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Dr. Edward Rubenstein 
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The angiography proposal, 4568, was submitted to SSRL in 
July of 1979. Two years later, January 1982, it was made a 
program proposal and extended for another two years by the 
PRP. In January 1984, it was extended again by the panel. 
This proposal has remained active beyond the January 1986 
date because of the laboratory commitment of 20% time to this 
effort on Beam Line I V - 2 ,  This present commitment ends in 
September 1986. 

specific recommendation was made that before this work 
continue, a new proposal be submitted f o r  peer review and 
rating by the PRP. 
is September 1, 1986. 

Since we will be passing an important milestone this 
spring, I believe that.the PRP's recommendation should be 
followed and a new proposal submitted in September. 

A t  the last meeting of the Proposal Review Panel a 

The next deadline f o r  proposal submittal 

Yours sincerely, 

A.  Bienenstock 
Director 
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SSRL END OF RUN SUMMARY FORM 

Spokesperson: d&&dkL Proposal #: 456 
Experimental Station 4- 2 

The purpose of th& qwsdonmah is to solicit information about the functioning of SSRL and 
to allow pur hpul lnto th8 beam time you have received on your proposaL I t  is read by all 
the SSRL Group Lta&m. Try and be legible! PLEASE TURN IT IN TO KATHERINB 
CANTWELL upon d e p d w e .  

1. Beam Time Received: Assigned Shif'ts -9. Scheduled Dates 

Your estimate of received usable shifts J# 
. .  Explanation: 

2. 

3. 

4. 

5. 

6 .  

Samples Run: (Please list all): 

Did the research erformed differ in any significant manner from the Lat proposed for this 
experiment? 4 No Yes (Please give details on back) 

- 

c/ It no, give some 
details: 

Which software did you use: RT-11 EXAFS, RSX EXAFS, SPECTR, EUP, O m ,  f3TFWR 
Did it fail to work as described in the documentation? If so, where? 

RT- \ \  
Do you have suggested improvements/changes/clarifications to the software or 
documeqption (feel free to attach extra sheets of paper)? 

do 

$ 0  Please turn over 



7. Please 
avoided: 

8. Do ydu have any suggestiom on ways to improve the functioning of SSRL? 

9. Are there any aspects of the functioning of SSRL that you fmd particularly helpful? 

No 

10. Do you have any suggestions for improving safety at SSRL? 

A40 

11. SSRL staff, SPEAR Operators and the DOE are extremely interested in experimental 
results obtained a t  SSRL. Please describe briefly results obtained (or attempted during 
this run). Significant results should be placed in context so that their importance can be 
readily understood. 

Name of Person Filling Out the Form: 



T h e  p u r p o s e  o f  t h i s  q u e s t i o n n a i r e  is t o  s o l i c i t  i n f o r m a t i o n  a b o u t  
t h e  f u n c t i o n i n g  o f  SSRL a n d  t o  a l l ow y o u r  i n p u t  i n t o  t h e  beam t i m e  
Y O U  h a v e  r e c e i v e d  o n  y o u r  p r o p o s a l .  I t  is r e a d  b y  a l l  t h e  SSRL C r o u p  
L e a d e r s .  T r y  a n d  b e  l e g i b l e !  PLEASE TURN I T  I N  TO K A T H E R I N E  CANTWELL u p o n  
d e p a r t u r e .  

1 .  ------------ Beam T i m e  R e c e i v e d :  A s s i g n e d  S h i f t s  84 - S c h e d u l e d  Dates-a,\- ----- 5 -  
E x p e r i m e n t a l  S t a t i o n  4-2 Your  e s t i m a t e  o f  r e c e i v e d  u s a b l e  s h i f t s  ------ 

E x p l a n a t i o n :  

2. --------- Samples  Run:  ( P l e a s e  l i s t  a l l ) :  

3 .  D i d  t h e  r e s e a r c h  p e r f o r m e d  d i f f e r  i n  a n y  s i g n i f i c a n t  m a n n e r  f r o m  t h e  
t h a t  p r o p o s e d  f o r  t h i s  e x p e r i m e n t ?  -A--No - Yes ( P l e a s e  g i v e  
d e t a i l s  o n  b a c k  o f  ' f o r m ) .  

5 .  

6. 

7. 

8. 

Would y o u r  r u n  h a v e  b e e n  m o r e  s u c c e s s f u l  i f  m o r e  h e l p  h a d  b e e n  
a v a i l a b l e  f r o m  a n y  o f  t h e  SSRL s t a f f ?  If s o ,  w h i c h  t y p e  o f  s t a f f  i n  
p a r t i c u l a r ?  

-------------------- -----_- ----------------- 
----------------- ----- ----- ------- 



DO you  have any suggestions for improving safety at SSRL? 9 .  --- ------ I-----___-_ ___ 

1 0 .  
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November 13, 1985 

TO : K. Cantwell n 
FROM: A. Bienenstock 

SWJECT: R. Hofstadter 

This is to inform you that, at the Users Meeting, Bob 
Hofstadter informed me that he would now be the person to 
contact for interactions between SSRL and the angiography 
group. This was subsequently confirmed by Ed Rubenstein. 

Consequently, we should treat Professor Hofstadter as the 
spokesperson henceforth for Proposal 4 5 6 .  



S S R L  M E M O R A N D U M  

D a t e :  February 26,  1985 

To: E. BARRIE HUGHES 

FROM: JOHN CERINO 

SUBJECT: ANGIOGRAPHY FAST SHUTTER 

Dear Dr. Hughes: 

A number of people have approached me to express concern 
about the safety of a component which you are using in your 
experiment. It is a mechanism which rotates two metal drums at, I 
am told, rather high speeds to select the alternate beams for an 
angiography exposure I refer to it as the FAST SHUTTER. 

It is the policy at SSRL/SLAC to require a safety review of 
any apparatus which may be considered hazardous before its use 
here. In administering that policy I encourage people to submit 
any non-commercial equipment and equipment which has been modified 
from its "industry standard" configuration. Our intent is to 
assure the health and safety of all people at SSRL and to protect 
our property. 

In as much as the above device is not commercially built, and 
especially since it incorporates rather massive objects turning at 
high speeds, I am hereby requesting that you submit the design and 
relevant engineering back-up data for review by a group of SSRL 
and SLAC staff members. 

If you will notify me of a time when you will have such a 
presentation ready, I will set up a date. I realize that time is 
short between now and when you would hope to run here again, so I 
will make every effort to expedite the review. 

/' Operations Manager 
cc : 
A. BIENENSTOCK 
G. BROWN 
H. DESTAEBLER 
H. WINICK 
file 



B I O L O G Y  SUB"PANEL R A T I N G S  * J A N U A R Y  1985 

456Bp H u g h e s  

T h e  B i o l o g y  p a n e l  i s  c o n c e r n e d  t h a t  t h i s  p r o g r a m  i s  g o i n g  o n  
w i t h o u t  a n y  a p p a r e n t  e x t e r n a l  r e v i e w .  A l t h o u g h  i t  l o o k s  p r o m i s i n g ,  
we w o u l d  h o p e  t h a t  t h e r e  i s  some  m e c h a n i s m  f o r  p e r i o d i c  e x t e r n a l  
f e e d b a c k  a n d  e v a l u a t i o n .  P e r h a p s  o u r  PRT p r o c e d u r e s  s h o u l d  b e  
a p p l i e d  h e r e ;  p e r h a p s  s o m e  o t h e r  m e c h a n i s m  i s  a p p r o p r i a t e .  

0 0 2  l b 3 b  



3FFICE M E M O R A N D U M  0 STANFORD UNIVERSITY 0 OFFICE MEMORANDUM STANFORD UNIVERSITY OFFICE MEMORAN 

DATE: November 30, 1984 

T~ : Katherine Cantwell 

, E. Barrie Hugke FROM :’ 

- 

Extension of Proposal 456B 

requirement for the extension of this proposal. 

EBH: gh 

Shif ts  U s e d / D a t e  BeamLine m i n q  Conditions 
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EXPERIMENT 4568 

PROGRESS REPORT TO SSRL 

NOVEMBER, 1984 

INTRODUCTION 

Experimental studies of dichromography with monoenergetic X-rays began in 
1979 at SSRL. Developmental studies at SSRL since that time have focussed on 
inanimate phantoms, excised animal hearts and in 
studies were first carried out in March 1952, at 
February 1983, and most recently in March 1984. 

These studies are prompted by the need for a 
for coronary artery disease in humans. No a 
demonstrated an ability to provide images of su 
the standard invasive procedure. To accommo 

ivo canine imaging. In vivo 
SSRL, and were continued in 

non-invasive diagnostic test 
ternative test as yet has 
ficient quality to supplant 
ate human subjects it is 

necessary to create a synchrotron X-ray beam o f  an appropriate width (at least 
15 cm) and to adapt or modify the existing X-ray imaging system accordingly. 

Preparations for pilot human subject studies and a subsequent human 
clinical evaluation at SSRL are now underway. A wiggler-illuminated beam has 
been expanded in horizontal aperture to 4.4 mr, a monochromator of matching 
width is being fabricated, and an examination room of the appropriate size is 
being prepared. In parallel, the imaging apparatus, originally developed for 
a 2 cm wide X-ray beam, is being modified and expanded to accommodate human 
subjects. Following the test and successful operation of this apparatus, 
starting in early 1985, a clinical evaluation uith human subjects w i l l  begin 
at the earliest possible date (probably late 1985). 

CURRENT ACTIVITIES 

Recent activity has centered on the modification and expansion of the 
imaging system to accommodate human subjects. These modifications, the design 
of new components, and their status at this time are summarized below. 

1. X-RAY BEAM 

Engineering studies on the beam-widening 'operation were completed at 
SSRL and the changes called for uere made in the summer of 1984. All the 
new high-vacuum equipment (including the beam pipe, larger valves and 
wider Be windows) were installed by June 1984, and the shielding 
modifications were completed by July 16. 

2. X-RAY MONOCHROMATOR 

Detailed design of the rapid-switching wide X-ray monochromator 
proceeded at SSRL, under the direction of Or. G. S. Brown. A design 
review in December 1953, indicated that the required switching time (less 
than 1 ms) might be difficult to achieve without mechanical complexity. 



PAGE 2 

I n s t e a d ,  an a l t e r n a t i v e  d e s i g n  was c o n c e i v e d  t h a t  a v o i d e d  f a s t  m o t i o n s  o f  
t h e  d i f f r a c t i n g  c r y s t a l s  t o  a c h i e v e  energy  s w i t c h i n g .  This l a t e s t  d e s i g n  
i n c o r p o r a t e s  two c u r v e d  c r y s t a l s ,  each i n t e r c e p t i n g  one h a l f  o f  t h e  
v e r t i c a l  beam p r o f i l e ,  w i th  independen t  a d j u s t m e n t  i n  a n g l e .  T h i s  sys tem 
w i l l  p r o v i d e  two focussed beams, w i th  e n e r g i e s  c e n t e r e d  r e s p e c t i v e l y  above 
and below t h e  i o d i n e  K-edge, bu t  wi th a v e r t i c a l  s e p a r a t i o n  a t  t h e  p a t i e n t  
p o s i t i o n  o f  0 .25 mm. V e r t i c a l  f o c u s s i n g  i n  t h i s  new monochromator w i l l  
make maximal  use  o f  t h e  a v a i l a b l e  X-ray f l u x ,  p e r m i t t i n g  t h e  a c q u i s i t i o n  
o f  each image f rame i n  t h e  m i n i m u m  p o s s i b l e  t i m e .  The v e r t i c a l  s e p a r a t i o n  
between t h e  two beams compensates f o r  t h e  v e r t i c a l  p a t i e n t  m o t i o n  and 
a s s u r e s  r e g i s t r a t i o n  between each r e l a t e d  p a i r  o f  l i n e  exposures .  R a p i d  
s w i t c h i n g  between t h e  two beams w i l l  be accomp l i shed  by  a r o t a t i n g  drum 
s w i t c h e r  t h a t  w i l l  a d m i t  e i t h e r  one o r  t h e  o t h e r  o f  t h e  two beams w i t h  
v e r y  h i g h  d u t y  f a c t o r .  P r o t o t y p e  t e s t i n g  o f  t h i s  monochromator concep t  
w i l l  i n i t i a l l y  use  f l a t  d i f f r a c t i n g  c r y s t a l s ,  and i s  p l a n n e d  f o r  Februa ry  
1985. 

3. FAST BEAM-SWITCHER 

A d e t a i l e d  d e s i g n  o f  a mechanism t o  a c h i e v e  r a p i d  s w i t c h i n g  between 
t h e  two beams has  been deve loped.  The p r e f e r r e d  beam-sw i t ch ing  mechanism 
c o n s i s t s  o f  two 12 i n c h  d i a m e t e r  r o t a t i n g  s t e e l  drums, each o f  wh ich  has  
f o u r  l o b e s  f o r  a l t e r n a t e l y  s t o p p i n g  and t r a n s m i t t i n g  an i n c i d e n t  X-ray 
beam. F o r  t h e  f a s t e s t  a n t i c i p a t e d  scann ing  r a t e ,  c o r r e s p o n d i n g  t o  2 ms 
p e r  image l i n e ,  t hese  drums w i l l  r o t a t e  a t  7200 RPM i n  s y n c h r o n i z a t i o n  
w i th  t h e  60  Hz l i n e .  T h i s  w i l l  be accomp l i shed  w i th  an 1800 RPM 
synchronous mo to r ,  a sys tem o f  to.othed p u l l e y s ,  and a d o u b l e - s i d e d  t o o t h e d  
r u b b e r  b e l t .  The sys tem w i l l  a l s o  be c a p a b l e  o f  o p e r a t i n g  a t  f o u r  s l o w e r  
speeds, namely :  3600, 1800, 900 and 450 RPM. Two 512  l i n e  o p t i c a l  
encoders  w i l l  be  used t o  a l l o w  t h e  computer  t o  d e t e r m i n e  t h e  e x a c t  
p o s i t i o n  o f  each drum a t  a l l  t i m e s  w h i l e  t h e y  a r e  r o t a t i n g .  Data- 
a c q u i s i t i o n  w i l l  be s y n c h r o n i z e d  t o  t h e  drum r o t a t i o n ,  a s  was t h e  case 
w i th  the r o t a t i n g  s l i t  sys tem used i n  t h e  p r e l i m i n a r y  s t u d i e s .  The drums 
w i l l  be d y n a m i c a l l y  b a l a n c e d  and w i l l  r i d e  on u l t r a - h i g h - p r e c i s i o n  b a l l  
b e a r i n g s  t o  m i n i m i z e  f r i c t i o n ,  v i b r a t i o n  and n o i s e .  In a d d i t i o n ,  a n o i s e -  
i n s u l a t i n g  wooden box w i l l  s u r r o u n d  t h e  drum system. F a b r i c a t i o n  was 
begun e a r l y  enough t o  a s s u r e  c o m p l e t i o n  by  January  1985. 

4. EXAMINATION ROOM 

SSRL deve loped  a d e s i g n  f o r  a room c a p a b l e  of accommodating ang iography  
s t u d i e s  i n  t h e  w ide  X-ray beam and proceeded w i th  t h e  f a b r i c a t i o n .  This 
room i s  i n s t a l l e d  i n  t h e  beam and a v a i l a b l e  f o r  use  i n  Februa ry  1985. 
P a t i e n t  o c c u p a t i o n ,  however, i s  n o t  a n t i c i p a t e d  u n t i l  l a t e  1985. 

The room d e s i g n ,  and a r e l a t e d  o p e r a t i n g  p rocedure ,  have been deve loped  
t o  p r o v i d e  f o r  t h e  r a d i a t i o n  s a f e t y  o f  t h e  p a t i e n t  and o p e r a t i n g  
pe rsonne l ,  and t o  p e r m i t  p h y s i c i a n  c o n t r o l  o f  t h e  i m a g i n g  sequence and 
easy access  t o  t h e  p a t i e n t , a t  a l l  t i m e s .  

5. SIGNAL-PROCESSING E L E C T R O N I C S  

Ptinor c 
p r o c e s s i n g  
(60 channe 

0 0 2  I b . 3 4  

r c u i t  and c o n n e c t o r  m o d i f i c a t i o n s . h a v e  been made t o  t h e  s i g n a l -  
e l e c t r o n i c  modules, based upon e x p e r i e n c e  w i t h  t h e  15 modules 
SI b u i l t  e a r l i e r .  The f requency  o f  5 MHz f o r  t h e  v o l t a g e - t o -  
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f r equency  ( V / F )  c o n v e r t e r s  was r e a f f i r m e d  a f t e r  r e v i e w  o f  t h e  p r e s e n t  
l i n e a r i t y  l i m i t a t i o n s  on V/F c i r c u i t s  a t  10 and 20 MHz. 

6. DATA A C Q U I S I T I O N  SYSTEM 

The d e s i g n  o f  an expanded c o n t r o l  and d a t a - a c q u i s i t i o n  sys tem r e q u i r e d  
f o r  human s u b j e c t  s t u d i e s  has  been s p e c i f i e d .  A h igh -pe r fo rmance  d a t a -  
a c q u i s i t i o n  computer  has  been r e c e i v e d  f r o m  F i r s t  Computer Corp. The 
computer  c o n t a i n s  an LSI 11/73 CPU, 2 5 6  K b y t e s  o f  memory, a F u j i t s u  E a g l e  
470 Mbyte Winches te r  d i s k  d r i v e ,  and a C ipher  3200 B P I  75 IPS m a g n e t i c  
tape  d r i v e .  Because t h e  F u j i t s u  d r i v e  i s  so f a s t ,  i t  s h o u l d  be  p o s s i b l e  
t o  w r i t e  imag ing  d a t a  t o  d i s k  e i t h e r  between images o r  even d u r i n g  image 
a c q u i s i t i o n .  Hence, o n l y  enough RAM memory w i l l  be necessa ry  t o  b u f f e r  
one image (512 K b y t e s ) .  

7. P A T I E N T  POSITIONING APPARATUS 

A d e t a i l e d  s p e c i f i c a t i o n  f o r  t h e  concep tua l  d e s i g n  o f  a p a t i e n t -  
p o s i t i o n i n g  and scann ing  a p p a r a t u s  was w r i t t e n  based on t h e  concep t  o f  
p a t i e n t  e x a m i n a t i o n  i n  t h e  s i t t i n g  p o s i t i o n  ( i n  a c h a i r ) .  C i r c u l a t i o n  o f  
t h i s  s p e c i f i c a t i o n  t o  i n d u s t r y ,  f o l l o w e d  by v i s i t s  t o  c l a r i f y  t h e  
r e q u i r e m e n t s  and t o  i n s p e c t  concep tua l  des igns ,  l e d  t o  t h e  s e l e c t i o n  o f  
E n g i n e e r i n g  Dynamics Corp. o f  L o w e l l ,  Massachuset ts ,  t o  f a b r i c a t e  t h e  
c h a i r .  T h i s  company h a s  e x t e n s i v e  e x p e r i e n c e  i n  t h e  m a n u f a c t u r e  o f  
p a t i e n t - m o v i n g  equipment  and i s  capab le  o f  m e e t i n g  a l l  FDA r e q u i r e m e n t s .  

Des ign  s t u d i e s  o f  t h e  p a t i e n t - p o s i t i o n i n g  and s c a n n i n g  a p p a r a t u s  began 
i n  September 1984, a t  E n g i n e e r i r l g  Dynamics C o r p o r a t i o n .  D e l i v e r y  i s  
expec ted  e a r l y  i n  1985. 

8. S i ( L i )  DETECTOR DEVELOPMENT 

A c o n t r a c t  w i th  t h e  Lawrence B e r k e l e y  L a b o r a t o r y  f o r  t h e  f a b r i c a t i o n  o f  
a S i ( L i )  d e t e c t o r  15 cm i n  a c t i v e  w i d t h  was r e l e a s e d  i n  June 1983. A 
S i ( L i 1  d e t e c t o r  15 cm i n  a c t i v e  w i d t h  has  been f a b r i c a t e d .  This d e t e c t o r  
has  300 s e n s i t i v e  r e g i o n s  0.4 mm i n  w i d t h  and a c e n t e r - t o - c e n t e r  s p a c i n g  
between a d j a c e n t  r e g i o n s  o f  0 .5 mm. The a c t i v e  h e i g h t  i s  4 mm and t h e  
t h i c k n e s s  5 mm. A 7 - i n c h  l o n g  c r y s t a l  o f  h i g h - q u a l i t y  s i l i c o n  was s l i c e d  
l e n g t h w i s e  t o  p r o v i d e  f o u r  w a f e r s  o f  t h e  c o r r e c t  d e t e c t o r  d imens ions .  
These w a f e r s  were then lapped,  e tched,  and l i t h i u m - d r i f t e d  f o r  
a p p r o x i m a t e l y  s i x  weeks. A c o n t a c t  mask was l a i d  o v e r  each o f  t h e  d r i f t e d  
w a f e r s  and a g o l d  e v a p o r a t i o n  done t o  p roduce  t h e  300 i s o l a t e d  c o n t a c t s  on 
one s i d e  o f  each d e t e c t o r .  

The t o t a l  l eakage  c u r r e n t  f o r  each d e t e c t o r  uas  measured a t  room 
t e m p e r a t u r e  and found  t o  be  i n  t h e  range  18-30 PA.  P r e l i m i n a r y  
measurement o f  t h e  l eakage  c u r r e n t  i n  a 20-pad s e c t i o n  o f  one w a f e r  
i n d i c a t e d  l eakage  c u r r e n t s  o f  abou t  2-5 nA a t  room t e m p e r a t u r e .  A method 
o f  mak ing  s p r i n g  c o n t a c t s  f o r  t h e  w ide  d e t e c t o r  was deve loped  a t  t h e  
Lawrence B e r k e l e y  L a b o r a t o r y .  This method, shown i n  F i g u r e  7, uses 300 
s p r i n g - l o a d e d  f i n g e r s .  A m a j o r  advantage o f  t h i s  method i s  t h a t  d e t e c t o r s  
can be removed e a s i l y  f r o m  t h e  c r y o s t a t  f o r  s u r f a c e  c l e a n i n g  o r  exchange. 
The f i n g e r s  c o u p l e  the d e t e c t o r  channe ls  t o  a c i r c u i t  boa rd .  Two 15-cm 
l o n g  M y l a r  c i r c u i t  s t r i p s  ( t o  reduce  the rma l  l o a d i n g ) ,  each w i th  150 
s e p a r a t e  l i n e s ,  a r e  s o l d e r e d  o n t o  each s i d e  o f  t h i s  boa rd .  A t  t h e  remote  



PAGE 4 

9.  

10. 

end o f  t h e  M y l a r  s t r i p s  f o u r  7 5 - p i n  c o n n e c t o r s  a r e  a t t a c h e d .  These 
c o n n e c t o r s  mate w i th  s i m i l a r  c o n n e c t o r s  on t h e  i n s i d e  o f  t h e  c r y o s t a t .  A 
c i r c u i t  c a r d  t h e n  c a r r i e s  t h e  s i g n a l s  t h r o u g h  t h e  vacuum wa l l  o f  t h e  
c r y o s t a t  t o  t w e l v e  25 -p in  c o a x i a l  c o n n e c t o r s .  

The s u p p o r t  s t r u c t u r e  and c o o l i n g  a t tachmen t  , i n  t h e  c r y o s t a t  a s s u r e  
t h a t  no i n t o l e r a b l e  mechan ica l  s t r e s s  i s  a p p l i e d  t o  t h e  c r y s t a l  f r o m  
ambien t  t o  o p e r a t i n g  tempera tu re  (-30° C ) .  C o o l i n g  i s  p r o v i d e d  by  t h r e e  
t h e r m o e l e c t r i c  c o o l e r s  wh ich  a r e  s o l d e r e d  t o  t h e  w a t e r - c o o l e d  back p l a t e  
o f  t h e  c r y o s t a t .  

