i r i n g  r a p i d  imaging. S t a t i o n a r y  c i r c u l a r  l i n e s  connect ing opposing groups o f  c r y s t a l s .  

- 

, , 
I 
I 

I , 

a b C 

XEL802-3113 

F i g u r e  Clamshell  method f o r  improv ing l i n e a r  sampling w i t h  o n l y  two mechanical p o s i t i o n s .  
p o s i t i o n  (a) i s  a c i r c u l a r  a r r a y  wi th  sampling r i n g s  d/2 apa r t ,  where d i s  t h e  d i s t a n c e  between 
d e t e c t o r  cen te rs .  I n  p o s i t i o n  ( b )  t h e  halves o f  t he  d e t e c t o r  r i n g  are h inged open t o  produce a 
gap of w id th  d and t h e  sampling r i n g s  have been s h i f t e d  b y  d/4. The combinat ion ( c )  p rov ides  
c o n c e n t r i c  sampling r i n g s  o f  spacing d/4. 

4 



I TABLE 3. POSITRON RANGE DISTRIBUTIONS I N  WATER 

I sotope '8F "C 68Ga 
Hal f - L  i f e  110 min 20.4 min 68.3 min 
Max Energy (MeV) 0.64[97%1 0.96[99%] 1.90[90%] 
[Abundance] 0.82[ l%] 
P r o j e c t e d  p o i n t  spread f u n c t i o n  i n  water: 
FWHM (mm) 0.13 0.13 0.31 
FW(O.1)M (mm) 0.38 0.39 1.6 

radius(mm) f o r  50%* 0.31 0.60 1.6 
radius(mm) f o r  75% 0.58 1.06 2.7 

rms (mm) 0.23 0.39 1.2 

radius(mm) f o r  90% 0.88 1.6 3.7 

82Rb 
76 sec 
3.35[83%] 
2.57[ 12%] 

0.42 
1.9 
2.6 
3.8 
6.2 
8.8 

L i n e  spread f u n c t i o n  i n  water: 
FWHM (mm) 0.22 0.28 1.35 2.6 
FW(O.1)M (mm) 1.09 1.86 5.92 13.2 
rms (mm) 0.38 0.69 1.60 3.8 

I 
t a b l e  e n t r y  g i ves  t h e  r a d i u s  of t h e  c i r c l e  w i t h i n  which t h e  s t a t e d  percentage o f  anni -  

h i l a t i o n  p o i n t s  p r o j e c t s  I *  
The p a t t e r n  o f  l i n e s  forms "sampling r i n g s "  i n  
t h e  imaging f i e l d  t h a t  are d/2 apar t ,  where d ' i s  
t h e  d i s t a n c e  between d e t e c t o r  cen te rs .  F i g u r e  4b 
shows t h e  two ha lves  o f  t h e  d e t e c t o r  a r r a y  
h inged open t o  produce a gap o f  w id th  d. The 
sampling r i n g s  have been s h i f t e d  by  d/4. F i g u r e  
4c shows t h e  combinat ion o f  t h e  two p o s i t i o n s  
which p rov ides  c o n c e n t r i c  sampling r i n g s  o f  
spacing d/4. 

p u l s e  h e i g h t  t h r e s h o l d  on each d e t e c t o r  i s  
e f f e c t i v e  i n  reducing these e r r o r s  b u t  cannot be 
employed f o r  t h e  coup l i ng  schemes shown i n  F ig -  
u res  2d and 2e. 

De tec to r  p e n e t r a t i o n  f o r  o f f - a x i s  sources causes 
a r a d i a l  e l o n g a t i o n  o f  t h e  r e c o n s t r u c t e d  p o i n t  
spread f u n c t i o n .  Th is  i s  a much sma l le r  e f f e c t  
f o r  bismuth germanate than f o r  NaI(T1) .  40 

[21 P o s i t r o n  Range 

By u s i n g  t h e  Donner 280-Crysta l  p o s i t r o n  tomo- 
graph, we have imaged t h i n  p o s i t r o n  sources i n  
po l yu re thane  foam ( d e n s i t y  0.02 t o  0.05 gm/cm3) 
and performed a p r e c i s i o n  measurement o f  t h e  
p o s i t r o n  end p o i n t  d i s t r i b u t i o n  f o r  18F, llC, 
686a, and 82Rb which have maximum p o s i t r o n  ener- 
g i e s  o f  0.64 MeV, 0.96 M e V ,  1.90 MeV, and 3.35 
MeV, r e s p e c t i v e l y .  112 The r e s u l t s  are s u n a r i z e d  
i n  Table 3. 