-- I N  V I V O  I M A G I N G  

I n  v i v o  c a n i n e  s t u d i e s  were conduc ted  most  r e c e n t l y  a t  SSRL i n  March 
1984, a t  wh ich  t i m e  t h e  h e a r t s  o f  seven a n e s t h e t i z e d  dogs were examined. 
The l a t e r a l  p r o j e c t i o n  (6 h e a r t s )  o r  r i g h t  a n t e r i o r  o b l i q u e  p r o j e c t i o n  ( 1  
h e a r t )  was used t o  a v o i d  o v e r l a p  between t h e  l e f t  a n t e r i o r  descend ing  
(LAD) c o r o n a r y  a r t e r y  and t h e  chambers o f  t h e  l e f t  h e a r t .  

The m a j o r  b ranches  o f  t h e  LAD a r e  c l e a r l y  r e v e a l e d  i n  r e f e r e n c e  images 
o b t a i n e d  by power i n j e c t i o n  o f  t h e  i o d i n a t e d  c o n t r a s t  a g e n t  
(Renogra f i n -76 )  a t  t h e  a o r t i c  r o o t  u s i n g  an R-wave t r i g g e r .  U s i n g  t h i s  
techn ique ,  c l o s u r e  o f  t h e  a o r t i c  v a l v e  p r e c e d i n g  t h e  i n j e c t i o n  p r e v e n t s  
t h e  c o n t r a s t  agen t  f r o m  e n t e r i n g  t h e  l e f t  v e n t r i c l e .  The c o n t r a s t  a g e n t  
was i n j e c t e d  t h r o u g h  a 5 French p i g t a i l  c a t h e t e r  i n t o  t h e  r i g h t  f emora l  
a r t e r y ,  a t  a r a t e  o f  25 m l  s - '  f o r  0.G s. V e n t i l a t i o n  o f  t h e  an ima l  was 
suspended d u r i n g  t h e  image a c q u i s i t i o n .  

Non- invas i ve  images were o b t a i n e d  by  i n j e c t i o n  o f  t h e  c o n t r a s t  a g e n t  a t  
t h e  j u n c t i o n  o f  t h e  s u p e r i o r  vena cava and t h e  r i g h t  a t r i u m .  Power- 
i n j e c t i o n  t h r o u g h  a 7 French c a t h e t e r  i n t r o d u c e d  i n t o  t h e  r i g h t  j u g u l a r  
v e i n  was used, a l s o  w i t h  an R-wave t r i g g e r ,  a t  a r a t e  o f  12 m l  s - '  f o r  1 
s. Bo th  t h e  LAD and t h e  much s m a l l e r  r i g h t  c o r o n a r y  a r t e r y  a r e  v i s i b l e  i n  
t h e s e  images. I n  t h e  edge-enhanced v e r s i o n s  o f  t h e s e  images t h e  o s t i a  o f  
b o t h  t h e  l e f t  and r i g h t  c o r o n a r y  a r t e r i e s  a r e  v i s i b l e .  

A r e p o r t  on these  s t u d i e s  was p r e s e n t e d  a t  t h e  M e e t i n g  o f  t h e  Amer ican 
H e a r t  A s s o c i a t i o n  i n  Miami Beach, F l o r i d a  i n  November 1985. 

I N S T R U M E N T A T I O N  S T U D I E S  

I n s t r u m e n t a t i o n  s t u d i e s  were a l s o  conduc ted  w i th  t h e  X-ray beam i n  
M a r c h - A p r i l  1984, t o  assess :  1 )  t h e  s e n s i t i v i t y  o f  s o f t  t i s s u e  and bone 
a r t i f a c t s  t o  t h e  energy  s e p a r a t i o n  between t h e  h i g h  and low X-ray e n e r g i e s  
a d j a c e n t  t o  t h e  i o d i n e  K-edge, and 2 )  t h e  l a c k  o f  c r o s s t a l k ,  o r  o t h e r w i s e ,  
between a d j a c e n t  channe ls  i n  t h e  S i ( L i )  d e t e c t o r s  used  im t h i s  work.  
I n i t i a l  r e s u l t s  o f  t h e s e  s t u d i e s  were p r e s e n t e d  a t  t h e  Conference on t h e  
A p p l i c a t i o n s  of A c c e l e r a t o r s  i n  Research and I n d u s t r y  a t  Denton, Texas i n  
November 1985. 

SUMMARY 

The a r e  no m a j o r  changes i n  t h e  program p l a n  ( s c h e d u l e )  s u b m i t t e d  t o  t h e  
N I H  i n  December 1983. I n  p a r t i c u l a r ,  the w i d e n i n g  o f  t h e  beam a t  SSRL i s  
comple te ,  and t h e  c o n s t r u c t i o n  o f  t h e  e x a m i n a t i o n  room i s  w e l l  advanced. 
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Testing of the wide beam and new monochromator will begin as soon a s  SSRL 
resumes operations in 1985. In vitro testing of the expanded imaging system 
w i l l  begin immediately following the commissioning of the beam. The new 
Si(Li) detector and extra channels o f  signal-processing electronics will be 
available at that time, and the patient-positioning and scanning apparatus at 
a later time but well before needed for the pilot human subject studies. 



August 17, 1984 

To t Barrie Hughes 

From: Katherine Cantwell 

Subject: EXTENSION OF PROPOSAL 456 

I have discussed the extension of Program Proposal 456 with Art 
Bienenstock. 
at the Laboratory for the next two years a new proposal for formal 
review is not required. Instead, a two page detailed summary of 
the progress to date should be submitted. 
received at SSRL by December 1, 1984. 

Since this proposal has been granted priority time 

This summary should be 

This review will allow both the Director and the Proposal Review 
Panel to remain cognizant of the work being carried out under this 
proposal. 

cc: C. Mitchell 

f 



STANFORD SYNCHROTRON RADIATION LAHORATORY 

E.B. Hughes 
Hansen L a b s  
Stanford U. 
ID Mail 

At the January 1984 PRP meeting a decision was reached to 
limit program proposals to a single two year extension. Your 
program proporal 4<3@ has already received one extension and 
will now terminate n January 1985. If you wish to continue 
research on the material covered by this proposal a new 
proposal should be submitted by the September 1, 1984 
deadline. This new proposal will be rated in January at the 
PRP meeting. 

Since there is no dedicated time available this fall pro- 
posals which die in January will be eligible for beam time in 
the January-February 1985 run. Beam time request forms for 
thir period will be eend out in September. 

Please give  me a call if you have any questions. 

Sincerely, 

Katherine Cantwell 
Assistant to the Director 



EXPERIMENTAL RUN SUMV- -Y - Spokesper son : E Proposal 3:  436 
The purpose Of this questionnaire is to solicit information about 
the functioning of SSRL and to allow your input into the beam time 
you have received on your proposal. It is read by most of the SSRL 
staff. PLEASE !CUR3 IT IN TO KATHERINE CANTWELL upon departure. 

1. Beam Time Received: Assigned Shifts 13 Scheduled Dates S-\i! 3-18 
Your estimate of received usable shifts 1-3 Experimental Station 4-2 
Explanation: 

8 -  

2. Samples Run: (Please list all): 

sx 
3 .  Was the experimental station ready for your run? Yes r)( No 

If no, give some details: 

, A’’ 
5. Please describe any particular problems you had and suggest how these 

might have been avoided: 

6. Do you have any suggestions on ways to improve the functioning of SSRL?  

7. Are there any aspects of the functioning of SSRL that you find 
particularly helpful? 

8. Do you have any suggestions for improving safety at SSRL? 

9. Please use the back of this sheet for any miscellaneous comments you 
would like to transmit.... 

Name of Person Filling Out the Form: 

0 0 2  I b 4 0 1  



Edward L. Ginzton Laboratory 
High Energy Physics Laboratory 

1, 

.-.. 
* -  . ---. . 

-. 

W W HANSEN LABORATORIES OF PHYSICS -99, 
STANFORD UNIVERSITY .; .I s. s. B t 

I. 
- --  .. STANFORD, CALIFORNIA 94305-2184 '. ._  

Telephone (415) 493- 

December 27, 1983 

C .  

Claire L. Burke 
Stanford Linear Accelerator Center 
P.O. Box 4349,  Bin 69 
Stanford CA 94305 

Dear Claire: 

Enclosed are the materials necessary for our program proposal renewal. 

1. Extension request form. 
2. Bibliography 
3. Recent activity report 
4 .  Recent publications 

Sincerely yours, 

v E. Barrie Hughes 

Encls. 



PROGRAM PROPOSAL E X T E N S I O N  REQUEST 

P r o p o s a l  Number 4 5 6 ~  Spokespe r son  E.B. Hughes 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I d o  n o t  wish t o  e x t e n d  t h i s  program 
Reason:  

For  E x t e n s i o n :  

1. 

2. 

C .  

3 .  

L i s t  c u r r e n t  c o l l a b o r a t o r s  i f  d i T f e r e n t  from o r i g i n a l  p r o p o s a l .  
E.B. Hughes, H.D. Zeman, L.C. Finman, R. Hofstadter, J.N. Otis, 
E. Rubenstein, D.C. Harrison, R.S. Kernoff, A.C. Thompson, G.S. Brown 

B r i e f l y  d e s c r i b e  where you a r e  i n  t h e  o u t l i n e d  work f o r  t h i s  
p r o p o s a l .  
As indicated in the latest Activity Report and the attached publications, the 
program is now preparing as quickly as possible for human subject studies at 
SSRL. In vivo canine studies will continue in the immediate future, both to 
refine the experimental technique and to acquire realistic images for image 
processing studies. 

B r i e f l y  d e s c r i b e  t h e  n e x t  s t e p  you p l a n  t o  p u r s u e .  
The human subject studies will begin as soon as the 12.3cm wide beam at 
28 meters is available in beam line IV-2. This is expected in October, 1984. 
In vivo canine studies will continue in the 2cm IV-2 beam in the immediate 
future. 

4 .  I f  n o  a c t i v i t y  r e p o r t  (March 1 9 8 3 )  i s  a v a i l a b l e  a t t a c h  a one page 
d e s c r i p t i o n  of p r o g r e s s  t o  d a t e .  

5. I f  a c t i v i t y  r e p o r t  i s  a t t a c h e d  i s  t h e r e  any new i n f o r m a t i o n  which 
you f e e l  t h e  panel  s h o u l d  have ( d e s c r i b e  on  s e p a r a t e  s h e e t  of 
p a p e r )  
Funding for a clinical evaluation has been provided by the National Institues of Health. 

See attached bibliography 

6 .  L i s t  P u b l i c a t i o n s  r e s u l t i n g  from work :  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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Proposal No. 456B 

EVALUATION OF SYNCHROTRON X-RAYS FOR DIGITAL SUBTRACTION C O R O N A R Y  ANGIOGRAPHY 

E.B. Hughes, H.  0. Zeman, L.  C. f i n m a n ,  R .  H o f s t a d t e r  
J. N. O t i s  and J. R o l f e  

Hansen C a b o r a t o r i e s  o f  P h y s i c s  and 
Depar tmen t  o f  P h y s i c s .  S t a n f o r d  U n i v e r s i t y  

E. Rubens te in ,  D.C. H a r r i s o n ,  R.S. K e r n o f f  
Depar tment  o f  M e d i c i n e ,  S t a n f o r d  U n i v e r s i t y  Schoo l  o f  M e d i c i n e  

A.C. Thompson, Lau rence  B e r k e l e y  L a b o r a t o r y  

G . S .  Brown, S t a n f o r d  S y n c h r o t r o n  R a d i a t i o n  L a b o r a t o r y  

The r e s u l t s  o f  t h e  most  r e c e n t  i n  v i v o  c a n i n e  
s t u d i e s  u e r e  summar ized i n  t h e  p r e c e d i n g  r e p o r t .  These 
t c s t s  t o o k  p l a c e  i n  t h e  p e r i o d  F e b r u a r y  7-21, 1953 i n  
b c i m  l i n e  IV-2.  R e l a t i v e  t o  e a r l i e r  i n  v i v o  s t u d i e s .  
t h e  i m a g i n g  sys tem uas  upgraded  i n  t h r e e  s i g n i f i c a n t  
uiys. F i r s t .  a S i ( L i )  d e t e c t o r  u i t h  improved  s p a t i a l  
r e s o l u t i o n  u a s  i n t r o d u c e d .  Second, a s p e c l a l  r o t a t i n g  
s l i t  i i as  c o n s t r u c t e d  t o  d e f i n e  and t o  move t h e  beam 
v e r t i c a l l y  a t  t h e  speed o f  t h e  a n i m a l  d u r i n g  t h e  
i c q u i s i t i o n  o f  each r e l a t e d  p a i r  o f  l i n e  exposures .  
t l r o r c b y  a s s u r i n g  r e g i s t r a t i o n  b e t u e c n  each  image p a i r .  
T h i r d ,  a l l  l i n e  s c a n s  u e r e  s t a r t e d  a t  t h e  same phase 
r c l a t i v e  t o  t h o  c a r d l a c  c y c l e  t o  a s s u r e  m a t c h i n g  a t  t h e  
b o r d e r s  o f  a d j z c e n t  v e r t i c a l  f rames .  (The n a r r o w  beam 
u i d t l i .  2 cm. n e c e s s i t a t e s  m u l t i p l e  i n j e c t i o n s  a t  
a p p r o p r i a t e  i n t e r v a l s  t o  c o v e r  t h e  d e s i r e d  f i e l d .  

The imzce  q u a l i t y  i n  F e b r u a r y  1983, u a s  f o u n d  t o  b e  
i m p a i r e d  by  60  Hz l i n e - f r e q u e n c y  e l e c t r i c a l  n o i s e .  
T h i s ,  i n  g e n e r a l ,  r e s u l t e d  i n  an u n u a n t e d  m o d u l a t i o n  o f  
t l i e  r e c o n s t r u c t e d  i n a g e ,  and p rompted  t h e  a d o p t i o n  o f  
an o p e r a t i n g  p r o c e d u r e  d e s i g n e d  t o  m in imze  i t s  e f f e c t .  
T h i s  p r o c e d u r e  uas s u c c e s s f u l l y  t e s t e d  i n  t h e  p e r i o d  
A p r i l  1-13, 19S3, u n d e r  p a r a s i t i c  c o n d i t i o n s .  

A f t e r  r e d u c t i o n  o f  l i n e - f r e q u e n c y  s i g n a l  n o i s e  b y  
s t a n d a r d  e l e c t r o n i c  t e c h n i q u c s .  a means o f  compensa t ing  
e x a c t l y  f o r  t h e  r e z i d u a l  60  Hz n o i s e  u a s  d e v e l o p e d  
based  on s y n c h r o n i z i n g  t h e  o p e r a t i o n  o f  t h e  r o t a t i n g  
s l i t  t c c u r a t e l y  t o  t h e  l i n e  f r e q u e n c y .  A c o n t r o l l e r  
uas i n t r o d u c e d  f o r  t h i s  pu rpose ,  b y  means o f  u l i i c h  t h e  
r o t a t i o n  speed o f  t h e  D C  se rvo -moto r  d r i v i n g  t h e  
r o t a t i n g  s l i t  c o u l d  be s e t  e i t h e r  a t  t h e  l i n e  f r e q u e n c y  
o r  a t  a m u l t i p l e  t h e r e o f .  By s y n c h r o n i z i n g  t h e  d a t a  
a c q u i s i t i o n  u i i h  t h e  r o t a t i n g  s l i t ,  a11 t h e  n e c e s s a r y  
m p a s u r c n c n t s  c o u l d  t ! ien be t a k e n  a t  s e l e c t e d  phases  
r e l a t i v e  t o  t h e  l i n e .  I f  t h e  a m p l i t u d e  o f  t h e  
i n t e r f e r i n g  n o i s e  i t s e l f  i s  s t a b l e  u i t h  t i n e .  i t  i s  
r e a s o n a b l e  t o  e x p e c t  t h a t  a t  each phase t h e  s i g n a l  
a s - o c i a t e d  u i t h  t l i e  l i n e - f r e q u e n c y  n o i s e  u i l l  b e  
c o n s t s n t .  F o r  e x m p l e ,  i f  t h e  r o t a t i n g  s l i t  is 
o p e r a t e d  a t  t h e  l i n e  f r e q u e n c y ,  t h e  e x p o s u r e  t i m e  f o r  
each h i g h  and IOU energy  l i n e  image u i l I  be 4.17 m s  and 
one measurecen t  o f  each  t y p e  uill be made, a t  knoun 
phases  ( s e p a r a t e d  by  180 d e g r e e s ) ,  d u r i n g  each f u l l  
r o t a t i o n  p e r i o d  o f  t h e  sl i t .  C o r r e s p o n d i n g  p e d e s t a l  
measurements c m  be made, f o r  each d e t e c t o r  c h a n n e l ,  a t  
each o f  t h e  t u o  r e l e v a n t  phases u i t h  t h e  X-ray beam 
i n t e r c e p t e d  b y  an independen t  s o l e n o i d - d r i v e n  s h u t t e r ,  
b o t h  b e f o r e  and a f t e r  each v e r t i c a l  l i n e  scan.  When 
t l i e s c  p e d e s t a l  d e t e r m i n a t i o n s  a r e  i n t e r p o l a t e d  i n  t i m e  
and s u b t r a c t e d  f r o m  t h e  scan da ta ,  t h e  e f f e c t s  o f  
p e d e s t a l  d r i f t  and, i n  p a r t i c u l a r .  l i n e - f r e q u e n c y  n o i s e  
a r e  v e r y  s t r o n g l y  s u p p r e s s e d .  

T h e  c a n i n e  image; - c q u i r e d  i n  F e b r u a r y  1983, do n o t  
r c f  I'cct t h e  s c a p r e s s i o n  o f  t h e  1 i n e - f r e q u e n c y  n o i s e  by 

-. 

t h e  me thod  o f  s y n c h r o n i z i n g  t h e  a c q u i s i ' t i  
image d a t a  t o  s p e c i f i c  phases  r e l a t i v e  t o  t h e  
The n e e d  f o r  t h i s  s y n c h r o n i z a t i o n  o n l y  became 

i tli 
1 i n e .  
f u l l y  

e v i d e n t  a f t e r  t h e  i n t r o d u c t i o n  o f  t h e  r o t a t i n g  s l i t  and 
t h e  S i ( L i 1  d e t e c t o r  u i t h  improved  s p a t i a l  r e s o l u t i o n  
i n t o  t h e  i m a g i n g  system. I n  a d d i t i o n  t o  t h e  b e n e f i c i a l  
a s p e c t s  o f  t h e s e  a d d i t i o n s ,  t h e  sys tem became more 
s u s c e p t i b l e  t o  a r e s i d u a l  l i n e - f r e q u e n c y  n o i s e  s i g n a l  
because f o r  each  p i x e l  i n  t h e  image t h e  t r u e  s i g n a l  
l e v e l  i s  r e d u c e d .  I n  c o n t r a s t  t o  t h e  e a r l i e r  r e p o r t e d  
c a n i n e  s t u d i e s ,  t h e  t r u e  s i g n a l - t o - l i n e - f r e q u e n c y  n o i s e  
r a t i o  u a s  r e d u c e d  by  an o v e r a l l  f a c t o r  o f  16 f o r  t h e  
n o r e  r e c e n t  s t u d i e s .  The r e d u c e d  p i x e l  s i z e  
c o n t r i b u t e d  a f a c t o r  o f  4 t o  t h i s  r e d u c t i o n ,  and an 
ave rage  r o t a t i n g  s l i t  t r a n s m i s s i o n  e f f i c i e n c y  o f  50% 
c o n t r i b u t e d  a n o t h e r  f a c t o r  o f  2. The e x t r a  f a c t o r  o f  2 
i s  a t t r i b u t a b l e  t o  a tempora ry  mode o f  d a t a  r e a d o u t  
u h e r e b y  t h e  n o i s e  u a s  i n t e g r a t e d  o v e r  t u i c e  t h e  X - ray  
e x p o s u r e  t i m e  o f  4 . 1 7  ms. The enhanced s e n s i t i v i t y  t o  
l i n e - f r e q u e n c y  n o i s e  p rompted  t h e  i n t r o d u c t i o n  o f  phase  
s y n c h r o n i z a t i o n  i n t o  t h e  d a t a  a c q u i s i t i o n  p r o c e d u r e .  
The e f f e c t i v e n e s s  o f  t h i s  t e c h n i q u e  uas  s u b s e q u e n t l y  
d e m o n s t r a t e d  u i t h  p l iantom s t u d i e s  ( i n  A p r i l  1953, u n d e r  
p a r a s i t i c  c o n d i t i o n s ) ,  b u t  an o p p o r t u n i t y  t o  r e p e a t  t h e  
c a n i n e  s t u d i e s  h a s  n o t  y e t  occu red .  

To accommodate human s u b j e c t  s t u d i e s  an X-ray beam 
u i d t h  o f  a t  l e a s t  15 cm i s  r e q u i r e d .  -  in t h e  immed ia te  
f u t u r e  a u i g g l e r - i l l u m i n a t e d  beam l i n e  a t  SSRL u i l l  b e  
r e c o n f i g u r e d  t o  p r o v i d e  a beam 1 2 . 3  cm i n  u i d t h  and i t  
i s  e x p e c t e d  t h a t  i n i t i a l  human s u b j e c t  s t u d i e s  u i l l  b e  
c o n d u c t e d  i n  t h i s  beam. Subsequen t l y ,  a beam o f  u i d t h  
15 cm can  be p r o v i d e d  by r e l o c a t i n g  t h e  e x a m i n a t i o n  
room douns t ream.  These s t u d i e s  u i l l  a l s o  r e q u i r e  a 
monochrona to r  o f  m a t c h i n g  u i d t h .  The d e s i g n  p r e s e n t l y  
p r e f e r r e d  i n c o r p o a r a t e s  two c u r v e d  c r y s t a l s ,  each 
i n i e r c z p t i n g  cne h a l f  o f  t h e  v e r t i c a l  beam p r o f i l e ,  
u i t h  i n d e p e n d e n t  a d j u s t m e n t  i n  a n g l e  and l o n g i t u d i n a l  
p o s i t i o n .  T h i s  sys tem u i l l  p r o v i d e  t u o  f o c u s s e d  beams, 
u i t h  e n e r g i e s  r e s p e c t i v e l y  above and b e l o u  t h e  i o d i n e  
K-edge, b u t  u i t h  a v e r t i c a l  s e p a r a t i o n  a t  t h e  p a t i e n t  
p o s i t i o n  o f  0 . 2 5  mm. V e r t i c a l  f o c u s s i n g  i n  t h i s  n e u  
monochromator  uill make maximal  use  o f  t h e  a v a i l a b l e  X -  
r a y  f l u x ,  p e r m i t t i n g  t l i e  a c q u i s i t i o n  o f  each i n a g e  
f r a n c  i n  t h e  minimum p o s s i b l e  t i m e .  The v e r t i c a l  
s e p a r a t i o n  b e t u c e n  t h e  t u o  beams compensates f o r  t h e  
v e r t i c a l  p a t i e n t  m o t i o n  and a s s u r e s  r e g i s t r a t i o n  
b e t u e c n  each  r e l a t e d  p a i r  o f  l i n e  exposures .  R a p i d  
s u i t c h i n g  b e t u c o n  t h e  t u o  b e a i s  u i l l  be a c c o m p l i s h e d  by  
a r o t a t i n g  b l a d e  s h u t t e r  t h a t  u i l l  a d m i t  one o r  t h e  
o t h e r  o f  t h e  t c o  beans  u i t h  v e r y  h i g h  d u t y  f a c t o r .  
~ l s o  r e q u i r e d  i s  t l i e  f a b r i c a t i o n  o f  a S i ( L i )  
m u l t i c h z q n c l  d e t c c t s r  15 cm i n  u i d t h .  and an 
a p p r o p r 7 a t e  e,:pansion o f  t h e  d a t a  a c q u i s i t i o n  system. 
These changcs  t o  t h e  i m a g i n g  sys tem a r e  nou  i n  t h e  
d e s i g n  and f a b r i c a t i o n  s t s s c ,  and w i l l  be r e a d y  f o r  use 
a t  t h e  t i m e  t h e  u i d e  bean i s  a v a i l a b l e .  
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J a n u a r y  17, 1984 

D r .  E .  B.  Hughes 
Hansen Labs 
S t a n f o r d  U n i v e r s i t y  
S t a n f o r d ,  CA 9 4 3 0 5  

Dear S a r r i e :  

A t  t h e  J a n u a r y ,  1984 m e e t i n g  of t h e  PRP y o u r  Program P r o p o s a l  N o .  
4 5 6  was e x t e n d e d  u n t i l  J a n u a r y ,  1985. At t h a t  d a t e  you w i l l  be 
r e q u i r e d  to h a v e  a new proposal s u b m i t t e d  f o r  r a t i n g .  