Dev ia t i ons  f rom 1800 -- 
The measurements o f  C ~ l o m b i n o ~ ~ ~  f o r  p o s i t r o n  
a n n i l i l a t i o n  i n  water  a t  2OoC show t h a t  t h e  
d e v i a t i o n s  f rom 1800 emiss ion have a d i s t r i b u -  
t i o n  t h a t  i s  nea r l y -  Gaus.sian w i t h  FWHM= 5.7 
mrad. Note t h a t  f o r  a d e t e c t o r  r i n g  o f  d iameter  
D. t he  p o s i t i o n a l  d e v i a t i o n  A a t  t h e  cen te r  o f  
t h e  r i n g  corresponding t o  an angular  d e v i a t i o n  e 
i s  g i ven  by  A= (D/4) e. 

Detec to r  s h a t t e r i n g  and d e t e c t o r  p e n e t r a t i o n  
o r  angles f 0 - 

Compton s c a t t e r i n g  and a subsequent second 
i n t e r a c t i o n  i n  another d e t e c t o r  can be a source 
of p o s i t i o n  e r r o r  f o r  any d e t e c t o r  m a t e r i a l ,  b u t  
i s  l e a s t  w i t h  bismuth germanate.l14 The use o f  a 

- [5] Recons t ruc t i on  f i l t e r  

The process o f  r e c o n s t r u c t i n g  t h e  p r o j e c t i o n  
d a t a  taken by t h e  d e t e c t o r  a r r a y  w i l l  g e n e r a l l y  
smooth t h e  r e s u l t i n g  image t o  an e x t e n t  de te r -  
mined by  the  r e c o n s t r u c t i o n  f i l t e r . l 1 5  Our p h i -  
losophy has been t o  use a f i l t e r  such as t h a t  
desc r ibed  by  Shepp and Logan116 t h a t  achieves 
n e a r l y  t h e  r e s o l u t i o n  o f  t h e  tomograph. Other 
workers have advocated smoothing t h e  s t a t i s t i c a l  
f l u c t u a t i o n s  o f  t h e  da ta  d u r i n g  t h e  recons t ruc -  
t i o n  w i t h  t h e  i n t e n t i o n  o f  improv ing t h e  appear- 
ance o f  t h e  image, b u t  t h i s  causes a smearing o f  
d a t a  f rom one r e g i o n  t o  t h e  next .  We p r e f e r  t o  
sum over  reg ions  o f  i n t e r e s t  which p rov ides  a 
more accu ra te  es t ima te  o f  t h e  a c t i v i t y  i n  t h e  
r e g i o n s  o f  i n t e r e s t  and a l s o  averages over  t h e  
s t a t i s t i c a l  f l u c t u a t i o n s .  Use o f  a sharper f i l -  
t e r  such as t h a t  desc r ibed  by  Ramachandran and 
L a k ~ h m i n a r a y a n a n l l ~  w i l l  p r o v i d e  s l i g h t l y  b e t t e r  
r e s o l u t i o n  b u t  a l s o  can cause r i n g i n g  ( a l i a s i n g )  
a r t i f a c t s .  

- 4.4 S h i e l d i n g  - and Backgrounds 

The p r imary  backgrounds i n  p o s i t r o n  emiss ion 
tomography are acc iden ta l  co inc idences o f  unre- 
l a t e d  a n n i h i l a t i o n  DhotOnS1l8r and t r u e  c o i n -  
c idences o f  photon ' pa i r s  where one or  bo th  have 
sca t te red .  27,  29, 120 



Extensive s h i e  i i n g  i s  used b o t h  t o  d e f i n e  t h e  
t ransve rse  sec t i ons  be ing  imaged and t o  s h i e l d  
t h e  d e t e c t o r s  f rom a c t i v i t y  o u t s i d e  those sec- 
t i o n s .  I n c r e a s i n g  t h e  depth o f  t h e  s h i e l d i n g  
decreases t h e  s e n s i t i v i t y  f o r  good c o i n c i d e n t  
events b u t  a l so  decreases t h e  f r a c t i o n  o f  acc i -  
d e n t a l  and prompt s c a t t e r  events. Proper tomo- 
graph des ign r e q u i r e s  a cho ice  o f  s h i e l d i n g  t h a t  
maximizes t h e  s i g n a l  t o  n o i s e  r a t i o  i n  t h e  
r e c o n s t r u c t e d  images. 76, 121, 122 