T h e  PRP h a s  decided t h a t  program proposals s h o u l d  o n l y  have  o n e  
t w o  y e a r  e x t e n s i o n .  T h i s  r e f l ec t s  t h e i r  f e e l i n g  t h a t  p r o p o s a l s  t h a t  
r u n  too l o n g  o f t e n  do n o t  r e f l e c t  t h e  w o r k  d e s c r i b e d  i n  t h e  o r i g i n a l  
proposal. 

We look f o r w a r d  to h a v i n g  you c o n t i n u e  y o u r  r e s e a r c h  a t  SSRL. 

S i n c e r e l y ,  

C l a i r e  L .  B u r k e  
P r o p o s a l  A d m i n i s t r a t o r  

I 



STANFORD SYNCHROTRON RADIATION LABORATORY 

November I, 1983 

R e :  Proposal N o .  4 5 6  

Dear Spokesperson: 

T h e  terminat ion d a t e  on your program proposal is 1 / 8 4 ,  Program 
proposals  may be extended on t h e  bas i s  of a repor t  of a c t i v i t y .  
P lease  complete the  enclosed program extension request  form and a t t ach  
a copy of your a c t i v i t y  repor t  to i t  along w i t h  any new information 
w h i c h  you f ee l  should be presented to the panel. I f  no a c t i v i t y  
r epor t  is a v a i l a b l e ,  p lease  a t t ach  a one page desc r ip t ion  of progress  
o n  the proposal to da te .  T h i s  mater ia l  should be s e n t  t o  me by Decem- 
ber 1 5 t h .  

Thank you f o r  giving t h i s  matter your a t t e n t i o n .  

With  bes t  regards,  

C l a i r e  L .  Burke 
Proposal Administrator 



W A S H  N G T O N  U N I V E R S I T Y  

ST. L O U I S ,  M I S S O U R I  8 3 1 3 0  

DEPARTMENT OF C H E M I S T R Y  J u l y  1 9 ,  1982 

D r .  Herman Winick 
Deputy D i r e c t o r  
S tan fo rd  Synchrotron Rad ia t ion  Laboratory 
P.O.  Box 4349, Bin 69 
S t a n f o r d ,  CA 94305 

Dear Herman: 

Thank you f o r  t h e  material  on t h e  angiography p r o j e c t .  I was q u i t e  
impressed w i t h  t h e  approach and i n i t i a l  r e s u l t s  when they  were p r e s e n t e d  
a t  t h e  SPB Meeting May 27-28, 1982. 

I took t h e  l i b e r t y  of d i c u s s i n g  t h i s  mater ia l  w i th  r a d i o l o g i s t s  of 
t h e  Washington U n i v e r s i t y  School of Medicine t o  a s c e r t a i n  i f ,  i n  t h e i r  view, 
t h e r e  w a s  c l i n i c a l  p o t e n t i a l  h e r e .  The response was t h a t  t h e s e  i n i t i a l  
r e s u l t s  a t  SSRL were ve ry  e x c i t i n g  and t h a t  by a l l  means f u r t h e r  e f f o r t  
should be encouraged and suppor t ed .  
wou ld  l i k e  t o  o b t a i n  images of t h e  ar ter ies  from venous i n j e c t i o n - p r i m a r i l y  
ease and s a f e t y  t o  t h e  p a t i e n t .  D i g i t a l  s u b t r a c t i o n  t echn iques  and d u a l  
energy s u b t r a c t i o n  are approaches be ing  pursued a v i d l y  today t o  f a c i l i t a t e  
t h i s  approach. D i g i t a l  s u b t r a c t i o n  t echn iques  a r e  be ing  pursued h e r e  a t  
Washington U n i v e r s i t y  and a group headed up by W.R. Brody of S t a n f o r d  i s  
p r s u i n g t h e  d u a l  energy s u b t r a c t i o n  approach. Both t h e s e  approaches a re  
s u f f e r i n g  from t h e  mot iona l  a r t i f a c t s  n o t  p r e s e n t  i n  t h e  angiography based 
on synchro t ron  r a d i a t i o n .  

There a r e  many r easons  why r a d i o l o g i s t s  

I n  o t h e r  words,  r a d i o l o g i s t s  w i t h  c o m p e t i t i v e  approaches t o  a r t e r i a l  
imaging from venous i n j e c t i o n  a r e  e n t h u s i a s t i c  abou t  t h e  work be ing  conducted 
by Rubenstein e t  a1 a t  SSRL. It  would appear  t h a t  t h e  p o t e n t i a l  of t h e  
work i s  c o n s i d e r a b l e  and t h a t  i t  d e f i n i t e l y  should be  con t inued .  

S i n c e r e l y ,  

P r o f e s s o r  of Chemistry 
and Department Chairman 

WDP/ jm 

c c :  D r .  G . E .  Pake 
D r .  K . O .  Hodgson 



College of Physicians t? Surgeons of Columbia University 1 New Yo&, N .  Y. 20032 

630 West 168th Street DEPARTMENT O F  MEDICINE 

J a n u a r y  8 ,  1 9 8 2  

D r .  C h a r l e s  C a n t o r  
D e p a r t m e n t  o f  Human G e n e t i c s  

a n d  D e v e l o p m e n t  

Dear D r .  C a n t o r :  

T h e  a i m  o f  t h i s  p r o p o s a l ,  t o  b e  a b l e  t o  p e r f o r m  c o r o n a r y  
a n g i o g r a m s ,  n o n - i n v a s i v e l y  b y  i n t r a v e n o u s  i n j e c t i o n  o f  i o d i n a t e d  
c o n t r a s t  m a t e r i a l  i s  v e r y  w o r t h w h i l e .  T h e  a p p r o a c h  o u t l i n e d  
h e r e  a p p e a r s  t o  b e  q u i t e  s o u n d  i . e .  t o  u s e  two m o n o c h r o m a t i c  
x - r a y  beams  a n d  t o  p e r f o r m  i o d i n e  k - e d g e  d i g i t a l  s u b t r a c t i o n  
a n g i o g r a p h y .  T h e  i n v e s t i g a t o r s  h a v e  made  g o o d  p r o g r e s s  i n  
t h e i r  i n i t i a l  w o r k .  U n i q u e  f e a t u r e s  a r e  t h e  d e g r e e  t o  w h i c h  
t h e  x - r a y  beam i s  r e n d e r e d  m o n o c h r o m a t i c  a n d  t h e  s p e e d  w i t h  
w h i c h  s c a n n i n g  w i t h  2 b e a m s  c a n  b e  p e r f o r m e d .  P r o b l e m s  o f  
c a r d i a c  m o t i o n  a n d  i n  v i v o  i m a g i n g  w i l l  r e q u i r e  c o n s t r u c t i o n  
o f  a l a r g e r  d e t e c t o r  w h i c h  i s  p l a n n e d .  

A n e g a t i v e  f e a t u r e  o f  t h i s  w o r k  r e l a t e d  t o  t h e  f a c t  t h a t  
t h i s  t e c h n i q u e  c o u l d  o n l y  b e  u s e d  a t  t h e  v e r y  f e w  f a c i l i t i e s  
i n  t h e  c o u n t r y  w i t h  e l e c t r o n  s t o r a g e  p i n g s  a n d  w i g g l e r  m a g n e t s .  
H e n c e  i t s  i m p a c t  on c l i n i c a l  m e d i c i n e  w i l l  be r e d u c e d .  A l s o  
t h e  a p p r o a c h  o f  k - e d g e  d i g i t a l  s u b t r a c t i o n  a n g i o g r a p h y  w i t h  
l e s s  m o n o e n e r g e t i c  b e a m s  i s  c u r r e n t l y  u n d e r  d e v e l o p m e n t  com- 
m e r i c a l l y  by  c o m p a n i e s  s u c h  as  G e n e r a l  E l e c t r i c .  

S i n c e r e l y ,  

P J C : r h  P a u l  J .  C a n n o n ,  M . D .  
P r o f e s s o r  o f  M e d i c i n e  



STANFORD LINEAR ACCELERATOR CENTER 
P.O. BOK 4349. Bin 69 
Stanford. Cdllfornla 94305 
Telephone. (11 5 )  854-330U. E\[. 2873 

Answer Back. STANFKD 
TWX: 910-373-1 162 

STNU A 

January 29, 1982 

Dr. E.Barrie Hughes 
W.W. Hansen Laboratories 

Stanford University 
Stanford, CA 94305 

of Physics 

Dear Dr. Hughes: 

The SSRL Proposal Review Panel met on January 15th and 
16th. 
The Biology Sub-Panel decided to convert the proposal to 
program status, upgrade the rating to 1.2 and to extend the 
termination date to 1/84. 

Your requests concerning Proposal 456 were considered. 

Best wishes for continued success with your research. 

Sincerely, 

Claire L. Burke 
Proposal Administrator 



December 2 8 ,  1981 

To: E. B. Hughes 

From: Katherine Cantwell 

Subject : Priority Time on BL IV-3 

I have examined the records of usage on experimental station IV-3 
since it was commissioned in May 1981 .  Through December 1981 

there have been 147 shifts assigned on this station . Your 
proposal has received 39 of these shifts or 26.5% I based the 
usage calculations on shifts assigned rather than received as the 
latter is a fairly subjective number. 

We are extending your priority time agreement through December 
1982  since the experimental station was commissioned in May rather 
than January as expected when the agreement between Drs. 
Bienenstock and Glaser was made in July 1980 .  

cc: 456B file 



STANrORD LINEAR ACCELERATOR CENTER 
P.O. Bo\ 4349,  Bin 69 
St.inford, California 93305 
Telcphonc: (41 5 )  854-3300. Exr. 2874 
T\VX: 910-373-1162 
Answcr Back: STANFRD 

STNU A 

July 25, 1 9 8 0  

Robert J. Glaser, M. 0. 
President 
Henry J. Kaiser Family Foundation 
Two Palo Alto Square 
Palo A1 to, California 94305 

Dear Doctor Glaser: 

This letter is written in support of the dichromography research effort 
being proposed by Hughes, Rubenstein et al. for performance at the Stanford 
Radiation Radiation Laboratory (S.S.R.L.). 

.. 

I have been in contact with the chairman of our Proposal Review Panel 
who has stated his beliefs that the quality of the proposed research warrants 
up to 25% of the scheduled S.S.R.L. experiment shifts from 1 January 1981(the 
expected start date) through 31 July 1982 on one o f  our new experimental 
stations. 
ing for the fabrication of the required monochromator will have to be obtain- 
ed . 

In order for research to be performed on the station, however, fund- 

In view of the above, I am happy to formal ly guarantee the Hughes/ 
Rubenstein program 
perimental station over the eighteen-month period of 1-1-81 through 7-31-82 
with the understanding that they will provide financial assistance for the 
procurement of equipment (primari ly the monochromator) and manpower support 
during the installation of the beam line experiment station. 

up to 25% of the scheduled shifts on the appropriate ex- 

Sincerely, 

d, &<2* 
A .  Bienenstock 
Director 

A B / j  

cc: E. B. Hughes 





November 30, 1981 

TO: Biology Sub-panel 

FROM: Katherine C a n t w e l l w  

Subject: Conversion of Proposal 456B to Program Status 

I suggest that proposal 456B from E.B. Hughes be converted to a 
program proposal and given a two year extension. Work on this 
proposal has not proceeded terribly far due to its 1.5 rating and 
need for wiggler end station time. However, Dr. Hughes has a 
priority agreement for 25% time on the wiggler side station which 
has allowed him to do some work. This priority agreement ends 
this June. A s  I am sure you are aware this work has generated 
much excitement and the Hughes group is considering building their 
own beam line at SSRL.  

Dr. Hughes has put together an extensive update on his work for 
your consideration. 
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1 
Proposal Number 

SSRL PROPOSAL SUBMITTAL FORM 

This proposal is a new proposal ( ) or a replacement for 

This Proposal is for a single experiment ( X  ) or a PROGRAM ( 1. 
for Proposal No. 456B . 

CHECK MOST APPROPRIATE REVIEW PANEL: X - R A Y / M T E R I A L S  C C H E b i I S T R Y - V U V ~ X - R A Y / B I O L O C Y  

1. TITLE: ( 1 0  w o r d s  a r e  l e s s ,  t y p e  I n  c a p i t a l s )  

CONTINUED STUDY OF I O D I N E  DICHROMOGRAPHY WITH MONOCHROMATIC X-RAY BEAMS 
FOR ANGIOGRAPHY 

2 .  

3 .  

4 .  

5 .  

6. 

LIST OF COLLABORATORS ( U n d e r l J n e  S p o k e s p e r s o n )  

Name Full Address OffXce 
Telephone Numbers 

3 E 7 7 1  
- 
E. B a r r i e  Hughes W.W. Hansen L a b o r a t o r i e s  of P h y s i c s  m = m 3 5  

9 

Edward Rubens te in  S t a n f o r d  U n i v e r s i t y  Medical  Cen te r ;  
Department of  Medicine 497-7 188 342-1888 

Robert  H o f s t a d t e r  Department of  P h y s i c s  4 97-4235 326-671 1 

Donald C .  H a r r i s o n  S t a n f o r d  U n i v e r s i t y  Medical Cen te r ;  
Department of  Card io logy  497-5935 968-5848 

H e r b e r t  D. Zeman W.W. Hansen L a b o r a t o r i e s  o f  P h y s i c s  497-0114 4 93-5 7 88 

A l b e r t  C .  Thompson Lawrence Berke ley  Labora to ry  486-6444 527-9922 

EXPERIMENTAL STATIONS REQUIRED FOR EXPERIMENT ( I f  t w o  s t a t i o n s  a r e  r e q u i r e d  l i s t  b o t h  u n d e r  

f i r s t  c h o i c e .  Note number o f  s h i f t s  r e q u i r e d  f o r  e a c h  l i n e  i n  s e c t i o n  4 . )  

First Choice: Alternates: 

ESTIMATED DEDICATED BEAM TLME KEQUIKED IN 8 HOUR SHIFTS: 
IV-2 (WIGGLER) 

( 3  GeV, 50 mA) 

7 5  

WILL IT BE POSSIBLE TO SCHEDULE THE EXPERIMENT FOR PARASITIC TIME? IF SO, WHAT WOULD 
BE THE THE MINIMUM BEAM ENERGY? . 
UP TO 50% OF THE EXPERIMENT, BUT NOT MORE, COULD BE ON PARASITIC TIME WITH A 
MINIMUM BEAM ENERGY OF 2.5  G e V .  

Fur Experiments on Vacuum B e a m  Lines: Please list all samples you expect to insert into 
Lhc vacuum system (and a l s o  lead time needed for preparation) and also any construction mater- 
ials and components not generally considered to be UHV materials or components. 
be given in proposal. 

Details must 

NONE 

ii 



7. LIST ALL POTENTIAL HAZAR including all toxic, radioactive, 7 explosive materials, 
hazardous procedures and equipment. 
AGREEMENT TO BRING THESE MATERIALS TO SSRL MUST BE OBTAINED FROM J. CERINO, OPERATIONS 
MANAGER. AT LEAST TWO WEEKS PRIOR TO DATE OF THEIR ARRIVAL. 

Furnish detailed safety ,;oceduree in the proposal. 

NONE 

8 .  What equipment or materials do you expect to be provided by SSRL? 

NONE 

9. PLEASE GIVE A BRIEF ABSTRACT OF THE PROPOSAL: 

ABSTRACT 

The purpose  of  t h i s  p r o p o s a l  i s  t o  c o n t i n u e  s t u d i e s  r e l a t e d  t o  t h e  implementa t ion  

of  d i g i t a l  s u b t r a c t i o n  (non- invas ive)  angiography w i t h  s y n c h r o t r o n  X-ray beams a t  

SSRL. 

i n  a t t a c h m e n t s  I - I V  t o  t h i s  p roposa l .  

I n i t i a l  s t u d i e s  have been conducted under  P roposa l  456B and a re  f u l l y  r e p o r t e d  

The i n t e n s e  X- rad ia t ion  produced by w i g g l e r  magnets  a t  SSRL i s  h i g h l y  s u i t e d  t o  

i o d i n e  ‘K-edge d i g i t a l  s u b t r a c t i o n  angiography.  

p rov ide  maximum s e n s i t i v i t y  t o  i n t r a - a r t e r i a l  i o d i n e  and v i r t u a l l y  e l i m i n a t e  image 

c o n t r a s t  due t o  non-vascular  body s t r u c t u r e s .  

i o d i n e  o f f e r s  t h e  p r o s p e c t  o f  v i s u a l i z i n g  a r t e r i e s  by p e r i p h e r a l  venous i n j e c t i o n .  

The monochromat ic i ty  and t u n a b i l i t y  

The s e n s i t i v i t y  of t h e  method t o  

Conf i rmat ion  of  t h e  principle of i o d i n e  dichromography has been provided  by 

t h e  work a l r e a d y  done under P roposa l  456B.  

s t u d i e s  and c o n c e n t r a t e s  on t h e  problems of  imaging moving s t r u c t u r e s ,  such as t h e  

coronary  ar ter ies ,  and o f  s e p a r a t i n g  i o d i n e  images of  t h e  co rona ry  arteries from 

r e s i d u a l  i o d i n e  i n  t h e  l e f t  v e n t r i c l e .  These q u e s t i o n s  w i l l  be  addres sed  f i r s t  

w i t h  inan ima te  phantoms and e x c i s e d  an imal  h e a r t s  and t h e n  w i t h  an ima l  s u b j e c t s .  

It i s  expec ted  t h a t  t h e s e  s t u d i e s  w i l l  be  p r e p a r a t o r y  t o  l a t e r  s t u d i e s  on human 

s u b j e c t s  . 

The p r e s e n t  p r o p o s a l  ex tends  t h e  earlier 

iii 
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e .  DESCRIPTION OF EXPERIMENT 

T h e  purpose of this proposal is to continue studies 

related to the implementation of digital subtraction 

angiography with synchrotron X-ray beams at SSRL. The 

intense synchrotron radiation produced b y  wiggler magnets at 

SSRL provides a source of X-rays highly suited to iodine K- 

edge digital subtraction angiography. The monochromaticity 

and tunability provide maximum sensitivity to intra-arterial 

iodine and virtually eliminate contrast due to soft tissue 

and bone. Visualization of arteries, in particular the 

coronary arteriesl b y  peripheral venous injection is 

possible. I f r e a  1 i zed, t h e  current need f o r  arterial 

catheterization would be eliminated and both the risk and 

the cost of the diagnostic procedure greatly reduced. 

Studies already accomplished at SSRL have considerably 

exceeded the scope of the limited tests outlined in Proposal 

456B. Images have been obtained both of inanimate phantoms 

and of excised animal hearts, and a system design has been 

developed f o r  the implementation of digital subtraction 

(non-invasive) angiography on human subjects. A prototype 

30-channel Si(Li1 X-ray detector has been developed and used 

to obtain digitally subtracted phantom and excised heart 

images; phantom and excised heart studies have been 

conducted to demonstrate the strong and simultaneous 

0 0 2  1 b b O t  
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suppression of contrast due to soft tissue and bone and the 

exquisite sensitivity to iodine made possible with 

monoenergetic X-rays; and excised hearts have been imaged as 

a function of image pixel size and 0.5 mm x 0.5 mm shown t o  

be desirable and sufficient for clinical work. These 

studies are f u l l y  described in attachments I-IV to this 

proposal. 

1 

Attachments I-IV a r e  as follows: 

1. NON-INVASIVE ANGIOGRAPHY USING SYNCHROTRON 

RADIATION. 

E.B.Hughes, L.E.Campbel1, R.Hofstadter, R.L.Kirk, 

T.J.Krolicki, J.P.Stone and H.D.Zeman. Hansen 

Laboratories of Physics and Department of Physics, 

Stanford University. 

E. Rubenstein, Department of Medicine, Stanford 

University. 

W.R.Brody and A.Macovski, Department of Radiology, 

Stanford University. 

- 

A.C.Thompson, Laurence Berkeley Laboratory, University 

of California. 

SSRL Activity Report 4/1/80 - 3/31/81, Proposal No. 

4569, page VII-62, May 1981. 

- 1 1 .  SYNCHROTRON RADIATION - AND ITS APPLICATION - TO 

0 0 2  I b b  1 1  
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DIGITAL SUBTRACTION ANGIOGRAPHY. 

E.Rubenstein, Department of Medicine, Stanford 

University. 

E.B.Hughes, L.E.Campbel1, R.Hofstadter, R.L.Kirk, 

Hansen T.J.Krolicki, 3. P. S t o n e  and H. D. Zeman. 

Laboratories o f  Physics and Department of Physics, 

Stanford University. 

W.R.Brody and A.Macovski, Department of Radiology, 

Stanford University. 

A.C.Thompson, Lawrence Berkeley Laboratory, University 

of California. 

Proceedings of t h e  SPIE Conference on Digital 

Radiography, September 1 4 - 1 6 ,  1981, Stanford 

University. 

- 1 1 1 .  IMPLEMENTATION DIGITAL SUBTRACTION ANGIOGRAPHY 

WITH A SYNCHROTRON X-RAY BEAM. 

H.D.Zeman, E.B.Hughes, L.E.Campbel1, R-Hofstadter, 

R.L.Kirk, T.J. Krolicki, J.Rolfe, J.P.Stone and 

S . Wi lson . Hansen L aboratories of Physics and 

Department of Physics. 

E. Rubens t ein, Department of Medicine, Stanford 

University. 

A.C.Thompson and J.T.Walton, Lawrence Berkeley 

Laboratory, University of California. 

Proceedings of the I E E E  Nuclear Science Symposi'um, 

0 0 2  I b b 2 :  
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October 21-23, 1981, San Francisco. 

- I V .  A MULTI-ELEMENT SILICON DETECTOR ,- 

MEASUREMENTS. 

A.C.Thompson, F.S.Goulding, H.A.Somlner and J.T.WaltOn, 

Lawrence Berkeley Laboratory, University of California. 

E.B.Hughes, J.Rolfe and H.D.Zeman, Hansen Laboratories 

of Physics, Stanford University. 

Proceedings of the IEEE Nuclear Science Symposium, 

October 21-23, 1981, San Francisco. 

Beam access through 4130181 under proposal 4568 1s 

summarized in attachment I (SSRL Activity Report 4/1/80 - 
3/31/81, VII-62). F o r  convenience, these access tfmes and 

related information through 4/31/81, together with one 

access since 4/31/81, are listed below. 

a )  1-5 non-wiggler beam, 11/26/80 - 11/27/80, 2 GeV, 

parasitic mode, 3 shifts. 

b )  1-5 non-wiggler beam, 12/5/80 - 12/6/80, 3 GeV, 

dedicated mode, 3 shifts. 

c )  I V - 2  wiggler beam, 3/11/81 - 3/20/81, 1.8 GeV, 

parasitic mode, 24 shifts. 

d )  IV-2 wiggler beam, 4/7/81 - 4/14/81, 2.5-3.0 GeV, 

parasitic mode, 17 shifts. 

e) IV-3 wiggler side-port beamt 6/3/81 - 6/6/81, 

6/12/81 - 6/15/81, and 6/22/81 - 6/23/81, 3.0 GeV, 
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d e d i c a t e d  m o d e ,  2 5  s h i f t s .  

O f  a cces ses  a ) - d )  i n  t h e  a b o v e  l i s t ,  o n l y  d )  was 

s c h e d u l e d  u n d e r  o p e r a t i n g  c o n d i t i o n s  a p p r o x i m a t i n g  t h o s e  

r e q u e s t e d  i n  p r o p o s a l  4 5 6 8 .  Access e )  was o b t a i n e d  i n  

p a r t i a l  r e c o g n i t i o n  o f  a s u b s t a n t i a l  f i n a n c i a l  c o n t r i b u t i o n  

m a d e  b y  t h e  456B i n v e s t i g a t o r s  t o  t h e  c o m m i s s i o n i n g  of  beam 

l i n e  IV-3. 