- 4.5 Q u a n t i t a t i o n  

I d e a l l y ,  t he  recons t ruc ted  images should p r o v i d e  
a q u a n t i t a t i v e  measurement o f  t he  amount o f  pos- 
i t r o n  e m i t t e r  i n  each volume element. Th i s  i d e a l  
can be c l o s e l y  approached i f :  [l] t h e  system 
r e s o l u t i o n  i s  a t  l e a s t  a f a c t o r  o f  two f i n e r  
than  t h e  q u a n t i t a t i o n  volume,80,102 21 t h e  t i s -  

t e r  and acc iden ta l  backgrounds have been 
. subtracted,  [4 ]  deadtime losses have been co r -  

rec ted ,  and [5] a s u f f i c i e n t  number o f  events 
have been c o l l e c t e d  such t h a t  t h e  s t a t i s t i c a l  
u n c e r t a i n t i e s  are acceptably  smal l .  124-126 

sue a t t e n u a t i o n  has been c o r r e c t e d , l  L [3] sca t -  

4.6 E l e c t r o n i c s  - 
A l l  p o r t i o n s  o f  t h e  e l e c t r o n i c s ,  t h e  d e t e c t o r  
preamp1 i f  i e r s ,  t h e  co inc idence and address c i r -  
c u i t s ,  t h e  dd ta  s torage and r e c o n s t r u c t i o n  must 
be designed f o r  low deadtime and h i g h  speed.127 

E l e c t r o n i c s  f o r  t i m e - o f - f l i g h t  da ta  a c q u i s i t i o n  
and s to raqe  are present1 y under development and 
add another l e v e i  o f  comp lex i t y  t o  t h e  o v e r a l l  
problem. 71,75,126,128,129 

The d i s p l a y  o f  three-d imensional  d a t a  accumu- 
l a t e d  f rom m u l t i l a y e r  p o s i t r o n  emiss ion tomogr- 
aphs i s  an impor tant  issue with no c l e a r  so lu -  
t i o n  as yet .130 

- 5. CONCLUSIONS 

The t r e n d  i n  t h e  des ign o f  p o s i t r o n  emiss ion 
tomographs designs f o r  medical imaging i s  toward 
m u l t i l a y e r  c i r c u l a r  d e t e c t o r  a r rays  w i t h  h i g h  
dose e f f i c i e n c y ,  good s p a t i a l  r e s o l u t i o n ,  h i g h  
imaging r a t e s ,  and v e r y  l i t t l e  mechanical 
mot ion.  The major i ns t rumen ta t i on  cha l l enge  i s  
centered about the  development o f  smal l ,  e f f i -  
c i e n t  d e t e c t o r s  , t h a t  can be c l o s e l y  packed t o  
achieve a r e s o l u t i o n  i n  t h e  recons t ruc ted  image 
o f  5mm FWHM o r  f i n e r .  S o l u t i o n s  i n c l u d e  m u l t i -  
anode phototubes, supplementary l i g h t  sensors 
f o r  c r y s t a l  i d e n t i f i c a t i o n ,  and a semiconductor 
w i t h  h igh  d e t e c t i o n  e f f i c i e n c y  f o r  511 keV pho- 
tons .  Achiev ing a r e s o l u t i o n  much below 2 mn 
FWHM w i l l  be d i f f i c u l t  due t o  o t h e r  f a c t o r s  such 
as p o s i t r o n  range and d e v i a t i o n s  f rom 180° 
em i s s i on . 
The r e a l i z a t i o n  o f  t he  g rea t  p o t e n t i a l  o f  t ime-  
o f - f l i g h t  imaging w i l l  r e q u i r e  t h e  development 
o f  a ve ry  f a s t  s c i n t i l l a t o r  w i t h  good d e t e c t i o n  

e f f i c i e n c y ,  and a v e r y  f a s t  phototube t h a t  can 
couple t o  smal l  c r y s t a l s  f o r  h i g h  r e s o l u t i o n  
imaging . 
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