T h e  o b j e c t i v e  o f  t h e  p r e s e n t  p r o p o s a l  i s  t o  d e m o n s t r a t e ,  

a s  s o o n  a s  p o s s i b l e ,  t h e  f e a s i b i l i t y  o f  i n - v i v o  n o n - i n v a s i v e  

a r t e r i a l  i m a g i n g  i n  a n i m a l s  u s i n g  s y n c h r o t r o n  X - r a y s .  T h i s  

i s  p r e p a r a t o r y  t o  t h e  s u b s e q u e n t  s t e p  of  d e m o n s t r a t i o n  t e s t s  

i n  human s u b j e c t s .  S p e c i f i c a l l y  t h e  s t u d i e s  we p r o p o s e  a r e  

as f o l l o w s :  

a )  c o n t i n u e d  d e v e l o p m e n t  o f  t h e  X- ray  d e t e c t o r  a n d  

s i g n a l - p r o c e s s i n g  e l e c t r o n i c s  t o  a c h i e v e  q u a n t u m -  

l i m i t e d  s i g n a l - t o - n o i s e  r a t i o s .  

b )  s t u d i e s  w i t h  i n a n i m a t e  p h a n t o m s  t o  e x p l o r e  t h e  

v i s i b i l i t y  o f  i o d i n a t e d  c h a n n e l s  i n  t h e  p r e s e n c e  o f  

e x t r a - c h a n n e l  b a c k g r o u n d  c o n c e n t r a t i o n s  o f  i o d i n e .  

c )  s t u d i e s  w i t h  e x c i s e d  a n i m a l  h e a r t s  w i t h  i o d i n a t e d  

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

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

e x i s t e n c e  o f  p r o j e c t i o n s  i n  w h i c h  t h e  c o r o n a r i e s  may b e  

o b s e r v e d  w i t h o u t  o v e r l a p  b y  t h e  l e f t  v e r t i c l e  a n d  t o  
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study the visibility of the coronaries when such 

overlap does occur. 

d )  studies with inanimate but cyclically-moving 

phantoms to demonstrate the ability of line-scanning to 

provide a sharply-focussed image despite simulated 

arterial motion. 

e) the acquisition of in-vivo images in monkeys and 

dogs to demonstrate the image quality attainable by 

non-invasive angiography. This will be done first for 

arteries for which motion is not a major problem and 

then for the coronary arteries. ( W e  estimate that t h e  

X-ray energy transmitted by t h e  existing SSAL 

monochromator in beam line 1V-2 can be oscillated with 

a period of about 5 0  msec. To the extent that this is 

not sufficient, or cannot be easily decreased, t h e  

animal pulse rate can be reduced temporarily with 

drugs). 

I 

Accomplishment of the above objectives is essential to 

the start of studies with human subjects. Due to the 

significant anatomical and physiological differences between 

animal and human subjects, the minimum possible time, 

consistent with establishment of the technique, will be 

devoted to animal subjects. T h e  apparatus necessary for 

studies with human subjects is already under construction. 

We request the highest possible rating for this proposal in 
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order that w e  may proceed with human subject studies with 

minimum delay and thereafter with t h e  development of a beam 

line at SSRL dedicated to angiography. 

- B. EXPERIMENTAL EQUIPMENT 

The experimental apparatus and control equipment will be 

supplied by the Hansen Laboratories o f  Physics at Stanford 

University and will be similar to that already used in 

Experiment 456B. This apparatus is being improved 

continually and its evolution since June 1979 is described 

in attachments I-IV. This evolution ‘will continue as 

outlined in attachment I V .  F o r  example, t h e  Si(Li1 X-ray 

detector will in future be operated at -20 degrees C instead 

of at room temperture, t h e  standard SSRL translation stages 

will be replaced by stages capable of faster and larger 

incremental movements, and new input analog and digital 

electronics will be used. In mid-1982 the prototype 

’30-channel Si(Li) detector with 1 mm postion resolution will 

be replaced with a 256-channel detector with 0.6 mm 

resolution. 

T h e  animal s’ubjects will be provided by the School of 

Medicine at Stanford University, together with personnel 

thoroughly familiar with.the care of such subjects. 
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C. EQUIPMENT DELIVERY SCHEDULE 

The experimental equipment is presently available and in 

use in Experiment 456B. 

- D. PREVIOUS EXPERIENCg WITH TECHNIQUES AT FACILITY 

Familiarity with the relevent techniques and the X-ray 

beam line has been established by t h e  work carried out as 

Experiment 456B. 

- E. SAFETY CONCERNS 

There a r e  no hazardous materials associated with this 

study. 

E. EWD STATION AND BEAM TIME REQUIRED 

T h e  preferred beam line and station for t h e  proposed 

study is the rapidly-tunable wiggler-illuminated hard X-ray 

beam designated IV-2. Only in this beamr at electron 

energies 3 GeV o r  higher, is the intensity adequate f o r  

image acquisition in animal subjects f o r  tissue thi'ckness up 

to 20 cm. A l s o ,  only in this beam, o r  t h e  equivalent Vll-2, 

is adequate transverse space available f o r  the positioning 

of large phantoms o r  animal subjects. 
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There are five separate questions of interest in this 

study; these are listed as items a1-e) in Section A. W e  

estimate that the exploration of a) -cl, associated with the 

development of a quantum-noise limited detection system, 

with the detectability o f  iodine in the presence of extra- 

channel iodine, and with t h e  visibility of the coronaries in 

hearts with iodinated left ventricles, will each require 

approximately 10 shifts. Item d), the demonstration of the 

ability of the line-scanning method to image moving 

structures in sharp focus, will also require 10 shifts, and 

finally, item e), the acquisition of the first in-vivo 

images in animals, will require 20 shifts. T h e  total time 

estimate is therefore 6 0  shifts, to which should be added a 

contingency of 15 shifts. The overall time estimate is 

therefore 7 5  shifts, which should be delivered in blocks of 

a minimum of 10 shifts. We regard these demonstrations as 

essential precursors to the subsequent efficient imaging of 

human subjects. 

DATA ANALYSIS REQUIREMENTS ' 

W e  intend to analyze the data from this study with a D E C  

LSI 11/03 minicomputer. Eventually w e  expect to transfer raw 

image data o v e r  a high-speed serial link, for analysis, to 

the SSRL V A X  111780. 

Of32 I bbQh 



Proposal NO. 456 

NON-INVASIVE ANGIOGRAPHY USING SYNCHROTRON RADIATION 

E.B. Hughes, L.E. Campbell, R. Bofstadter ,  R.L. Kirk, T.J. Krol icki ,  J.P. Stone, H.D. Zeman 
Hansen Laboratories of Physics and Department of Physics, Stanford University 

E. Rubenstein, Department of Medicine, Stanford Universi ty  

W.R. Brodg and A. Macovski, Department of  Radiology, Stanford Universi ty  

A.C. Thompson, Lawrence Berkeley Laboratory 

Angiography, t h e  rad io logic  v i s u a l i z a t i o n  of blood 
vesse ls  and h e a r t  chambers containing c o n t r a s t  media, 
has become a powerful method of examining the  struc- 
t u r e  of t h e  h e a r t  and the  coronary a r t e r i a  and of 
diagnosing d isorders  involving the c i r c u l a t i o n  of t h e  
hear t ,  of the  bra in ,  and of o ther  vascular  beds. How- 
ever, the  techniques cur ren t ly  i n  widespread c l i n i c a l  
use involve invasive procedures which carry s i g n i f i -  
cant r i s k e  of morbidity and mortal i ty .  
are f a r  too high t o  permit the  rout ine  use of angiog- 
raphy t o  d e t e c t  the  presence of dangerous obs t ruc t ing  
l e s i o n s  i n ,  f o r  example, the coronary arteries of t h e  
many persons known t o  be a t  r i s k .  
s t u d i e s  are l imi ted  therefore  t o  symptomatic p a t i e n t s  
and are n o t  conducted on asymptomatic pa t ien ta  even 
i f  they are a t  high risk because of hypercholesterol- 
emia, hypertension, family h is tory ,  etc. There is an 
urgent need t o  reduce the  r i s k  of these  procedures. 

The eventual  purpose of t h e  s t u d i e s  begun by proposal 
456B i s  t o  br ing  i n t o  existence a t  Stanford a f a c i l i t y  
capable of conducting s a f e  and non-invasive angiogra- 
ph ic  examinations on pa t ien ts .  Angiographic e d n a -  
t i o n s  of the  coronary arteries w i l l  be emphasized. 
The acquis i t ion  of d i g i t a l  radiographs a t  X-ray ener- 
g i e s  s l i g h t l y  above and below t h e  K absorpt ion edge 
i n  iodine a t  33.2 KeV and the  subsequent d i f fe renc ing  
of these  two images piovides an exquis i te  s e n s i t i v i t y  
t o  i n t r a - a r t e r i a l  iodine. This procedure promises 
t h e  prospect of coronary ar ter iography with reduced 
concentrat ion of iodinated compounds i n  t h e  coronary 
arteries administered non-invasively by per iphera l  
venous in jec t ion .  
c a t h e t e r i z a t i o n  and s u b s t a n t i a l l y  reduce t h e  r i s k  of 
t h e  procedure. 

Proposal 456B was submitted t o  SSRL i n  June 1979 and 
received its f i n a l  r a t i n g  in June 1980. This proposal 
c a l l e d  f o r  the  performance of c e r t a i n  b a s i c  tests on 
inanimate phantom with minimum delay and with simple 
equipment a l ready i n  hand. A t  the  t i m e  t h i s  f i r s t  
proposal was submitted, so lu t ions  had been i d e n t i f i e d  
t o  some of the  technical problems r e l a t e d  t o  the  real- 
i z a t i o n  of a d iagnos t ic  f a c i l i t y  a t  Stanford, but  no t  
t o  a l l  of them. Since t h a t  time s t u d i e s  of t h e  out- 
s tanding quest ions continued, o f t e n  i n  consul ta t ion 
with t h e  SSRL s t a f f ,  and prac t ic l i l  so lu t ions  t o  a l l  
of the major problems have now been i d e n t i f i e d .  These 
include t h e  r e a l i z a t i o n  of a one-d’lmensional posi t ion-  
s e n s i t i v e  X-ray de tec tor  of s a t i s f a c t o r y  width and 
c lose  t o  100% ef f ic iency ,  and t h e  d e f i n i t i o n  of a 
technique by means of which che motion of the  h e a r t  
muscle cannot degrade the image qua l i ty .  For example, 
f i g u r e  1 shows a prototype s i l i c o n  semiconductor de- 
t e c t o r  fabr ica ted  t o  our  s p e c i f i c a t i o n s  a t  the Lawrence 
Berkeley Laboratory. This de tec tor  is e s s e n t i a l l y  one- 
dimensional (30 mm i n  width and 5 mm i n  he ight ) ,  i ts 

These risks 

Angiographic 

This w i l l  eliminate the  need f o r  

de tec t ion  e f f i c i e n c v  f o r  33 KeV X ravs  is c lose  t o  70%. 
i t  incorporates  30 independent cont ieurns  sensitive 
regions each 0.9 nun i n  width with a center-to-center 
spacing of 1.0 um, and it operates  a t  room te-rature. 

Figure 1. A prototype posi t ion-sensi t ive Si detector .  

In  t h e  t i m e  made a v a i l a b l e  t o  proposal 456B i n  this re- 
por t ing  period (through 4/14/81) the  b a s i c  tests on in- 
animate phantoms with simple de tec t ion  apparatus have 
progressed considerably. A start has a l s o  been made in 
the  use of the  prototype s i l i c o n  d e t e c t o r  f o r  more 
e f f i c i e n t  imaging, and i n  the  preparat ion and use of 
animal h e a r t s  f o r  more realistic imaging of the  vesse ls  
and s t r u c t u r e s  of eventual  i n t e r e s t .  Initial shor t  
oppor tuni t ies  t o  s ta r t  work a t  SSRI, occurred i n  the  1-5 
beam on 11/26/80 and on 12/5/80. 
low X-ray f l u x  a t  33.2 KeV and 2 G e V  i n  the  p a r a s i t i c  
mode i n  a non-wlggler l i n e ,  the  f i r s t  of these occasions 
was  used t o  test t h e  apparatus i n  t h e  region of the  K- 
edge i n  copper a t  8.9 KeV. Clear d i f fe rence  s igna ls  
were observed with the  expected magnitudes f o r  copper 
concentrat ions of 0.45, 0.9 and 1.8 mg in inanimate 
phantoms. On t h e  second occasion, a t  3 G e V  i n  t h e  
dedicated mode, the X-ray f l u x  a t  33.2 KeV as 400 times 
more in tense  and a useable beam a t  33.2 KeV was-obtained 
from the  (440- plane in S i  (-0.8 photons/pulse/m2). 
The contamination of 16.6 K e V  X rays, from the  (220) 
plane in Si ,  was reduced t o  about 50% with a 9.125 inch 
aluminum f i l t e r .  
with t h i s  b y  f o r  an iodine phantom concentrat ion 

The f i r s t  access t o  beam l i n e  IV-2 f o r  more than 24 
hours occurred in t h e  period 3/6/81 t o  3120181 a t  1.8 
G e V  i n  the  p a r a s i t i c  mode. Despite the  low f l u x  a t  

Given the  extremely 

Clear d i f fe rence  signals were observed 

of 16 mg c m  . / 
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33.2 KeV, -1 ohotonlpulselmm2 from t h e  1220) o lane  
of S i .  Rood two-dimensional images of inanimate phan- 
toms were obtained. One of these is reDroduced i n  
f i g u r e  2. The vertical iodinated channel, i n  a l u c i t e  
block. is 1 c m  in diameter a t  both ends and 1.5 mm i n  
diameter in the c e n t r a l  cons t r ic ted  region. 
concentrat ion in the lat ter region i s  5.5 mg cui2. 
Also i n  the  field-of-view w a s  a v e r t i c a l  wedge of lu-  
cite with an empty hor izonta l  channel, also with a 
cons t r ic t ion .  The images i n  f i g u r e  2 at the  top l e f t  
and r i g h t  are of t h i s  composite phantom a t  X-ray ener- 
g i e s  just below and just above t h e  iod ine  K-edge re- 
spect ively.  The lower Images i n  f i g u r e  2 are, on the  
l e f t ,  the  d i f fe rence  between the two upper images, and 
on t h e  r i g h t ,  the  r a t i o  of the  two upper Images. In 
both of t h e  lower Images, as expected, only t h e  iodine 
content  of t h e  phantom is  reproduced and Image cont ras t  
due t o  t h e  o ther  s t r u c t u r e s  i s  eliminated. These and 
o ther  d a t a  obtained at t h i s  time were acquired by 
col l imat ing the X-ray beam t o  a c ross  s e c t i o n a l  size 
of 1 mm x 1 mm and scanning the  phantoms, in raster 
fashion,  i n  f r o n t  of a s i n g l e  X-ray de tec tor  consis t -  
ing  of a CaF2(Eu) s c i n t i l l a t o r  and a 0.75" diameter 
m1 9826A photomult ipl ier  tube. Preliminary at tempts  
were a l s o  made t o  Image iodinated arteries i n  a u l d  
h e a r t s  (pig and c a l f )  but  t h i s  proved t o  be imprac t ica l  
s ince  the time needed t o  acquire  an image (eeveral  
hours due t o  t h e  low X-ray f l u x  and t h e  s i o g l e  X-ray 
de tec tor )  exceeded t h e  d u r a b i l i t y  of the iodine  i n  t h e  
arteries f o r  the  h e a r t  preparat ion technique then used. 

The iod ine  

Figure 2 Raw and processed images of an iodinated 
channel i n  a complex phantom 

The f i r s t ,  and t o  t h i s  date', the  only access t o  beam 
l i n e  IV-2 under operat ing condi t ions approximating 
those requested in t h e  proposal took place i n  the  per- 
iod 4 / 8 / 8 1  t o  4 /14 /81 .  A t  this time, In p a r a s i t i c  
mode*, t h e  operat ing condi t ions were 2.5-3.0 BeV aud 
about 25 mA, which correspond t o  a 33.2 KeV f l u x  of 
-320 photons/pulse/mm2. For these  tests t h e  increased 
f lux  and t h e  use of t h e  prototype pos i t ion-sens i t ive  
s i l i c o n  X-ray de tec tor  (ac tua l ly  only 8 of the' 80 1 mm 
wide channels were used due t o  l imi ted  a v a i l a b i l i t y ,  
a t  t h a t  time. of e l e c t r o n i c s )  combined t o  permit the  
acquis i t ion  of images with s u b s t a n t i a l l y  reduced ob- 
serving times (several  minutes). Excellent images of 
a v a r i e t y  of Iodinated inanimate phantoms were o b t a i n e d '  
and, i n  addi t ion,  due t o  a s u b s t a n t i a l  improvement I n  
h e a r t  preparat ion technique, a v a r i e t y  of animal h e a r t  
images with iodinated coronary arteries were a l s o  ob- 
tained. The kcv t o  r e t e n t i o n  of iodine i n  the animal 

0 0 2  I b 1 0 :  * Wiggler f i e l d  17 Kg. 

vessels was the use of a denta l  impression pas te  
(Cut te rSi l  tm) , I n  which the appropriate  concentrat ion 
of NaI powder w a s  thoroughly mixed, and t o  which a 
curing compound was  added immediately before  i n s e r t i o n  
i n t o  the  arterial system with a ca the te r  and syringe. 
A t y p i c a l  set of images of ca l f  h e a r t  coronary arteries 

images obtained above and below the  iodine K-edge and 
a t  the  bottom is t h e i r  r a t i o .  
c o n t r a s t  due t o  non-iodinated h e a r t  s t r u c t u r e s  i s  
eliminated. 

' i s  shown in f i g u r e  3. A t  t h e  top are the  separa te  

I n  the  latter image a l l  

Figure 3 Raw and processed Images of c a l f  h e a r t  
coronary arteries. 

I n  f u t u r e  tests phantom images f o r  t h e  f u l l . r a n g e  of 
parameters ou t l ined  i n  proposal 456B w i l l  be obtained. 
Also, following instrumentat ion of a l l  30 channels of 
the  Si detec tor ,  animal h e a r t  images w i l l  be obtained 
f o r  a wider range of iod ine  concentrat ions.  Most im- 
por tan t ly ,  animal h e a r t s  w i l l  be prepared with iodine 
concentrat ions t y p i c a l  of venous adminis t ra t ion i n  the  
l e f t  v e n t r i c l e  as w e l l  as in t h e  coronary arteries, and 
images w i l l  be  obtained with some of the  coronary ar- 
terial system projected aga ins t  t h e  f i l l e d  v e n t r i c l e .  
In t h i s  way the  i s o l a t i o n  of t h e  coronary artery from 
the  v e n t r i c u l a r  background by image ana lys i s  can be 
explored and developed. 
i s t i c  phantom of animal h e a r t s  prepared from impres- 
s ions  taken from real hear t s .  These phantoms w i l l  per- 
mit  a r b i t r a r y  and ad jus tab le  iod ine  concentrat ions t o  
be placed i n  coronary arteries and Ventricular chambers 
and w i l l  eliminate, t o  some degree. t h e  need f o r  real 
h e a r t s .  
t h a t  w i l l  permit tests t o  be made on beat ing h e a r t s .  

Also i n  preparat ion are real- 

Under discussion a l s o  is a phantom system 
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- A b s L r a c t  

T h e  i n t c ' i i s t .  n y n c l i r o t  r o i l  r a d i ~ i t  i l l i i  j ) r i , d r i , , e d  a t  e l e c t r o n  s t v r a g c  y i i i c s  p r o v i d c x . . :  i t  n e w  
s o u r c e  I ) {  X - r a y s  I i i g t i I y  s i i i t c d    ti i o : , i i i t '  # - e d g e  d i g i t . 1 1  s u h t r a c - t  i o n  n n f i i o g r o p l i y .  IIie 
h i g h  i n t ~ * n ~ I ! ; .  . ! l i t1  YI:I<I? I : i : : ~ ~ i l , i i .  , I i ~ , ~ i - g ~ ~ i i t ~ ~ *  p e r i n i t  t l i c  i - i id1: i t  i o n  L O  I)c miinocl i rc i ini l t  i z e d  h y  
B r a g g  d i f f r a c t i n n  n n d  m o d c  : i v a i I . t I ~ I ~ ~  i n  h c n m s  o f  s m ; i l ' l  v e r t i c ; i l  s i z e .  o f  a r h i t r a r v  
h o r i z o ~ t t i i l  w i d t l i ,  n n d  o f  t u 1 1 . 1 h l c ~  < ' i i ( ' r x y .  'TIic u s e  or S I I C ~ I  b e a m s  p r o v i d e s  m ; t s i m r i m  s e n s i t l v i t y  
t o  i n t r a - a r t e r i a l  i o d i n e  a n d  v i r t u . 1 1  I v  e 1  i n i i n a t e s  im; ige  c o n t r a s t  d u e  t n  n o n - v a s c u l a r  b o d y  
s t r u c t u r e s .  T h e  s e n s i t i v i t y  t l i i h  i i ~ e t l i n d  t o  i o d i n e  o f f e r s  Llie p r n s p e c l  o f  v i s u a l i z i n g  
a r t e r i e s  h y  p e r i p h e r a l  v e n o u s  i i i - i c ' c t  i o n .  

I i i t  r o d r i r t i n n  

D i g i t a l  s u b t r a c t i o n  a n g i o g r n p l i v ,  b a s e d  e i t h e r  u p o n  i m a g e s  a c q u i r e d  a t  d i f f e r e n t  t i m e s  o r  
a t  d i f f e r e n t  X - r a y  e n e r g i e s ,  o f l e r h  t l i e  p r c > s p e c t  o f  i m a g i n g  t h e  s m a l l  i o d i n e  t h i c k n e s s e s  
t y p i c a l  o f  i n t r a v e n o u s  a r t e r i o g r a p h y .  B o t h  m e t h o d s .  a s  p r e s e n t l y  p r a c t i s e d ,  e n c o u n t e r  
p a r t i c u l a r  p e r f o r m a n c e - ]  i m i  t i n g  ~ 1 r n 1 ) I c m s .  S p e c i f  i c a l  I y ,  t i m e - s u h t r a c t i o n  a n g i o j ; r a p I i y  i s  
l i m i t e d  b y  p a L i e n t  m o t i o n  I ) ~ ' t w c c . i i  r ~ ~ m p i i n c i i t  i m a g e s ,  a n d  e n e r g y  s u b t r a c t i o n ,  w h e n  b a s e d  u p o n  
t h e  i o d i n e  K - e d g e  a n d  q u a s i - m o n ~ ~ ~ ~ ~ i ( ~ r r : c . t  iL. beams o b t a i n e d  b y  f i l  t r a t i o n ,  i s  l i m i t e d  b y  t h e  
available X - r a y  f l u x  a n ( ]  b y  resicl11;iI c o n t r a s t  d u e  t o  s u p e r i m p o s e d  s o f t  t i s s u e  a n d  b o n e .  
B o t h  m e t h o d s  a l s o  f a c e  t h e  n e e d  t o  s u p p r e s s  s y s t e m  n o i s e  t o  a c h i e v e  a q u a n t u m - l i m i t e d  
c o n t r a s t  s e n s i t i v i t y .  I n  t h i s  p a p e r  w e  i d e n t i f y  a n e w  a p p r o a c h  t o  K - e d g e  s u b t r a c t i o n  
a n g i o g r a p h y  m a d e  p o s s i b l e  b y  t h e  p r o p e r t i e s  o f  a n  X - r a y  s o u r c e  n e w l y  a v a i l a b l e  t o  c l i n i c a l  
r a d i o l o g y .  T h i s  s o u r c e  i s  t h e  s y n c h r o t r o n  r a d i a t i o n  p r o d u c e d  a t  a n  a p p r o p r i a t e  e l e c t r o n  
s t o r a g e  r i n g .  

C o n v e n t i o n a l  X - r a y  s o u r c e s  p r o v i d e  ;I b r o a d  s p e c t r u m  o f  X - r a y  e n e r g i e s .  H o w e v e r ,  i o d i n e  
p r e f e r e n t i a l l y  a b s o r b s  a t  e n e r g i e s  i n  t h e  i m m e d i a t e  v i c i n i t y  o f  i t s  K - a b s o r p t i o n  e d g e  a t  
3 3 . 1 6  KeV. I n  a d d i t i o n ,  o t h r r  h(111y s t r i i c t u r e s ,  s u c h  a s  s o f t  t i s s u e  a n d  b o n e  a r e  r e p r o d u c e [ !  
i n  Llic c o n v c i i ~ i o n a l  i m a g c  ant1 s i 1 1 ) t r ; i ~ ~ ~  f r o m  t h e  c o n t r a s t  d u e  t o  t h e  i o d i n e  i t s e l f .  I f  t h e  
X - r a y s  f r o m  a c o n v e n t i o n a l  s n u r r e  itre l i l t e r e d  t o  s e l e c t  t h e  e n e r g i e s  s p e c i f i c  t o  i o d i n e  
a n d  t h c r t ~ 1 ) y  L*ii11:II1ce L I I C  1 1 ~ d 1 1 1 ~ ~  t . I I ~ ~ ~  I-:ISI , t h r r c  is I n s t i T f i r J c n t  I n t r n s i t y  i n  L ~ C  beam t o  
p r o d u c e  a g e n e r a l l y  u s e f u l  i m a j : e .  

T h e  p r o p e r t i e s  O E  t h e  X - r a y s  1 1 1 ; ~ ~  c i t n  h e  p r o d u c e d  a t  e l e c t r o n  s t o r a g e  r i n g s  b y  s y n c h r o -  
t r o n  e m i s s i o n  s u b s t a n t i a l l y  r e l i e v e  h o t 1 1  o f  t h e  p r o b l e m s  w i t h  e n e r g y  s u b t r a c t i o n  i d e n t i f i e d  
a b o v e .  F i r s t ,  t h e  e n o r m o u s  i n t e n s i t y  : i n d  i n h e r e n t  c o l l i m a t i o n  p e r m i t  t h e  r a d i a t i o n  t o  b e  
B r a g g - d i f f r n r t c d  s o  t h a t  o n l y  n i i i i r r ~ ~ w  1i;intl o f  e n e r g i e s  r e m a i n s .  S e c o n d ,  b e c a u s e  t h e  
s e l e c t e d  e n r r g y  o f  X - r a y s  i s  s u h j c . r t  11) f i n e  a d j u s t m e n t ,  b y  a s m a l l  a l t e r a t i o n  o f  t h e  B r a g g  
a n g l e  i n  it c r y s t a l  m o n o c I i r o n ! i ~ t o r ,  ( I  i r:i I '11 r a d i o g r a p h s  may b e  a c q u i r e d  a t  X - r a y  e n e r g i e s  
s l i g h t l y  a b o v c  a n d  s l i g h t l y  b e l o w  t 1 1 . 1 ~  u f  t h e  i o d i n e  K - c d g e  a t  3 3 . 1 6  K e V  a n d  t h e n  l o g a r i t h -  
m i c a l l y  s u b t r a c t e d .  T h i s  s u h t r : 1 r t i o n  s u b s t a n t i a l l y  e l i m i n a t e s  a l l  t h e  i m a g e  c o n t r a s t  d u e  
t o  n u n - v a s c u l a r  h o d y  s t r u c t u r c s  : i11~1 t l i c ~ r c b y  a c h i e v e s  m a x i m u m  c o n t r a s t  i n  t h e  v i s u a l i z a t i o n  
o f  t h e  i n t r L i - a r i  c r i a l  i o d i n e .  T I I ~ .  imc. t I io~1 i s  r c r e r r c , d  t o  a s  d i c l i r o m o g r a p h y .  I f  t h i s  s e n s i -  
t i v i t y  i s  r r a l i z e d ,  i t  o f f e r s  i l l c .  p r o ~ p e ~ t  o f  v i s u a l i z i n f i  a r t e r i e s  b y  p e r i p h e r a l  v e n o u s  
i n j e c t i o i i  n n d ,  :is v x p 1 a i n ( ~ d  h c . l i , w .  w i i ~ ~ , ) i I t  m i ) t i i j i i  : ~ r t  irnrts. ' l * i i i s  w o r r I d  n r l t i c v c  tltc ~ o a l  o r  
e 1 l m i n : i t i n ~ :  1 1 1 ~ '  i i c ~ v d  f o r  ; t r L e r i ; i l  ~ ~ . , t i i ~ ~ t ~ ~ r i z i i t i ~ i i i  a n d  t h c r e b y  g r e a t l y  r e d u c e  b o t h  t h e  r i s k  
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and the cost of the examination procedure. 

Characteristics of Synchrotron X-ray Beams 

The prospect of non-invasive K-edge digital subtraction angiography with monoenergetic 
X-ray beams is made possible by the development over the last ten years of the electron 
storage ring. The development of this device, in reality a form of particle accelerator, 
was motivated by the opportunity it creates to examine the fundamental structure o f  matter 
In a novel and penetrating way. Fortunately for other branches of science, the electron 
storage ring also created a new and enormously powerful sotirce of electromagnetic radiation, 
including hard X-rays. This circumstance occurs because rlinrgrd particles of low mass, such 
a s  electrons, readily and continuously lose,energy in the form of electromagnetic radiation 
when accelerated, a s  in a storage-ring orbit. This radiation i s  called synchrotron radia- 
tion and, due to the extreme relativistic speed o f  the electrons, is strongly concentrated 
in its emission in the orbit plane. To maintain the electrons in a closed orbit with con- 
stant energy, this radiated energy must be replaced promptly by powerful radio-frequency . 
oscillators. A t  equilibrium, the rate of production o r  synchrotron radiation by the orbit- 
ing electrons i s  equal to the amount of energy returned to them by the oscillator, and this 
is large. In effect, the electron storage ring serves a s  a device for the conversion of 
radio-frequency electromagnetic power into synchrotron radiation. This i s  an inconvenient 
but unavoidable fact of  life for investigators of particle physics, who employ counter- 
rotating currents o f  electrons and positrons in identical orbits to generate electron- 
positron collisions, but i t  creates a novel source of ultra-violet radiation and X-rays for 
those interested in other areas of science. This is widely recognized today, and electron 

radiation they produce. 
. storage rings are now under design and construction world-wide solely for the synchrotron 

Despite the intensity of the synchrotron radiation emitted by electrons traversing simple 
dipole bending magnets, which are mandatory for storage ring operation, laboratories such 
a s  the Stanford Synchrotron Radiation Laboratory ( S S K L )  nuw rely upon special magnets, known 
a s  wiggler magnets, for the generation of their most powerful beams. 1 . 2  These magnets 
are irrelevant to the storage ring concept and are inserted into sections o f  the closed 
orbit where the electron curvature is usually zero. A wiggler magnet is designed with a 
periodic transverse magnetic field t o  enhance deliberately t h e  emission o f  synchrotron 
radiation, but to transmit the electron beam with no net deflection. The synchrotron beam 
lines available at SSRL and those available for future development are indicated in 
Figure 1 .  

- -  

Figure 1 .  A schematic drawing of the 
storage ring and facilities at SSRL. 
Existing beam lines are 1 ,  2 .  3 .  4 and 7 ,  
all of  which are subdivided into two or more 
lines. Beam lines 4 and 7 are wiggler- 
illuminated. Available for future develop- 
ment are the dipole-illuminated lines 5 and 
6 and the eight wiggler-illuminated lines 
K and R. 
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Figure 2 .  The synchrotron intensity 
distribulions presently available at SSRL 
for both dipole and wiggler-il1uminate.d 
lines. T h e  curves are labeled with the 
stured electron energy in GeV at positions 
corresponding to the critical energy in KeV 
o f  the radiated spectra. Fifty percent o f  
the raili.itcd power occurs at energies higher 
than t h c  critical energy. 

The intensity o f  the synchrotron radiation presently ,iv,iilnble at SSRL is indicated in 
Figure 2 a s  a function of stured electroll energy f o r  b o 1 1 1  dipole , i n d  wiggler magnets. The 
inLensities possible with new wiggler magnets presently under design a r e  indicated in 
F i g u r e  3 for an electron energy of 3 C e V .  These f u ~ u r c  w i g g l c r s  will b c  pernlancni n1.1gnets 
assembled from blocks of rare-earth cobalt mngnetlc mntcri.11s (cg. S m C o 5 )  that m.ike the 
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Figure 3 .  A comparisod o f  the synchrotron Figure 4 .  A schematic drawing of the method 
intensity distributions available at SSRL by which a tunable beam of X-rays may be 
for the existing dipole and wiggler magnets, produced at S S R L .  
and those expected for future permanent 
magnet wigglers with higher pole densities. 

length. 

construction of magnets with many poles relatively simple and economical. Through choice 
of the field strength and the number of poles, the intensity, spectral distribution and 
angular width of the synchrotron radiation can be controlled. For example, the 72-pole 
wiggler in Figure 3 is intended to produce a narrow beam (1.9 mr) with a critical energy O f  

7 KeV, whereas the 24-pole wiggler is designed to produce the maximum flux at 3 3  KeV (for 
an electron energy o f  3 GeV) with an angular width (9.5 mr) compatible with the requirements 
of clinical radiology. 

All these wiggler magnets are 2 meters in /.': 

The method by which a tunable beam of X-rays can be produced at SSRL for medical purposes 
1s indicated in Figure 4 .  The radiation emitted by the electron beam during transit through 
a wiggler magnet is restricted first by a horizontal aperture and is then conducted through 
a vacuum or helium atmosphere to a double-crystal silicon X-ray monochromator. The first 
crystal in the monochromator is oriented at the appropriate angle to select, by Bragg dif- 
fraction, only a narrow band of X-ray energies. The second crystal, which is in accurate 
alignment parallel with the first, serves only to assure that the emergent X-ray beam exits 
from the monochroma~or in a d i r e c ~ i o n  parallel to the direction of  the Incident beam. After 
Passage through a vertical aperture, the beam in delivered to the examination room. The 
bandwidth 2,E o f  the transmlttcd X-r'iy beam is given by the relation 

where E is the X-ray energy, 
the synchrotron beam. For the Si(?20) plane, for example, the  brag.^ angle i s  5 . 6  degrees. 
I f  the X-ray energy is 3 3 . 2  KeV and the vertical aperture 1 mm in height at a distance of 
2 0  meters from the source (the wiggler magnet), then the bandwidth IS 1 7  eV. TO change the 
selected X-ray energy it is necessary only to rotate simultaneously both crystals in the 
monochromator by the same small angle. In particular, to change the X-ray energy bv an 
amount equal to the bandwidth ( 1 7  eV), and thus to step from one side of the iodine K-edge 
to the other, the angle of rotation is only 2 . 4  x 10-3 degrees. This can be accomplished 
easily and rapidly, for example by the use of piezoelectrically-controlled adjustment 
devices. 

0, fs the Bragg angle and AB, is the vertical angular width of 

Application to Digital Subtraction Angiography 

The principle of dichromography was first mentioned by Jacobson in 1 9 5 3 3  and in recent 
Years has received most attention from Elistretta et a14 and Macovski et a1.5 All develop- 
mental efforts however have employed standard X-ray generators and, in consequence, have 
suffered from the lack of truly monochromatic beams of adequate intensity. With the recent 
availability o f  intense, monochrornn~ic and tunable X-ray beams, for example at SSRL, the 
opportunity now exists for the direct application of this technique. This is the objective 
o f  the studies reported here. 

Attempts to implement the principle of dichromography have used heavy filtration (90-952) 
of beams from standard X-ray generators to obtain quasi-monoenergetic beams of substantial 
linewidth ( 6 - 8  KeV) and limited jntcnsity. In this way. a sensitivity t o  iodine thicknesses 
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a s  s m a l l  a s  1 mg c m - 2  h a s  b e e n  d e m o n s t r a t e d .  T h e  p r i n c i p a l  p r o b l e m ,  d u e  t o  t h e  l a r g e  l i n e -  
w i d t h  a n d  t h e  r e s u l t a n t  l a r g e  s e p a r a t i o n  (8 KeV) b e t w e e n  t h e  p e a k  e n e r g i e s  o f  t h e  t w o  q u a s i -  
m o n o e n e r g e t i c  b e a m s ,  i s  t h e  b a c k g r o u n d  d i f f e r e n c e  s i g n ~ l s  d i ~ r  t u  v a r i a t i o n s  i n  t h e  s o r t  
t i s s u e  a n d  b o n e  t h i c k n e s s e s  a l o n g  p o s s i b l e  t r a j e c t o r i e s  t h r o u g h  t h e  s p e c i m e n .  I f  o n l y  two  
q u a s i - m o n o e n e r g e t i c  b e a m s  a r e  u s e d ,  t h e  m e t h o d  i s  l i m i t e < l  t r i  e s s e n t i a l l y  b o n e - f r e e  r e g i o n s . 6  
I f  t h r e e  q u a s i - m o n o e n e r g e t i c  b e a m s  a r e  u s e d ,  t h i s  r e s t r i c t i o n  i s  r e m o v e d . 7  E a c h  o f  t h e  
t h r e e  q u a s i - m o n o e n e r g e t i c  b e a m s ,  h o w e v e r ,  r e q u i r e s  a d i f f e r e n t  f i l t e r  a n d  a t  l e a s t  o n e  o f  
t h e m  a d i f f e r e n t  t e r m i n a l  v o l t a g e .  

T h e  i d e a l  a p p r o a c h  t o  i o d i n e  d i c h r o m o g r a p h y  i s  t o  u s e  t w o  m o n o e n e r g e t i c  X - r a y  b e a m s ,  b o t h  
i m m e d i a t e l y  a d j a c e n t  t o  t h e  K - a b s o r p t i o n  e d g e  b u t  o n e  w i t 1 1  r n c r g y  a b o v e  a n d  o n e  w i t h  e n e r g y  
b e l o w  t h i s  e d g e .  I n  t h i s  w a y  t h e  d i f f e r e n c e  s i g n a l s  dutz t o  s o f t  t i s s u e  a n d  b o n e  t h i c k n e s s  
v a r i a t i o n s  a r e  s t r o n g l y  s u p p r e s s e d .  F o r  a b e a m  l l n c w i d t l i  ( i f  1 7  e\' a n d  a s p a c i n g  o f  1 7  c*V 
b e t w e e n  t h e  two  b e a n  e n e r g i e s ,  t h e  s o f t  t i s s u e  a n d  b o n e  d i f f e r e n c e  s i g n a l  s e n s i t i v i t i e s  a r e  
1.8 x 1 0 - Z % / ~ m  cm-2 a n d  7 . 7  x 
s i g n a l  s e n s i t i v i t y  i s  3%/mg c m - 2 .  

I O - ? X / : ; m  cm-2  r e s p e c t i v e l y .  w h c r e a s  t h e  i o d i n e  d i f f e r e n c e  

A t  a c o n v e n i e n t  d i s t a n c e  f rom t h e  o r b i t i n g  e l e c t r o n s ,  t l i e  w i g g l e r - i l l u m i n a t e d  b e a m  o u t -  
l i n e d  i n  F i g u r e  4 h a s  a h o r i z o n t a l  p r o f i l e  t h a t  n p p r u ~ i m ~ i t c s  :I l i n e .  I f ,  f o r  e x a m p l e ,  t h e  
a n g u l a r  w i d t h  s e l e c t e d  b y  t h e  h o r i z o n t a l  c o l l i m a t o r  i s  7 . 5  m r  ( w e l l  w i t h i n  t h e  1 2  m r  a n g u l a r  
w i d t h  o f  t h e  r a d i a t i o n  e m i t t e d  b y  a n  e x i s t i n g  8 - p o l e  I 6  K g a u s s  S S R L  w i g g l e r )  a n d  t h e  o p e r a -  
t i n g  d i s t a n c e  i s  2 0  m e t e r s ,  t h e  X - r a y  beam w i l l  b e  1 5  c m  i n  w i d t h  a n d ,  i f  u n c o l l i m a t e d  a n d  
u n f o c u s s e d .  o n l y  0 . 3  cm ( F W H M )  i n  h e i g h t .  T h i s  beam may b e  c o l l i m a t e d  v e r t i c a l l y  t o  p r o v i d e  
t h e  d e s i r e d  v e r t i c a l  s p a t i a l  r e s o l u t i o n  ( 0 . 5 - 1  n i m ) ,  o r  i t  m a y  b e  f o c u s s e d  i n  t h e  v e r t i c a l  
d i r e c t i o n  b y  r e f l e c t i o n  a t  g r a z i n g  i n c i d e n c e  f r o m  a c u r v e d  X - r a y  m i r r o r .  A f t e r  t h e  b e a m ,  
e s s e n t i a l l y  o n e - d i m e n s i o n a l ,  p a s s e s  t h r o u g h  t h e  p a t i e n t  u n d e r  e x a m i n a t i o n ,  i t  i s  i n t e r c e p t e d  
b y  a m a t c h i n g  o n e - d i m e n s i o n a l  h i g h l y  e f f i c i e n t  X - r a y  d e t e c t o r .  T h i s  d e t e c t o r  i s  s e g m e n t e d  
a l o n g  i t s  l e n g t h  a n d  p r o v i d e s  a o n e - d i m e n s i o n a l  p r o j e c t e d  i m a g e  o f  t h e  p l a n a r  s e g m e n t  o f  t h e  
p a t i e n t  i n t e r c e p t e d  b y  t h e  b e a m .  A t  e a c h  o f  t h e s e  p l a n a r  s e g m e n t s  t h e  i m a g e  i s  r e c o r d e d  
f i r s t  a t  a n  X - r a y  e n e r g y  j u s t  a b o v e  t h e  i o d i n e  K - e d g e  a n d  t h e n ,  i m m e d i a t e l y  f o l l o w i n g ,  a t  a n  
e n e r g y  j u s t  b e l o w  t h e  K - e d g e .  A c o m p l e t e  t w o - d i m e n s i o n a l  i m a g e  o f  t h e  b o d y  s t r u c t u r e  u n d e r  
e x a m i n a t i o n  i s  m a d e  b y  s c a n n i n g  t h e  p a t i e n t  v e r t i c a l l y  r e l : i t i v c %  t o  3 s ~ a t i o n a r y  b e a m  a n d  
d e t e c t o r  a n d  r e c o r d i n g  p a i r s  o f  o n e - d i m e n s i o n a l  i m a g e s  a t  ea<.Ii a d j a c e n t  v e r t i c a l  p o s i t i o n .  

I n  o r d e r ,  i n  p a r t i c u l a r .  t o  v i s u a l i z e  i o d i n e  w i t h i n  t h e  c o r o n a r y  a r t e r i e s ,  i t  i s  n e c e s -  
s a r y  l o  r e c o r d  e a c h  p a i r  o f  o n e - c l i n i e n s i o n a l  i m a g e s ,  i . c .  a b o v e  a n d  b e l o w  t h e  K - e d g e .  i n  a 
t ime s h o r t  c o m p a r e d  t o  t h e  p e r i o d i c  m u t i o n  o f  t h e s e  s t r u c t u r e s .  An a p p r o p r i a t e  t i m e  i n t e r v a l  
is a p p r o x i m a t e l y  1 5  m s e c  o r  l e s s .  l'lie t o t a l  t i m e  t o  s c 3 n  t h e  h e a r t  i s  l o n g e r  t h a n  t h e  
c a r d i a c  c y c l e .  b u t  t l i i s  r e l a t i v e l y  l o n g  s e ' a i i n i n g  t imi' w i  1 1  11,1t  r c s i i l  t i n  a b l u r r e d  iin:ii:c. 
E a c h  l i n e  e x i i u s u r c ,  c lvc L O  t l i c  I i i g l i  ) ; - r a y  i i i t e i i s i t y .  w i l  1 ~ < ~ < ~ t i i i v  o n l y  a b o u t  5 m j l I l s c ~ c u n r l s .  
T h e  X - r a y  e n e r g y  i s  t h e n  s w i t c h e d ,  w i t h i n  a f e w  ( - 5 )  n : s e c .  a n d  t h e  s e c o n d  e x p o s u r t .  i s  made.  
E a c h  p a i r  o f  l i n e  e x p o s u r e s  o c c u r s  w i t h i n  1 5  m s e c ,  a p e r i t l d  w i t h i n  w h i c h  t h e  c o r o n a r y  
a r t e r i e s  a r e  e s s e n t i a l l y  s t a t i o n a r y .  U p o n  c o m p 1 r t i ~ i n  o f  ~ , ; i c l i  c s p u s u r e  p a i r ,  t l i e  p a t i e n t  i s  
m o v e d  v e r t i c a l l y  b y  t h e  r e q u i r e d  p o s i t i o n a l  i n c r e m e n t  and L I I L ~  p r o c c ~ d i i r e  r e p e a t e d .  'l'lic l a c k  
o f  b l u r r i n g  i s  g o v r r n e d  b y  t h e  l i n e - p a i r  e x p o s u r e  t i i n "  : i i i ( l  i i o t  h y  t l i e  t o t a l  f r a m e  t i m e .  
This i s  a d i r e c t  a n i i l u g  o f  1 ' l i o t i i f i r ap l i i r , ' c an i i , r a s  w i t 1 1  I ( Ic; I I  ~ ~ I ; i n c  h l i ~ t t e r s  w l i i c l i  a r c  f rc .c .  u f  
b l u r r i n g  d e s p i t e  r e l a t i v e l y  l o n g  e x p o s u r e  t i m e s  o f  t h e  s c ; ~ n i i i ~ i g  s l i t .  The p r i c e  p a i d  f o r  
t h i s  e f f e c t  i s  t h a t  a l l  p o r t i o n s  o f  t h e  i n i n x e  d o  n o t  r c ' p r c s c ~ n t  ~ 1 1 1 '  same t i m e  i i i t c r v a l .  A 
s u b t l e  d i s t o r t i o n  i s  g e n e r a t e d  d u c  t o  m o t i o n .  h u t  t h i s  ( I ~ e s  i i o i  r ( ~ p r e s e i i t  b l u r r i n g .  Fur 
e x a m p l e .  a h o r i z o n t a l l y  m o v i n g  v e s s e l ,  w h i c h  w o u l d  o t l i t . i - w i s ~ .  h c  b l u r r e d ,  i s  r c ~ p r i i d i ~ c c ~ d  i n  
g o o d  f o c u s  a t  a s l i g h t  i n c l i n a t i o n  s i n c e  t h e  t o p  a n d  b n t t o n i  a r e  s c a n n e d  a t  d i f f e r e n t  t i m e s .  
T h e  r a p i d  c h a n g e s  i n  X - r a y  e n e r g y  r e q u i r e d  b y  t h i s  m e t h u d  <!I i i i i a i : ~ ,  a c q u i s i t i o n  p u s c  n u  
f u n d a m e n t a l  d i f f i c u l t y  f o r  s y n c h r o t r o n  b e a m s .  l ' t iis m a y  t lc  : i ~ ~ l i i ( ~ v e d  b y  s y n c l i r o n o u s l y  r o t a -  
t i n g ,  o r  o s c i l l a t i n g ,  t h e  c r y s t a l s  i n  t h e  m o n o c 1 i r ~ i n i ; i t ~ i r  . I [  L II(* r c . q u i r e d  frequency ( 6 7  I l z )  
by t h e  s m a l l  a n g u l a r  a m o u n t  n e c e s s a r y  t o  s ~ e p  t h e  t r ; i i i h i n i L  t ~ , d  I)~~;i i i i  h a c k  a n d  f u r t l i  t l i r u i i g l i  
t h e  i o d i n e  K - e d g e .  

A m a j o r  a t t r i b u t e  o f  t h e  s y n c h r o t r o n  X - r a y  b e a m  i s  t h a t  i t  i s  c a p a b l e  o f  p r o v i d i n g ,  a f t e r  
m o n o c h r o m a t i z a t i o n ,  a n  X - r a y  i n t e n s i t y  e n t i r e l y  n d e q t r a t ~ ~  t o  r e c . o r d  p r e c i s e  p r o j e c t e d  i m a g e s  
e v e n  a f t e r  t r a n s m i s s i o n  t h r o u g h  t h i c k  b o d y  s e c t i o n s .  L l i i ~ I ~ , r  s t ; i n d ; ~ r t l  o p e r a t i n g  c o n d i t i o n s  o f  
t h e  s t o r a g e  r i n g  a t  SSRI. ( a  c i r c u l a t i n g  e l e c t r u n  c u r t ' c . n L  ( 1 1  100 niA ; I L  a n  e n e r g y  U T  3 G c V )  
t h e  e x i s t i n g  w i g g l e r - i l l u m i n a t e d  X - r a y  b e a m ,  w i t h o u t  v e r t i c a l  i o c u s s i n g ,  h a s  a n  i n t e n s i t y  o f  
6 . 2  x l o 9  p h o t o n s / s e c o n d / n i m 2  o f  a p e r t u r e  a t  20 m e t e r s  f r o m  t h e  s t o r a g e  r i n g .  T h e  b a n d w i d t h ,  
a t  e n e r g i e s  c l o s e  t o  3 3  K e V ,  i s  1 7  e V .  f o r  t h e  S i ( 2 2 0 )  p I ; i n c .  F o r  c o m p a r i s o n ,  a p o w e r f u l  
m o d e r n  X - r a y  g e n e r a t o r  o f  c o n v e n t i o n a l  d e s i g n .  d i s s i p a t i n g  50 k i l u w a t t s  o f  p o w e r ,  c ; i n  

p r o v i d e  5 . 0  x IO9 X - r a y  p h u t o n s / s e c o n d / m m '  ; i t  I m e t c ' r  d i s t ; i n < . c ,  i i u t  t h e s e  p h o t o n s  a r c  
d i s t r i b u t e d  o v e r  a n  e n e r g y  r a n g e  f r o m  2 0 - 1 0 0  K c V .  I f  t l i i s  1 . 1 t ~ i . r  b e ; i n i  w r r e  t t i  1'1. n i i > i i o -  

c h r o m a t i z e d  b y  t h e  s a m e  m e t h o d  u s e d  w i t h  t l i c  s y n c l i r ~ i t r ~ ~ i i  I i i ~ a i i i .  i t s  i n t e n s i t y  w ~ ~ ~ l d  l i t> 
r e d u c e d  b y  a I a c t o r  o f  a p ~ ~ r o s i m a t ~ ~ l y  2 0 0 0 .  

i s t i n g  S S R L  s y n c l i r o t r o n  bcam 7 . 2  x in(' x - r a y  p ~ l o t ~ ~ l i s  t . ~ ~ i i ~ ~ / i " i i ~ ' ,  o r  3 . 0  x 1 0 ' 1 .  l i ~ ~ ~ ~ t o i i s  i n  
E v e n  a f t e r  t r a n s m i s s i o n  t h  r1g11 ;i s o f t  t i s s u c  t l i i c . i < i i  2 0  yn i  LIIC. i n t c n s i t v  o I  t l i c .  e x -  

i 
0 0 2  I b14. i  
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t h e  n o m i n a l  t i m e  e x p o s u r e  o f  5 nise(' r c q i i i r e d  f n r  c n r o n a r y  a r t e r i o g r a p h y .  T h e  s t a t i s t i c a l  
n o i s c  c o n t r i b u t e d  by  t h i s  b e a m  i n L c . n s i t y  t o  t h c  X - r a y  i m a g e  i n  a p i x e l  s i z e  0 . 5  m m  x 0.5 m m  
i s  o n l y  1 . 1 %  ( f o r  100% X - r a y  c l r t c c ~ i o n  e f f i c i e n c y ) .  w h i c l i .  I n  p r i n c i p l e .  p e r m i t s  i o d i n e  
t l i i c k i i t . s s e c s  iis s m ; i l l  a s  I.lgm cfii-l t o  1 ) ~  d c t c c t c t l  w i t h  a s i g n a l - t o - n o i s e  r a t i o  o f  3 . 0 .  
T h i s  i s  m u c h  s m a l l e r  t h a n  t h e  t l i i c k n e s s  t y p i c a l l y  u s e d  i n  c u r r e n t  p r a c t i c e  a n d  i s .  i n  
e s s e n c e ,  t h e  r e a s o n  w l i y  n o n - i n v a s i v c  arteriography i s  p o s s i b l e  w i t h  s y n c h r o t r o n  X - r a y  b e a m s .  

I f ,  i n  a d i c h r o m o g r a p h i c  s t u d y ,  N e n c > g r a f i n  7 6  ( i o d i n e  c o n c e n t r a t i o n  3 7 0  m;: m 1 - l )  i s  
i n t r o d u c e d  b y  p e r i p h e r a l  v e n o u s  a d m i n i s t r a t i o n  a n d  u n d e r g o e s  d i l u t i o n  b y  a f a c t o r  o f  3 0 .  
t h e  i o d i n e  t h i c k n e s s  i n  a n  a r t e r y  2 m m  i n  d i a m e t e r  w i l l  b e  2 . 5  mg ~ m - ~ .  U p o n  t h e  l o g a r i t h -  
m i c  s u b t r a c t i o n  o f  t w o  5 m s e c  d i g i t a l  i m a g e s .  f o r  a t i s s u e  t h i c k n e s s  o f  20  cm a n d  t h e  X - r a y  
i n t e n s i t y  s t a t e d  a b o v e ,  t h i s  i o d i n e  t h i c k n e s s  w i l l  g e n e r a t e  a s i g n a l - t o - n o i s e  r a t i o  o f  7 . 5  
f o r  a p i x e l  s i z e  o f  0 . 5  m m  x 0 . 5  m m .  T h e  p a t i e n t  e x p o s u r e  f o r  t h i s  s t u d y  w i l l  b e  308 mR. 
T h e  t o t a l  t i m e  o c c u p i e d  i n  t h e  a c q u i s i t i o n  o f  t h e  i m a g e  i n  a l i n e - b y - l i n e  s c a n  w i t h  0 . 5  m m  
v e r t i c a l  r e s o l u t i o n  o v e r  a 1 5  cm r a n g e  w i l l  b e  4 . 5  s e c o n d s .  T h i s  i s  a g o o d  m a t c h  t o  t h e  
t i m e  r e q u i r e d  f o r  t h e  i o d i n e  b o l u s  t o  t r a n s i t  t h e  c o r o n a r y  a r t e r i e s .  

T h e  d e s c r i p t i o n  o f  t h e  i m a g i n g  p r o c e d u r e  g i v e n  i m m e d i a t e l y  a b o v e  i s  b a s e d  o n  t h e  s p e c i f i c  
X - r a y  i n t e n s i t y  p r o v i d e d  a t  SSRI .  i r o m  a n  e x i s t i n g  8 - p o l e  18  K g a u s s  w i g g l e r  w i t h  n o  v e r t i c a l  
f o c u s s i n g .  T h i s  b e a m  . w a s  n o t  d e s i g n e d  w i t h  t h e  n e e d s  o f  a f u t u r e  m e d i c a l  i m a g i n g  f a c i l i t y  
i n  m i n d .  I n  p a r t i c u l a r ,  t h e  w i g g l e r  o u t p u t  i s  s p l i t  h o r i z o n t a l l y  i n t o  t h r e e  p a r t s ,  e a c h  o f  
w h i c h  i s  d e l i v e r e d  t o  a s e p a r a t e  I J S P ~ .  iu'cine o f  t h e s e  c o m p o n e n t  b e a m s  i s  w i d e  e n o u g h  f o r  
m e d i c a l  p u r p o s e s .  T h e  t y p i c a l  S S R I .  u s e r  d o e s  n o t  r e q u i r e  a w i d e  h e a m .  b l i t  i n s t e a d  w i s h e s  
t o  c o n c c n L r a L e  t h e  a v a i l a b l e  r ; i ( l i ; i t  i o n  o n t o  a t ; i r g [ \ t  o f  r c l a t  i v c l y  s n i a l l  w i d t h .  A n e w  b e a m ,  
e s p e c i a l l y  d e s i g n e d  f o r  c l i n i c a l  a p ~ ) I i c a t i o n s ,  w i l l  i n c l u d e  a w i g g l e r  m a g n e t  d e s i g n e d  t o  
m a x i m i z e  t h e  X - r a y  i n t e n s i t y  w i t h i n  ;I h o r i z o n t a l  a p e r t u r e  o f  7 . 5  m r .  I n  t h i s  w a y  a n  i n -  
c r e a s e  i n  s p e c i f i c  X - r a y  i n t e n s i t y  b y  a f a c t o r  o f  a t  l e a s t  5 r e l a t i v e  t o  t h e  e x i s t i n g  b e a m  
c a n  h e  a r h i e v e t l .  F u r t h e r  i n c r e a s e s ,  s h o u l d  t h e y  b e  n e c e s s a r y .  c a n  b e  o b t a i n e d  t h r o u g h  t h e  
u s e  o r  v e r t i c a l  f o c u s s i n g  ( f o r  e l f i c i e n t  I I S C  o f  a l l  t h e  r a d i a t i o n  a v a i l a b l e )  b y  r a i s i n g  t h e  
s t o r e d  c ~ l e c t r n n  c n e r g y  c l o a c r  i [ >  t l i c .  i i i . ~ s i n i u n i  v ; i l u c  o f  3 . 9  C r V  n r  SSRI.. b y  i n c r c a s l n g  t l i c  
s t o r c . d  c l c ~ . t r , ~ n  ( . ~ r r c ~ i t ,  ; ~ n d  L I I I - , ~ ~ I ; : I I  L I I C   US^ o f  II S i  d i f f r a c t i o n  p l a n e  w i t h  a s m a l  I c r  B r a g g  
a n g l e  t I i ; i n  5 . 6  t l ( . # r e e s .  B y  t h c ~ s ( ~  m e a n s ,  s h o i i l t l  I t  b c  n e c e s s a r y ,  t h e  l i n e  c x p o s n r e  L i m r  
c a n  h e  r c d u ( . c d  c o r r e s p o n d i n g l y  1 1 ,  w c . I I  I ) e I o w  5 m s e c  a n d  t h e  i m a g e - a c q u i s i t i o n  t i m e  t o  m u c h  
l e s s  t11.1n b . 5  s e c o n d s .  

I n  a d d i t i v n  t o  t h e  b a s i c  a t t r i b u t e s  of m o n o c h r o m a t i c i t y  a n d  h i g h  i n t e n s i t y ,  w h i c h  c o l l e c -  
t i v e l y  m a k c  t r u e  d i c l i r o m o g r a p h y  p ~ s s i h l c  a n d  p e r m i t  s n a p s h o t s  t o  b e  t a k e n  o f  s t r u c t u r e s  i n  
m o t i o n ,  t h e  o n e - d i m e n s i o n a l  c h a r a c t e r  o f  t h e  s y n c h r o t r o n  X - r a y  b e a m  i s  a l s o  w e l l - s u i t e d  t o  
h i g h - q u a l i t y  r a d i o l o g i c  i m a g i n g .  T h i s  l a t t e r  p r o p e r t y ,  i n  p a r t i c u l a r .  s u b s t a n t i a l l y  e l i m -  
i n a t e s  t h c  s c a t t e r  p r o b l e m  e n c o u n t e r e d  i n  c o n v e n t i o n a l  r a d i o l o g y  d u e  t o  t h e  u s e  o f  t w o - d i m e n -  
s i o n a l ,  o r  a r e a ,  X - r a y  b e a m s .  : \ n o t h e r  b e n e f i t  o f  m o n o c h r o m a t i c i t y  ?s  t h a t  b e a m - h a r d e n i n g  
a r t i f a c t s  a r e  a l s o  e l i m i n a r e d .  

I n i t i a l  S t u d i e s  a t  t h c  S t a n f o r d  S y n c h r o t r o n  R a d i a t i o n  L a b o r a t o r 1  

E x p e r i m e n t a l  s t u d i e s  o f  d i c l i r o ~ . , , ) ~ r ~ i p l i y  w i t h  m o n o e n e r g e t i c  X - r a y s  b e g a n  i n  D e c e m b e r  1 9 7 9  
a t  SSKI . .  A n  e a r l y  p h a n t o m  i m a y e  i s  r e p r c i d u c e d  i n  F i g u r e  5 .  T h e  v e r t i c a l  i o d i n a t e d  c h a n n e l ,  
i n  a l u c i r e  b l o c k ,  i s  1 cm i n  d i a m e t e r  a t  b o t h  e n d s  a n d  1 . 5  m m  i n  d i a m e t e r  i n  t h e  c e n t r a l  
c o n s t r i c t e d  r e g i o n .  T h e  i o d i n e  t 1 1 i c . k i i e s s  i n  t h e  l a t t e r  r e g i o n  i s  5 . 5  mg c m - 2 .  A l s o  i n  t h e  
f i e l d - o f - v i e w  i s  a v e r t i c a l  w e d g e  [ ) I  l u c i t e  w h o s e  t h i c k n e s s ,  f r o m  t o p  t o  b o t t o m  o f  t h e  
p h a n t o m ,  v a r i e s  f r o m  1 . 0  t o  4 . 0  Krn crn-2.  T h i s  w e d g e  i s  p e n e t r a t e d  h o r i z o n t a l l y  b y  a n  e m p t y  
c h a n n e l ,  a l s o  w i t h  a c n q s t r i c t i o n .  T h e  i m a g e s  i n  F i g u r e  5 a t  t h e  t o p  l e f t  a n d  r i g h t  a r e  o f  
t h i s  c o m p o s i t e  p h a n t o m  a t  X - r a v  c n e r f i i e s  c o n s e r v a t i v e l y  c h o s e n  t o  b e  200 eV b e l o w  a n d  2 0 0  eV 
a b o v e  t l i e  i o d i n e  K - e d g e  r e s p e c ~ i v c l y .  T h e  l o w e r  i m a g e s  i n  F i g u r e  5 a r e ,  o n  t h e  l e f t ,  t h e  
r a t i o  o f  t h e  t w o  u p p e r  i m a g e s .  ; ind  o n  ~ l i c  r i g h t ,  t h e  d i f f e r e n c e  b e t w e e n  t h e  t w o  u p p e r  
i m a g e s .  I n  b o t h  o f  t h e  i m a f i e s ,  ;IS r x p e c t e d .  o n l y  t h e  i o d i n e  c o n t e n t  o f  t h e  p h a n t o m  i s  r e -  
p r o d u c e d  a n l l  i m a g e  c o n t r a s t  ~III(> L O  t 1 1 ( ~  o t h e r  ~ t r u c t u r e s  i s  e l  i n i i n a t e d .  T h e s e  e a r l y  d a t a  
w e r e  a c q u i r c d  b y  c o l l i m a t i n g  t h e  );-r: iy I ) c : i m  t o  a c r o s s - s e c t i o n a l  s i z e  o f  1 m m  x 1 m m  a n d  
s c a n n i n y :  t h e  p h a n t o m ,  i n  r a s t e r  f ; ~ s l i i o n ,  i n  f r o n t  o f  a s i n g l e  X - r a y  d e t e c t o r  c o n s i s t i n g  o f  
a CaF2(1:1 i )  s c i n L i 1 l ; i t o r  ;i i id ;I I . V I  V I I I  d i i i m c t c r  E M 1  9 8 2 5 A  p h o t o m u l L i p l i e r  t u b e .  

I n  s u b s e q u e n t  t e s t s  a t  SSKI,. i i i ; ; igcs  w e r e  a c q u i r e d  w i t h  c o n s i d e r a b l y  i m p r o v e d  e f f i c i e n c y  
t h r o u g h  t l i e  u s e  o f  a o n e - d i m e n s i o n ; i l  p n s i t i o n - s e n s i t i v e  X - r a y  d e t e c t o r  w i t h  e f f i c i e n c y  
c l o s e  t o  7 0 %  a t  3 3  KeV. A p h o t o g r a p h  o f  t h i s  p r o t o t y p e  s i l i c o n  s e m i c o n d u c t o r  d e t e c t o r ,  
f a b r i c a t e d  t o  n u r  s p e c i f i c a t i o n s  . i t  t l i c  I . a w r c n c e  B e r k e l e y  L a b o r a t o r y ,  i s  s h o w n  i n  F i g u r e  u 
T h e  s c n s i t i v c  a r e a  i s  30 m m  i n  w i d t i i  a n d  5 m m  i n  h e i f i l i t  a n d  i n c o r p o r a t e s  30 i n d e p e n d e n t  
a d j a c e n t  s e n s i t i v e  r e g i o n s  e a c h  0 . 9  m m  i n  w i d t h  w i t h  a c e n t e r - t o - c e n t e r  s p a c i n g  of  1 .0  mm. 
T h e  s i l i c o n  t h i c k n e s s  i s  5 mm. I t  is e x p e c t e d  t h a t  t h e  f a b r i c a t i o n  a n d  t e s t i n g  o f  t h i s  
p r o t o t y p e  d e t e c t o r  will p r o v i d e  t h c  e x p e r i e n c e  n e c e s s a r y  t o  p r o d u c e  s i m i l a r  d e t e c t o r s  u p  t o  
a t  l e a s t  1 5  cm i n  w i d t h  a n d  w i t h  f i n e r  s p a t i a l  r e s o l u t i o n  ( - 0 . 5  mm). 
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F i g u r e  5 .  C o m p o n e n t  a n d  p r o c e s s e d  i m a g e s  F i g i i r e  6 .  A p r o t o t y p e  p o s i t i o n - s e n s i t i v e  
o f  a n  i o d i n a t e d  c h a n n e l  i n  a l u c i t e  p h a n t o m .  S i ( 1 . i )  d e t e c t o r .  

F i g u r e  7 i s  a n  e a r l y  e x a m p l e  o f  a n  e x c i s e d  c a l f  h e a r t  i m a g e  o b t a i n e d  w i t h  t h e  p r o t o t y p e  
s i l i c o n  d e t e c t o r .  T h e  o u t p u t s  o f  8 c l i ; ~ n n t , I s  ( I I  t l i c  d c ~ t c ' c ' t ~ i r  w e r e  c o n n e c t e d  t o  8 s e p a r a t e  
c o m m e r c i a l  i n s t r u m e n t s  ( 5  K e i t l i l e v  4 2 4  c u r r e n t  amplifier> a n d  3 K e i t h l e y  6 1 6  d i g i t a l  e l r i c -  
t r o m c t e r s ) .  l i i e  v o l t a g e  1 , u t I ) u t s  o f  ~ I I C ~ S C ~  i i i s t  r i i i i i i ' i i t s  W C I - C ,  ri.; id b y  ii I . ( 'Crc)y m o d e l  2 2 5 9 A  
1 2  c h a n n e l  C A M A C  A D C .  T h e  h e r i r t  w a s  s c a i i n t ~ d  i n  5 ; i d j a c c n t  v e r t i c a l  s w a t h s  e a c h  4 8  mm i n  
h e i g h t .  An o b j e c t  a r e a  4 8  niiii s 4 8  n i n i  w a s  s c a n n e d ,  w i l l 1  I miti x 1 i n m  r e s o l u t i o n ,  f i r s t  a t  a n  
X - r a y  e n e r g y  20  eV a b o v e  t l i e  i o d i n e  K - e d g e  a n d  t h e n  2 0  e\ '  h e l o w  t h e  e d g e .  T h r c e  s u c h  4 8  m m  
x 4 8  m m  i n i a p e s  o f  a d j a c e n t  s e c t i o n s  o f  t h e  l i e n r ~  w c r e  t . ~ i m h i i i ~ ' d  t o  p r o d u c e  t h e  o v e r a l l  i m a g e  
i t 1  F i g u r e  7 .  R c ~ . a u s c ~  o r  t l i c  poor 111; i t i . I1  h e t w ~ ~ t ~ n  t l i t .  . I I  i v c . l y  l o w  o i i t i i i i t  i m p e d e r i c e  ( 5 0  K 
o h m )  o f  111~. ( l ~ ' t ~ ~ r [ o r  ; i n d  [ l i t -  1ii):Ii i n p i i [  i i i i p i ~ J ; i n < ' c ~  (I;''' i , 1 1 1 1 1 )  o f  t l i c  K r i t l i l ( * v  ~ 1 c * c t r o ! l l ~ ! t e r ,  
a c t i n : ; i d t ~ r : ~ b l e  ( 1 1 - i f  L i n  t i l e  s i g i i ; i I  r t s ; ic . ! i ing  t l i t -  n l , t : ' s  W ; I S  n , , ~ c d .  'k'u c o r r c * c t  f o r  p c a i l c s t a l  
d r i f t  a n d  p , > s s i \ , l c .  d r i f t  i n  g.1ii i  0 1  c % . i L . l l  t ~ l i ~ c t r o i i i , .  , . I I . I ~ I I I L . ~ ,  3 ni in l e a d  i i h s o r b i n i :  s t r i p s  
w c i r l '  p l a c e d  ; i t  t l i e  t o p  acid t l i e  b o t t 1 , m  1)1' e a c l i  i in . ige  ; 1 1 i d  ; in u n o b s t r u c t e d  s t r i p  w a s  l e f t  
i m m e d i a t e l y  a b ~ v c  t l i c  l o w c r  l e a d  s t r i p .  T l i c  i n c i d c n t  S - r ; i y  f l u x  w a s  m o n i t o r e d  t h r o u g h o u t  
b y  a n  u p s t r e a m  i i > n i z ; i t i o n  ch ; in iber  wh1ise  c i u t p u t  w * i b  ~ ! i > : i t  izc3ci ant1 r e c o r d e d  t ~ i g c t h t ~ r  w i t h  t h e  
x - r a y  i m a g e  d a t a .  

.. .- 
' i ' i ~ ~ ,  i t ) d i i i ( *  w a s  r ( L t a i n e i 1  i n  t l i < >  ; r r t c B r i e s  o f  

t h e  c ; i I  I h e a r t  u s e d  i n  F i g u r e  7 b y  t h e  u s e  of 
a c l c n t ; i I  i m p r e s s i o n  p a s t e  ( C u t t e r S i l )  i n  w h i c h  
t h e  a p p r c ~ p r i a t e  c o n c e n t r a t i o n  o f  NaI  p o w d e r  
w a s  t l i o r ~ i u g t i l y  m i x e d ,  a n d  t o  w h i c h  a c u r i n g  
i . o m p i > i i n d  w : i s  a d d e d  i m m e d i a t e l y  b e f o r e  i n j e c -  
t i o n ,  w i t l i  ;i c a t h c t c r  a n d  s y r i n g e ,  i n t o  t h e  
a r l c r i n l  s y s t e m .  A t  t h e  t o p  i n  F i g u r e  7 a r e  
t 11 1. i m a g e s  o ti t a i n e  d 
a b c ~ v c '  a n d  I l e l o w  t h e  i o d i n e  K - e d j i e  a n d  a t  t h e  
h o t t o i i l  i s  t l i t s i r  d i f f e r e n c e .  I n  t h e  l a t t e r  
i m : l j i c .  ; i 1  1 c o n t r a s t  d u e  t o  n o n - i o d i n a t e d  h e a r t  
s t r t i c ' [ u r t ~ s  i s  e l i r n i n a ~ e d .  T h e  i o d i n e  c o n r e n -  
t r a t i u n  u s c d  f o r  t h i s  s t u d y  w a s  100 m g  n 1 1 - I .  

s t '  11 . I  I_ ;I t c ( I o g a  r i t Iini i c ) 
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F i g u r e  E .  C o m p o n e n t  a n d  p r o c e s s c r l  in i ; ig ( ' s  o f  a n  i o d i n a t e d  c h a n n e l  i n  a s e t  o f  f o u r  c n m p l e x  
p h a n t o m s .  Ti ic  s t r u c t u r e  o f  e a c h  p h : ~ n t o n l  i s  i n d i c a t e d  a t  t h e  l e f t  a n d  t h e  c o r r e s p o n d i n g  
i m a g e s ,  o r d e r e d  f r o m  1 e C ~  t o  r i g h t ,  ; i re  S I I O W ~  a t  t h e  r i g h t .  

a n d  t h e  u n o b s t r ' u c t e d  s t r i p  u s e d  w i t 1 1  t l ~ c  K c i t h i e y  e l e c t r o m e t e r s  no  l o n g e r  n v c e s s a r y .  A l s o  
i n  t h e s e  i m a g e s ,  u n l i k e  F i g u r e s  6 a n d  7 ,  e a c h  l i n e  e x p o s u r e  ( 8  c h a n n e l s  w i d e )  w a s  m a d e  
f i r s t  50 eV a b o v e  a n d  t h e n  50  eV b e l o w  K - e d g e  b e f o r e  t h e  o b j e c t  w a s  m o v e d  t o  t h e  n e x t  r a s t e r  
p o s i t i u n .  T h i s  p r o c e d u r e ,  a l t h o u g h  n o t  e s s e n t i a l  f o r  s t a t i c  o b j e c t s ,  d o e s  s u p p r e s s  s y s t e m -  
a t i c  i m a g e  n o i s e  d u e  l o  e l e c t r o n i c  d r i f t s .  F o r  m o v i n g  s t r u c t u r e s ,  s u c h  a s  t h e  a r t e r i a l  
s y s t e m  i n  a p a t i e n t ,  a n d  e s p c c i o l l y  tlrc c o r o n a r y  a r t e r i e s ,  f a s t  e n e r g y  s w i t c h i n g  o f  t h i s  
t y p e  w i l l  b e  m a n d a t o r y .  

f 
? 

F i g u r e  9 .  C o m p o n e n t  i m a g e s  o f  c a l f  h e a r t  F i g u r e  10. T h e  l o g a r i t h m i c a l l y  s u b t r a c t e d  
c o r o n a r y  a r t e r i e s  t n k c n  w i t h  0 . 5  m m  >. i m a g e s  c o r r e s p o n d i n g  t o  F i g u r e  9 f o r  r e s o l u -  
0 . 5  m m  s p a t i a l  r e s o l u t i o n .  A t  t h e  l e f t  t i o n s  o f  0 . 5  m m  x 0 . 5  m m  ( a t  t h e  r i g h t )  a n d  
i s  t h e  i m a g e  t a k e n  a b o v e  t h e  : : - e d g e  a n d  1 m m  x 1 m m  ( a t  t h e  l e f t ) .  I n  t h e  m i d d l e  
a t  t h e  r i g h t  i s  t h e  i m a g e  t a k e n  b e l o w  of  t h e  h o r i z o n t a l  v e s s e l  t h e r e  i s  a r e g i o n .  
t h e  K - e d g e .  B o t h  i m a g e s  a r e  l o g a r i t h m i c .  a b o u t  I cm i n  l e n g t h .  w i t h  u n e x p e c t e d l y  low 

i o d i n e  t h i c k n e s s .  D i s s e c t i o n  o f  t h i s  r e g i o n  
r e v e a l e d  a n  a i r  b u b b l e  i n  t h e  C u t t e r S i l - N a I  
p a s t e .  O t h e r  s m a l l e r  b u b b l e s  a r e  e v i d e n t  i n  
t h e  d e s c e n d i n g  v e s s e l  a n d  were a l s o  c o n f i r m e d  

. b y  d i s s e c t i o n .  T h e s e  b u b b l e s  a r e  e a s i l y  p r e -  
v e n t a b l e  ( s e e  F i g u r e  7 ) .  b u t  t h e i r  a c c i d e n t a l  
o c c u r r e n c e  h e r e  w a s  u s e f u l  f r o m  t h e  s t a n d -  
p o i n t  o f  d e t e c t i n g  d i s e a s e - l i k e  a r t e r i a l  
s t r u c t u r e .  
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F i g u r e s  9 a n d  10 s h o w  t h e  a r t e r i a l  s y s t e m  of  a n  e x c i s e d  c a l f  h e a r t .  T h i s  h e a r t  w a s  
i m a g e d  f o r  d e t e c t o r  s p a t i a l  r e s o l u t i o n s  (if b u t h  I rnm a n d  0 . 5  mm t o  h e l p  s e l e c t  t h e  p o s i t i o n  
r e s o l u t i o n  i n  a m u c h  w i d e r  f u t u r e  d e t c c t u r .  A d e t v c t o r  r c s o l u t i o n  o f  0 . 5  mm W ; I S  a c h i e v e d  b y  
p l a c i n g  a m a s k ,  w i t h  0 . 5  m m  a p e r a t u r e s  s p a c e d  b y  I nim a n d  c e n t e r e d  o n  t h e  0 . 9  mm w i d e  c o n -  
t a c t s ,  i n  f r o n t  o f  t h e  p r e s e n t  d e t e c t o r  a n d  b y  a c q u i r i n g  t w o  i n t e r l a c e d  c o m p o n e n t  i m a g e s  f o r  
e a c h  s c a n .  A m a t c h i n g  v e r t i c a l  r e s o l u t i o n  o f  0 . 5  nici w a s  a c l l i c v e d  b y  c o l l i m a t i o n .  T h e  
i m a g e s  i n  F i g u r e  9 a r e  t h o s e  t a k e n  50  eV a b o v e  a n d  5 0  e V  b e l o w  t h e  K - e d g e  w i t h  t h e  m a s k e d  
d e t e c t o r ,  o r  0 . 5  m m  r e s o l u t i o n .  F i g u r e  10 s h o w s  t h e  d i f f e r e n c e  i m a g e s  f o r  1 mm a n d  0 . 5  m m  
r e s o l u t i o n s  r e s p e c t i v e l y .  I t  i s  a p p a r e n t  t h a t  1 m m  i s  r n a r ~ i n a l l p  a c c e p t a b l e  f o r  c l i n i c a l  
e v a l u a t i o n  a n d  t h a t  a r e s o l u t i o n  c l o s e  t o  0 . 5  mm. i s  r e f e r a b l e  f o r  c l i n i c a l  w o r k .  T h e  
i o d i n e  c o n c e n t r a t i o n  u s e d  i n  t h i s  s t u d y  i s  6 7  mg m l -  . P 

S u m m a r y  

T h e  s t u d i e s  a n d  i n i t i a l  t e s t s  o u t l i n e d  a b o v e  s u ~ g c a s t   tia at s y n c l i r o t r o n  X - r a y  b e a m s  c a n  b e  
a p p l i e d  s u c c e s s f u l l y  t o  d i g i t a l  s u b t  r ; i c t  i o n  : i n g i , i c r : i p l i v  IOI- L I I C .  ; i r t c * r i a l  i o d i n e  t h i c k n e s s e s  
t y p i c a l  o f  v e n u u s  a d m i n i s t r a t i o n .  

T h e  a d v a n t a g e s  t h a t  s y n c h r o t r o n  X - r a y  b e a m s  b r i n g  t o  a r t e r i o g r a p h y  a r e  a s  f o l l o w s :  
a )  T h e  i n t e n s i t y  o f  t h e  b e a m s  p e r m i t s  s h o r t  e x p o s u r e  t i m e s  a n d  a l l o w s  i m a g e s  t o  b e  r e c o r d e d  
i n  s h a r p  f o c u s  d e s p i t e  a r t e r i a l  m o t i o n s .  b )  T h e  n i c i n o c l i r ~ m a t i c i t y  o f  t h e  b e a m s  m a x i m i z e s  
t h e  s e n s i t i v i t y  t o  i n t r a - a r t e r i a l  i o d i i i c  a n d  p e r m i t s  t l i e  u s e  o f  p e r i p h e r a l  v e n o u s  i n j e c t i o n .  
c )  T h e  m o n o c h r o m a t i c i t y  o f  the  t w o  b e a m s  a n d  t h e i r  v e r y  s n i a 1 1  e n e r g y  s p a c i n g  s t r o n g l y  s u p -  
p r e s s e s  b a c k g r o u n d  s i g n a l s  d u e  t o  t i s s u e  a n d  b o n e  t h i c k n e s s  v ; i r i n t i o n s .  d )  T h e  o n e - d i m e n -  
s i o n a l  c h a r a c t e r  o f  t h e  beams s u b s t a n t i a l l y  c l i m i n ; i t v s  t I i c1  s c ; l t t c r  p r o b l e m  e n c o u n t e r e d  i n  
t h c  u s e  o f  c o n v e n t i o n a l  X - r a y  b e a m s .  e )  Tl ic  ~ ~ ~ ~ I I ~ ~ ~ ~ ~ I ~ ~ I I I I : I ~  i c i  t y  1 1 f  Llie b e a m s  c l i m i n n t c s  t h e  
b e a m - h a  r d e n  i n  g a r t  i f n c  t s e n c o i i n  t e r e d  w i  t h c o n v e n t  i on; i  1 X -  r n v  b c a i n s  . 

T h e  s y n c h r o t r o n  X - r a y  b e a m  p o t e n t i a l l y  a l l o w s  t h e  p r i n ( . i p : i l  d i f r i c u l t i e s  a s s o c i a t e d  w i t h  
t i m e -  a n d  e n e r l : y - s i i h t r s c t i o n  a n g i o g r a p l i p  w i t h  c o n v e n t  io i i : i l  s o t i r c ~ ~ s  t o  b e  o v c r c o m e .  I n  p a r -  
t i c u l a r ,  i t  o f f e r s  LI I ~ C W  a p p r o a c l i  t o  : i r t ~ , r i ( i g r : ~ p h y  [ i f  L I I C  ~ ~ , ~ r ~ ~ r i : i r y  a r t e r i e s  b y  n o n - i n v a s i v e  
m e a n s .  

S y n c h r o t r o n  X - r a y  beam; a r e  n o w  w i d e l y  u s e d  i n  o t h e r ,  n o n - c l i n i c a l ,  a r e a s  o f  r e s e a r c h .  
T h e  r a p i d l y  d e v e l o p i n g  t e c h n o l o g i e s  o f  e l e c t r o n  s t o r a g e  r i n g s  a n d  o f  e m i s s i o n - e n h a n c e m e n t  
d e v i c e s .  s u c h  a s  t h e  w i g g l e r  a n d  u n d u l a t o r  m a g n e t s  I , ? ,  a r e  m a l t i n g  u s e f u l  b e a m s  a v a i l a b l e  
a t  more e x i s t i n g  c e n t e r s  a n d  r e d u c i n g  the  p o t e n t i a l  s i z e  a n d  c o s t  o f  f u t u r e  f a c i l i t i e s  d e -  
s i g n e d  e x p r e s s l y  f o r  m e d i c c i l  w o r k .  T h e  studies t - c p c ~ i - t ~ * d  I i<~i-c  w i l l  c o n t i n u e .  An X - r a y  b e a m  
o f  a d e q u a t e  w i t l t l i  w i l l  be d c ~ v c l u p e d  a n d  i n - v i v o  t c s t s  011 ; ~ n i ~ n a l s  ; ind  s c l e c t c t d  p n t i e n t s  w i l l  
b e  m a d e .  

A r k n o w l  e d g e m c i . t  s 

T h i s  w o r k  w a s  s u p p o r t e d ,  i n  p a r t .  b y  g r a n t s  f r o m  t h c  U i l l i a m  R a n d o l p h  H e a r s t  F o u n d a t i o n  
a n d  t h e  H e n r y  J .  K a i s e r  F a n i i I y  F o u n d a t i o n .  1 1 1 v : 1 1 ~ 1 ~ 1 1 ~ 1 ~ ~  s i l1 )11<1r t  i n  d r t c c t ~ r r  l a h r i c a t i o n ’ a n d  
e l e c t r o n i c  e n g i n e e r i n g  r e s p e c t i v e l y  was p r ~ i v i c l e d  b y  . I .  i i a l  t o n  ( I [  t11e L a w r e n c c  B e r k e l e y  
L a b o r a t o r y  a n d  J .  K o l f e  of t h e  H a n s e n  1 . a b o r a t 0 r l e s  ( 1 1  P l l y s i r s .  

W l n i c k ,  H . .  a n d  S p e n c e r ,  J. E . :  W i g g l e r  M i i ~ i n ~ . I s  a t  SSKI.  - P r c s e n t  E x p e r i e n c e  a n d  
F u t u r e  I ’ l a 1 1 s .  N u c l e a r  I n s t r u m c n t s  ; ind H e t I I c ~ d s  1 7 . ! :  4 5 - 5 3 ,  1 9 8 0 .  
S p c n r c r .  . I .  E . ,  a n d  W i n i c k ,  1 1 . :  WigK1c. r  S y s i t . ~ h  , IS S c l i i r ( . c . s  [ i f  I : l c c t r i J n i a ~ , ~ i c t i c  
R a d i a t i o n .  S y n c h r o t r o n  R a d i a t i o n  H e s c ; ~ r c l r .  c , l a .  1 1 .  I . ! i i i i c k .  ;ind S .  1 ) o n i a c l i :  
6 6 3 - 7 1 3 .  P l e n u m  I ’ r f s s ,  N e w  Y c ~ r k ,  1 9 8 1 .  

- 

J a c o b son , B . , I) i c 11 r o i n a  t i c Ab s (I r 11 t i ( I  11 Rad i (1 b; r :I p 11 y : I) i I’ 11 r o m  o g r a p 11 p . A c t a K a  CI i o  1 (I g -  -_ 
i r ; l  3 9 :  4 3 7 - 4 5 2 ,  1 9 5 3 .  
E i i s t r e t t a ,  C .  A . ,  U r L .  M .  C . ,  K ; c * l c z ,  F., C . i n i c ~ r i ~ i i ,  . I .  I < .  , S i e d b a n d ,  M .  1 ’ .  , a n d  
C r u m m y .  A .  B . :  A b s o r p t i o n  E d ~ e  F l r r o r n s c i ~ p y  l ! s i~ i ) -  V u ; r s i - M ( i n o e n e r r : e t i c  X- rav  Beams.  
I n v e s t i g a t i v e  H a d l o l o g y  8 :  4 0 2 - 4 1 2 .  1 9 7 3 .  
M a c o v s k i ,  A . ,  H a r r e l ,  G . ,  S t r u l ,  B., Y c l i ,  1 ’ .  S . ,  C h o n ,  . I .  I , .  , l s o l a t e d  I o d i n e  
I m a g e s  U s i n g  S p a t i a l - F r e q u e n c y  E n c o d i n g .  F l ~ ~ ~ I i c v l  I ’ l i y s i c s  6 :  5 3 - 5 8 ,  1 9 7 9 .  
Kelcz. F . ,  M i s t r e t t a ,  C .  A . ,  a n d  R i e d e r e r .  S .  . I . ,  S p e c t r a l  C o n s i d e r a t i o n s  f o r  
A b s o r p t i o n - E d g e  F l u u r o s c ~ i p y ,  b l c d i c a l  P h y s i c s  4 :  2 6 - 3 5 ,  1 9 7 7 .  
K e l c z ,  1:. , a n d  M i s t r c l t a ,  C .  A . ,  A b s o r l ~ t i ~ , n - I : ( l , : t ~  I : l i i L ) r o s ( : o p y  U s i n g  n T h r e e - S p e r t r u m  
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Abstract 

The intense synchrotron radiation produced by 
wiggler magnets at electron storage rings provides a 
new source of x-rays highly suited to iodine K-edge 
digital subtraction angiography. The monochromaticity 
and tunability provide maximum sensitivity to intra- 
arterial iodine and virtually eliminate contrast due 
to soft tissue and bone. Visualization of arteries, 
in particular the coronary arteries, by peripheral 
venous injection is possible. A system design, based 
on tests already performed, is presented. 

Introduction 

Blood vessels absorb x-rays with efficiency com- 
parable to surrounding soft tissue and cannot be seen 
in routine examinations. Iodine-containing compounds 
are therefore introduced into the arteries during x- 
ray examination to provide the needed contrast. Con- 
ventional x-ray sources provide a broad spectrum of 
energies. However, iodine preferentially absorbs 
only at energies imnediately above the K-edge at 
33.16KeV. In addition, owing to the broad range of 
x-ray energies, other body structures, such as bone 
and soft tissue, are reproduced in the image and 
reduce the contrast due to the iodine itself. In 
consequence, highly concentrated solutions of iodin- 
ated compounds are introduced, by catheter, directly 
into the orifice o f  the artery of interest. The risks 
of this invasive procedure are far too high to permit 
the use of angiography to detect the presence o f  dan- 
gerous obstructing lesions, especially in the coronary 
arteries, in the many persons known to be at risk. 

Digital subtraction angiography conducted with 
intense, monochromatic and tunable synchrotron x-ray 
beams substantially overcomes the problems associated 
with the use of conventional x-ray sources and offers 
the prospect of visualizing arteries by peripheral 
venous injection. The method is referred to as di- 
chromography. It involves the acquisition of digital 
radiographs at x-ray energies slightly above and 
slightly below that of the iodine K-edge and the 
subsequent logarithmic subtraction of these two 
images to achieve exquisite sensitivity to iodine 
alone. If realized, the need for arterial catheter- 
ization would be eliminated and both the risk and the 
cost of the diagnostic procedure greatly reduced. 

The application of synchrotron x-ray beams to 
subtraction angiogra hy has been sumnarized recently 

studies at the Stanford Synchrotron Radiation Labor- 
atory (SSRL). These studies are continuing, and in- 
vivo tests on animals and human subjects are planned. 
In this paper the properties o f  the electronic instru- 
mentation developed from these tests is described, 
together with the projected organization of the data 

by Rubenstein et al, P who also describe initial 

acquisition and analysis system. 
of the first test images i s  also presented. 

A brief description 

Line-Scan K-Edge Imaging with a Multi-Channel 
Solid-state Detector 

The tests already conducted have used existing 
synchrotron x-ray beams at SSRL, none of which was 
designed for medical imaging. In the future, the 
method by which an x-ray image may be obtained with a 
synchrotron beam i s  indicated in Figure 1. 

LINE-SCAN K-EDGE IMAGING SYSTEM 

BEAM VERTICALLY SCANNED 
SLIT OBJECT 

DEFINING 

I FAST-SWITCHING 
WIGGLER 
MAGNET DOUBLE-CRYSTAL 

MONOCHROMATOR 

ONE-DIMENOONAL 
X-RAY DETECTOR 
MULTI-CHANNEL 

Fig. 1. Schematic diagram of the line-scan K-edge 
imaging system using synchrotron radiation. 

At the patient examination area, the beam gener- 
ated by a wiggler magnet can be 15cm or more in hori- 
zontal width and, if unfocused, typically 0.3cm FWHM 
in vertical width. After passing through a crystal 
monochromator and a vertical defining slit, the beam 
can have an energy bandwidth, if the Si(220) diffrac- 
tion plane is used, o f  17eV and a vertical width of 
0.05cm. The x-ray beam, essentially one dimensional, 
passes through the patient and a projected image of a 
horizontal section is recorded by a one-dimensional 
multi-channel Si(Li) detector (see Fig. 2). The beam 
energy is adjusted in sequence to each side of the 
iodine K-edge and a pair o f  images taken for each 
section before the patient i s  moved by one vertical 
resolution.element. 

Figure 3 shows a block diagram of the electronic 
and computer system for use with the line-scan imag- 
ing apparatus. 
image will be controlled through a CAMAC crate by a 
DEC PDP11/34 data acquisition computer. Raw image 
data will be transferred over a high-speed serial 
link, for analysis, to a DEC VAX11/780. There the 
data will be processed into logarithmically subtract- 
ed and suitably enhanced images for display on a 
video monitor. 

elements, each 0.5m wide and spaced 0.lm apart, is 

All operations in the production of an 

For images o f  human subjects, a detector with 256 
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planned. Hence, a 15un x l 5 a n  image, l a r g e  enough t o  
encompass a hunan heart,  w i l l  r e q u i r e  256 x 256 
p i xe l s .  Th i s  s i z e  image can be a c c m d a t e d  by t h e  
DeAnza ID-2000 d i s p l a y  system. 

Fig. 2. Prototype 30-channel S i ( L i )  detector .  

The e x i s t i n g  p ro to type  S i ( L i )  de tec to r2  has 30 
elements, each 0.9mn wide and spaced 0.lm apart.  The 
de tec to r  i s  operated a t  p o s i t i v e  h i g h  vo l tage  and t h e  
separate pads are used as negat ive electrodes. A pos- 
i t i v e  c u r r e n t  therefore f lows ou t  o f  each pad i n t o  t h e  
i n p u t  e lec t ron i cs .  Because of surface conduc t i v i t y ,  
t he  separate de tec to r  pads a re  n o t  t o t a l l y  i s o l a t e d  
from each other. Each has a res i s tance  o f  approxi- 
mate ly  70Kn t o  a l l  t h e  o the r  pads and t h e  guard 
e lect rode.  
combined w i t h  an output  c u r r e n t  o f  o n l y  a few nano- 
amps ( i n  d iagnos t i c  imaging), p laces severe demands 
on t h e  performance o f  t h e  analog s e c t i o n  o f  t h e  i n p u t  
e l e c t r o n i c s  (see F ig.  4). The g rea tes t  demands are 
placed on the  i n p u t  ope ra t i ona l  a m p l i f i e r .  The OP-07 
u l t r a - l o w  o f f s e t  vo l tage  b i p o l a r  ope ra t i ona l  a m p l i f i e r  
i s  w e l l  s u i t e d  t o  t h i s  app l i ca t i on .  The p e r t i n e n t  
s p e c i f i c a t i o n s  o f  t h e  OP-07 are i t s  i n p u t  o f f s e t  v o l t -  
age d r i f t  o f  O.3vVI0C, i t s  i n p u t  no ise vo l tage  o f  
0.4uV p-p (for a bandwidth of 30Hz) and i t s  i n p u t  
no ise c u r r e n t  o f  15pA over t h e  same bandwidth, These 
spec i f i ca t i ons ,  when compared w i t h  the data i n  Table 
I ,  i n d i c a t e  t h a t  t h e  noise produced by t h e  OP-07 w i l l  
be small  compared w i t h  the  photon s t a t i s t i c a l  no ise 
unless the  i n p u t  c u r r e n t  f a l l s  below t h e  1nA range. 
I n  fact ,  no s i g n i f i c a n t  improvement i n  no ise perform- 
ance i s  poss ib le ,  because t h e  output  no i se  l e v e l  o f  
t h e  OP-07, when connected t o  the detector ,  i s  o n l y  
3db above t h e  t h e o r e t i c a l  l e v e l  expected f rom thermal 
no ise i n  the  70Knres i s tance  of t he  de tec to r  i t s e l f  
over t h e  e f f e c t i v e  system bandwidth o f  30Hz. 

t i o n  o f  t h e  planned i n p u t  e lec t ron i cs .  
e r a t i o n a l  a m p l i f i e r  i s  used as a current - to-vo l tage 
converter. The i n p u t  o f f s e t  c u r r e n t  used t o  cancel 
the leakage c u r r e n t  o f  t he  de tec to r  i s  canputer con- 
t r o l l e d  by means o f  an e i g h t - b i t  d ig i t a l - t o -ana log  
conver ter  (OAC). The e f f e c t i v e  feedback res i s tance  
of t he  f i r s t  a m p l i f i e r  i s  increased by  connecting a 
bridged-T network i n t o  the  c i r c u i t  by means o f  a reed 

Th is  r e l a t i v e l y  low ou tpu t  res i s tance  

F igu re  4 i s  a c i r c u i t  diagram o f  t he  analog sec- 
The i n p u t  op- 

re lay ,  f o r  a g a i n  change o f  a f a c t o r  o f  4. A second 
r e l a y  connects a f a c t o r  o f  2 a t tenua to r  between t h e  
two opera t i ona l  amp l i f i e rs .  The second a m p l i f i e r  has 
a g a i n  o f  2 o r  32 depending upon t h e  sw i t ch ing  s t a t e  
o f  t h e  t h i r d  gain-adjust ing r e l a y .  Three jumper con- 
nec t i ons  can be used t o  change f rom p o s i t i v e  t o  nega- 
t i v e  input c u r r e n t  i f  a d i f f e r e n t  t ype  o f  de tec to r  i s  
used. The ou tpu t  o f  the second a m p l i f i e r  goes t o  a 
WHz voltage-to-frequency conver te r  which i s  used t o  
i n t e g r a t e  t h e  de tec to r  c u r r e n t  d u r i n g  t h e  des i red  
p i x e l  exposure time. 
f i e r  I s  permanently b iased a t  - l V  f o r  no input ,  so 
t h a t  t h e  voltage-to-frequency conver ter  always has a 
non-zero ou tpu t  frequency. 

The ou tpu t  o f  t h e  second ampli- 

Table I. 

S e n s i t i v i t y  and Reso lu t i on  o f  I n p u t  E l e c t r o n i c s  

F u l l  Scale 
S e n s i t i v i t y  

(nA) 

5000 
2500 
1250 

625 
312 

. 156 
78 
39 

tesol  u t  i o n  
if Voltage, 
r e q  ue n cy  

:onverter 
[pA/Count ) 

~ 

200.0 
100.0 
50.0 
25.0 
12.0 

6.0 
3.0 
1.5 

'hotons i n  
0.5mn x 
).5m P i x e l  
in 5msec a t  
:ul l-Scale 
Current 

1.4 l o 7  

3.5 x lo6 
1.8 x l o 6  
8.8 lo5 
4.4 l o5  
2.2 lo5 
1.1 l o 5  

7.0 x l o 6  

Equiva lent  
I n p u t  

Current f o r  
S t a t i s t i c a l  
Counting 

E r r o r  (PA) 

1340 
940 
670 
470 

330 
240 
170 

120 

The combination o f  t h ree  independent g a i n  ad just -  
ments g ives e i g h t  o v e r a l l  ga in  values i n  b i n a r y  s teps 
from 1 t o  128. Table I shows t h e  f u l l - s c a l e  c u r r e n t  
s e n s i t i v i t i e s  o f  these e i g h t  g a i n  se t t i ngs .  Also 
shown i s  t h e  c u r r e n t  r e s o l u t i o n  o f  t h e  vo l tage- to-  
frequency conver ter  f o r  each ga in  s e t t i n g ,  assuming a 
5msec i n t e g r a t i o n  t ime  and the  photon s t a t i s t i c a l  
no ise a t  f u l l - s c a l e  f o r  each s e t t i n g .  As can be seen, 
a considerably  sho r te r  f n t e g r a t i o n  t ime  cou ld  be used 
be fo re  t h e  r e s o l u t i o n  o f  t h e  voltage-to-frequency 
conver ters  would l i m i t  t he  accuracy o f  the image data. 

NIM modules, w i t h  f o u r  channels i n  each module. 
D i g i t a l  data f o r  t h e  DAC's and t h e  gain-swi tch ing 
r e l a y s  i s  t ransmi t ted  f rom t h e  CAMAC ou tpu t  r e g i s t e r  
t o  t h e  f i r s t  module and from module t o  module over 
th ree  daisy-chained l i n e s  (see F ig.  5). The s e r i a l -  
t o - p a r a l l e l  convers ion i s  performed by means of 16- 
b i t  l a t ched  s h i f t  r e g i s t e r s .  Two o f  these r e g i s t e r s  
supply  data t o  t h e  f o u r  DAC's and t h e  t h i r d  suppl ies 
data t o  t h e  12 r e l a y s  through h igh  vo l tage  power 
i n v e r t e r  chips. The c lock  s i g n a l  i s  d i v i d e d  by 16 so 
t h a t  a new r e g i s t e r  i s  se lec ted  a f t e r  16 b i t s  o f  data 
have been t ransmi t ted .  A f t e r  a l l  t h r e e  r e g i s t e r s  have 
been f i l l e d ,  t h e  next  module i s  se lected and so on 
un t i l  a l l  modules have data. The c l e a r  l i n e  must be 
r a i s e d  h i g h  momentari ly i n  order  t o  prime the  chain of 
modules f o r  a data t r a n s f e r .  Th i s  scheme a l lows data 
t o  be t ransmi t ted  over very few wi res w i t h  r e l a t i v e l y  
simple hardware and software. However, about lOOmsec 
may be needed t o  t r a n s f e r  data t o  256 channels--a 
de lay  t h a t  i s  acceptable s ince adjustments i n  g a i n  
and o f f se t  shou.ld be requ i red  o n l y  occasional ly .  

The i n p u t  e l e c t r o n i c s  i s  housed i n  s ing le-width 
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Fig. 3. System b lock diagram f o r  K-edge d i g i t a l  s u b t r a c t i o n  angiography. 
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Fig. 4. C i r c u i t  diagram o f  t h e  analog s e c t i o n  o f  t h e  i n p u t  e l e c t r o n i c s .  

The output  o f  t h e  voltage-to-frequency conver ters  
i s  counted i n  32-channel, 24-bit  CAMAC scalers .  A 
a r e c i s i o n  t imer  sates the sca le rs  on f o r  b s e c ,  a f t e r  

t h e  image l i n e s  t o  be performed w i thou t  image a r t i -  
f a c t s  due t o  vessel motion. 

r - -  - 

which t h e  data i; la tched  i n t o  t h e  scalers ,  read i n t o  
the POP11134 computer memory, and then w r i t t e n  onto 
the  SMbyte d isk.  
w i l l  be switched between readings so t h a t  each l i n e  o f  
t h e  image i s  taken a t  two d i f f e r e n t  energies w i t h i n  
15msec. 

I n i t i a l  Studies a t  t h e  
Stanford Synchrotron Rad ia t i on  Laboratory 

I n i t i a l  l ine-scan K-edge images have been taken 
a t  SSRL w i t h  t h e  p ro to type  30-channel S i ( L i )  de tec to r .  

The monochromator energy s e t t i n g  

This  permi ts  the  l oga r i t hm ic  sub t rac t i on  o f  
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F ig .  5. C i r c u i t  diagram o f  t h e  d i g i t a l  s e c t i o n  o f  t h e  i n p u t  e lec t ron i cs .  
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Fig.  6. Sketches showing the  s t r u c t u r e s  of t he  f o u r  
phantoms used i n  the t e s t  images. 

F ig .  7. Component and subtracted images of an 
tod ina ted  channel i n  t h e  s e t  o f  f o u r  
phantoms shown i n  F ig.  6. 
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Fig. 8. Component images of calf heart coronary 
arteries taken wth 0.5mn x 0.5mn resolu- 
tion. At the left is the image taken above 
the K-edge and at the right is the image 
taken below the K-edge. 

An earlier, manually adjusted version of the input 
electronics shown in Figs. 4 and 5 was used. The 
detector was not cooled for these tests, and at low 
detector output current, the drift of the detector 
leakage current with temperature required frequent 
recalibration of the input electronics. Cooling to 
-2O'C in future work is expected to eliminate this 
pro b 1 em. 

To remove the effects of drift from the first 
images, a strip of lead was placed at the top and bot- 
tom of each image field. Thus, for each vertical line 
and each detector channel, a measurement was made of 
the pedestal frequency at both top and bottom of the 
field. A straight line interpolation through these 
end points could be subtracted from the frequencies 
measured at intermediate points on this image column 
to yield corrected values. 

structed to demonstrate the ability of K-edge imaging 
to suppress structures not containing iodine. The 
central channel in each phantom contains iodine at a 
thickness (2.51119 cm-2) typical of that expected in 
intravenous arteriography. The lucite wedge is 12cm 
thick, and simulates a large variation of tissue 
thickness. The bone is a human vertebral bone. 
Figure 7 is a photograph of digital images taken of 
these phantoms with the lmn resolution o f  the pro- 
totype detector. In the first and second columns 
respectively are images taken above and below the 
iodine K-edge. The third column contains the loga- 
rithmic difference images. Only contrast due to 
iodine remains in the difference images. 

Figure 8 is a photograph of images taken at 0.5mn 
x 0.5m resolution above and below the K-edge of 
iodine of an excised calf heart. The coronary arter- 
ies were filled with a mixture of NaI powder and a 
silicon-based dental impression paste. This resolu- 
tion was achieved by placing a mask with 0.5mn wide 
slits in front o f  the detector, by closing down the 
vertical slit to 0.5mn, and by taking two interlaced 
images separated 0.5mn from each other. Figure 9 
shows the logarithmic difference image at 0.5mn x 
0.5m resolution on the right, and a separate image 
taken at l m  x lmn resolution without the mask on the 
left. The lower resolution image is marginally ade- 
quate, while the higher resolution image is quite 

. 

Figure 6 is a drawing of four phantom objects con- 

Fig. 9. The logarithmically subtracted image cor- 
responding to Fig. 8 for resolutions of 
0.5m x 0.5mn (at the right) and lmn x Imn 
(at the left). 

acceptable for diagnostic work. 
ities in the preparation of the NaI-silicon paste mix- 
ture, this picture accidentally afforded opportunities 
to see details in the imaged arteries. For example, 
the large lightened area in the artery in the middle 
of the picture was confirmed, upon dissection, to be 
an air bubble. Other smaller air bubbles are also 
vi si ble. 

Owing to inhomogene- 

Conclusion 

The intensity, manochromaticity and tunability of 
synchrotron x-ray beams potentially overcomes the 
principal difficulties associated with digital sub- 
traction angiography using conventional x-ray gener- 
ators. In particular, it may be possible to perform 
coronary arteriography non-invasively. An x-ray de- 
tector technique and the associated electronic instru 
mentation have been developed. 
control and analysis system has been designed to 
acquire images at high speed and to provide powerful 
image processing capabilities. 

A data acquisition, 
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Abstract 

A 30-element Si(Li) detector has been fabricated 
to measure the one-dimensional flux profile of 33 KeV 
x-rays from a synchrotron radiation beam. 
which is fabricated from a single 3hrm x 15mn silicon 
wafer, is a linear array of 0.9mn x 7mn elements with 
a lmn  center-to-center spacing. It is 5mn thick and 
when operated at room temperature has an average leak- 
age current of 10 nAlelement. The x-ray flux in each 
element is determined by measuring the current with a 
high quality operational amplifier followed by a 
current di g i ti zer . 

This detector is being used to study the use of 
synchrotron radiation for non-invasive imaging of 
coronary arteries. The experiment uses the differ- 
ence in the transmitted flux o f  a monochromatized 
x-ray beam above and below the iodine K-edge. Mea- 
surements have been made on plastic phantoms and on 
excised animal hearts with iodinated arteries. The 
images obtained indicate that a 256-element device 
with similar properties, but with 0.6n element 
spacing, will make a very effective detector for 
high-speed medical imaging. 

The device, 

Introduction 

Synchrotron radjation x-ray sources provide 
intense, tunable beams which make possible many excit- 
ing areas of research which are not possible with 
conventional x-ray sources. These x-ray beams place 
very demanding requirements on detector systems since 
they are very intense, highly collimated and have a 
pulsed time structure. 

We have developed a 30-element Si(Li) detector for 
high-speed flux measurements with good spatial resolu- 
tion and high efficiency. This detector is a proto- 
type for a larger detector which will be used for 
digital subtraction angiography using synchrotron 
radiation. 

Angiography, the radiologic visualization of 
blood vessels and the chambers o f  the heart contain- 
ing contrast media, has become a powerful method o f  
examining the internal condition of the cardiovas- 
cular system and of diagnosing disorders involving 
the circulation of the heart, the brain, and of other 
vascular beds. However, the techniques currently in 
widespread use involve invasive procedures that carry 
significant risks of morbidity and mortality. 
example, the diagnostic procedure for coronary artery 
disease requires the insertion of a catheter into the 
ostia of each of these arteries in turn and the 
injection of concentrated solutions of iodine-contain- 
ing compounds. 
too high to permit the routine use o f  angiography to 

For 

The risks of this procedure are far 

0 0 2  I b 8 4 ~  

detect the presence of dangerous obstructing lesions 
in the coronary arteries in the many persons known to 
be at risk. Angiographic studies are limited to symp- 
tomatic patients and are not conducted on asymptomatic 
patients even if they are at high risk because of 
hypercholes terol em1 a, hypertension, f ami 1 y history, 
etc. There is, therefore, an urgent need to reduce 
both the risk and cost of these procedures. 

trum of x-ray energies. However, iodine preferential- 
ly absorbs at energies in the imnediate vicinity of 
its K-absorption edge at 33.16KeV. In addition, other 
body structures, such as soft tissue and bone are 
reproduced in the image and subtract from the contrast 
due to the iodine itself. If the x-rays from a con- 
ventional source are filtered to select the energies 
specific to iodine and thereby enhance the iodine con- 
trast, there is insufficient intensity in the beam to 
produce a useful image. This is the reason, in 
essence, for the dangerous invasive procedure now in 
use. 

synchrotron radiation permit it to be energy monochrom- 
atized by Bragg diffraction to produce a fan beam of 
excellent energy resolution (AE/E = 
intensity and good collimation. Since the energy of 
the x-rays can be varied precisely and easily by a 
small rotation o f  a crystal monochromator, radiographs 
may be conveniently acquired at adjacent iodine- 
specific and iodine-nonspecific energies and then 
logarithmically subtracted. This subtraction substan- 
tially eliminates all the image contrast due to other 
body structures and thereby achieves maximum contrast 
in the visualization of the.intra-arterial i dine. 
The method i s  referred to as dichromography.p Digi- 
tal radiographs are acquired at x-ray energies slightly 
above and slightly below that of the K-edge in iodine 
at 33.16KeV. The iodine absorption cross section 
increases abruptly by a factor o f  six at this edge 
while the cross section of other elements remains 
relatively unchanged. The subsequent subtraction o f  
these two images gives exquisite sensitivity to iodine 
alone. If this sensitivity is realized, it offers the 
prospect of arteriography and in particular, coronary 
arteriography by peripheral venous injection and there- 
fore reduced concentration of iodinated compounds in 
the arteries. This would eliminate the need for cathe- 
terization and substantially reduce both the risk and 
the cost of the procedure. 

Figure 1 shows how synchrotron radiation might be 
used with a multi-element Si(Li) detector to produce 
high resolution images of human arteries. 

will be scanned using an x-ray beam which is 15Omn 
wide and 0.6n high. 

Conventional x-ray sources provide a broad spec- 

The enormous intensity and inherent collimation of 

high 

It is envisaged that in the final system the heart 

A line-scan procedure will be 

-1- 
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Fig. 1. Schematic layout of system for performing dig- 
ital angiography using synchrotron radiation. 

used in which the transmitted flux in each 0.6mn of 
the beam will be individually measured using a 256- 
element Si(Li) detector which will have an active 
volume 150mm long, 4mn high and 5mn thick and an 
element spacing of 0.6mn. 

The imaging procedure will begin with the venous 
injection of about 4Oml of Renografin 76*, an iodine 
containing compound commonly used in medical imaging. 
After about 12 seconds when the Renografin* has 
reached the coronary arteries the scan will start. 
The measurement interval will be 5ms following which 
the monochromator will be rotated 0.001' to the other 
energy for the second measurement. 
measurements, the patient will be translated vertically 
by 0.6mn and the next pair of measurements performed. 
Since the iodine is rapidly dispersed throughout the 
body, the complete measurement must be accomplished 
within several seconds. We estimate that a complete 
scan of a 15Omn x 1 5 h  area can be completed within 
four seconds. The patient will receive a radiation 
dose of around 30Omrad during the scan. 

A silicon detector was chosen as the flux detector 
for this experiment for several reasons. A 5mn thick 
silicon detector has an efficiency of 70% at 33KeV and 
can be fabricated as a position-sensitive detector by 
replacing one of the contacts with a linear array of 
contacts connected to separate electronic readout 
channels. 
electric event produces one electron-hole pair for 
each 3.6eV of incident energy. 
fore creates approximately 
or a free charge 1. 
energy a flux of lO9s;ciy produces a current of 
15nA. 

After each pair of 

In a silicon solid-state detector, a photo- 

A 33KeV photon there- 
,000 electron-hole pairs 

-'?C. At this photon 

By measuring the current in each element the 

flux profile can be conveniently determined. 
Inherent in the operation of such semiconductor detec- 
tors i s  the excellent linearity, stability and large 
dynamic range of the x-ray response. These properties 
are very useful in angiography where the flux per pixel 
can vary greatly because of tissue and bone variations 
but the flux difference must be measured to better than 
0.5% if arteries are to be seen clearly. The charge 
transit time for a 5mn device is less than lrsec so 
the response time is fast compared to the measurement 
time of several msec. This is important in angiography 
where the image must be acquired rapidly to reduce the 
effects of organ movement. An additional benefit of 
having all elements fabricated from the same silicon 
wafer is that the device gain of all elements is con- 
stant so the system can be calibrated accurately and 
conveniently. 

detector, we have been using the prototype detector in 
one of the wiggler x-ray beam lines at the Stanford 
Synchrotron Radiation Laboratory (SSRL) to study the 
feasibility o f  this concept. 

Also 

Before embarking on the development of this large 

Detector Characteristics and Fabrication 

The prototype detector consists of a linear array 
of 304lements which are 0 . h  x 7mn and have a center- 
to-center spacing of 1 mn. 
and the electronics associated with each channel is 
shown in Fig. 2. 

The geometry of the device 

4 +lmm ,--GUARD RING 

1 

-L i  CONTACT 

GEOMETRY 

VARIASLE 
8lAS 

OFFSET 

TO CAYAC 
SCALER 

ELECTRONICS 

~ 2 F k  DETECTOR 
INPUT 

MULTIELEMENT Si(Li) DETECTOR 

Fig. 2. Geometry of 30-element Si(Li) detector and 
the elecronics associated with each element. 

5mn thick Si(Li) grooved detector using standard 
Procedures.2 The rear contact of the detector is a 
comnon Li-diffused contact with a 4mn deep groove 
around the active area. Once the device had been 
tested as a single detector, the continuous gold 

The device was first fabricated as a l5mn x 39mn, 
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contact  was removed and t h e  s t r i p  g e o m t r y  of 
0.9mm x 7mn pads w i t h  lmn enter-to-center spacing 

go ld  through a metal mask. The th ickness o f  t h e  go ld  
contact  i s  about 0.03pm and t h a t  o f  t h e  L i  con tac t  i s  
about 125i1m. 
absorb t h e  sur face leakage c u r r e n t  and t o  p rov ide  a 
good e l e c t r i c  f i e l d  p r o f i l e  i n  the  pad region. With 
t h i s  geometry, t h e  t o t a l  dev ice leakage c u r r e n t  a t  
room temperature i s  6.2uA a t  an opera t i ng  vo l tage  o f  
600 vo l t s .  The expected leakage current ,  10, o f  
each element a t  room temperature due t o  thermal gener- 
a t i o n  i s  g iven approximately by:4 

surrounded by a guard r i n g  5 was made by evaporat ing 

The purpose of t h e  guard r i n g  I s  t o  

where q i s  1.6 x 10-19 coulombs- ni,  t h e  i n t r i n s i c  car- 
r i e r  concentrat ion, i s  1.6 x loi0 carr iers/cm3; V, 
t he  dep le t i on  volume, i s  0.035~111-3; a d rp, t h e  
m i n o r i t y  c a r r i e r  l i f e t i m e ,  i s  2 x d s e c .  Since 
the ca l cu la ted  element leakage c u r r e n t  i s  22nA and 
t h e  average leakage c u r r e n t  i s  lOnA, t h e  leakage cur- 
r e n t  is p r i m a r i l y  t he rma l l y  generated and n o t  sur face 
leakage. 
pected t o  decrease by about a f a c t o r  o f  two f o r  every 
10°C decrease of t h e  device temperature. We a re  
c u r r e n t l y  f a b r i c a t i n g  a t h e r m o e l e c t r i c a l l y  cooled 
c r y o s t a t  f o r  t h e  dev ice which w i l l  coo l  t h e  de tec to r  
t o  -2O'C and should reduce the  leakage cu r ren t  t o  l ess  
than InAlelement. 

The res i s tance  i n  p a r a l l e l  from each element t o  
i t s  ne ighbor ing elements and the  guard r i n g  was found 
t o  be 70K 15K ohms. This  res i s tance  was determined 
by measuring the leakage c u r r e n t  of one element a t  t he  
opera t i ng  vo l tage  as a f u n c t i o n  o f  a small  d i f f e r e n -  
t i a l  vo l tage  app l i ed  t o  the  surrounding elements and 
the  guard r i n g .  

E l e c t r i c a l  contact  i s  made t o  each element us ing  
an a r r a y  o f  Be-Cu sp r ing  contacts  mounted on a c i r -  
c u i t  card. F igu re  3 shows the  de tec to r  mounted on 
the c i r c u i t  card. The s i g n a l s  are c a r r i e d  f rom the 
de tec to r  t o  the  e l e c t r o n i c  readout modules ou ts ide  
the x-ray beam enclosure us ing two 20-conductor r i b -  
bon coax ia l  cables w i t h  mass-terminated connectors. 

The the rma l l y  generated c u r r e n t  can be ex- 

F ig .  3. Photograph o f  t he  30-element S i ( L i )  de tec to r  
w i t h  sp r ing  contacts  i n  place. 

The f a b r i c a t i o n  o f  t h e  l a r g e r  de tec to r  w i l l  be a 
cha l l eng ing  p ro jec t .  We c u r r e n t l y  p lan  t o  f a b r i c a t e  
it f rom a s i n g l e  p iece  o f  s i l i c o n  17Omn long, 12mn 
wide and 5mn t h i c k .  The device w i l l  have a s i m i l a r  
groove and guard-r ing s t r u c t u r e  as t h e  i n i t i a l  detec- 
t o r .  The element width, however, w i l l  be 0.5mn w i t h  
a center-to-center spacing o f  0.6mn. A photographic 
mask w i l l  be used t o  reduce t h e  pad area and t h e r e f o r e  
minimize t h e  leakage c u r r e n t  and increase t h e  i n t e r -  
element res is tance.  Wire bonding t o  t h e  d e t e c t o r  
elements my be used ins tead  o f  s p r i n g  contacts  t o  
improve t h e  r e l i a b i l i t y  o f  t h e  256 contacts .  

Detector  E l e c t r o n i c s  

The readout f o r  t h i s  system r e q u i r e s  t h e  accurate 
measurement o f  t h e  c r r e n t  f l o w i n g  i n  e ch element. 

on t h e  w igg le r  beam l i n e s  when t h e  s torage r i n g  i s  
ope ra t i ng  i n  a dedicated mode a t  3GeV and 6OmA. 
Assuming t h a t  o n l y  0.5% o f  t h e  i n c i d e n t  f l u x  i s  t rans-  
m i t t e d  through t h e  p a t i e n t ,  ne e t ima tes  a photon 
f l u x  o f  approximately 5 x 10gsec-f i n  each m2 and 
t h e r e f o r e  a generated c u r r e n t  o f  7.5nA i n  each e le -  
ment o f  t h e  p ro to type  detector .  

Since t h e  de tec to r  inter-element res i s tance  i s  
r e l a t i v e l y  low (-70K ohms), it i s  impor tant  t o  use a 
h i g h  q u a l i t y  ope ra t i ona l  a m p l i f i e r  (OP-07) i n  t h e  
f i r s t  s tage o f  t h e  e l e c t r o n i c s  t o  keep t h e  e l e c t r o n i c  
no ise and d r i f t  small .  P rov i s ion  i s  made i n  t h e  
e l e c t r o n i c s  t o  change t h e  g a i n  and t o  b i a s  o f f  t he  
de tec to r  leakage c u r r e n t  from the  data a c q u i s i t i o n  
computer. 
v e r t e r  i s  used t o  produce a d i g i t a l  ou tpu t  which i s  
p r o p o r t i o n a l  t o  t h e  i n p u t  cu r ren t .  
p u t  has e x c e l l e n t  l i n e a r i t y ,  h igh  r e s o l u t i o n  and a 
l a r g e  dynamic range which complement t h e  p r o p e r t i e s  
of t he  S i ( L i )  de tec to r  very  we l l .  
conver tors  w i t h  a comnon t i m i n g  pu lse  o f  t h e  des i red  
p e r i o d  prov ides a measurement o f  t he  t o t a l  f l u x  i n  
each element d u r i n g  t h e  g a t i n g  i n t e r v a l .  The accur- 
acy which can be achieved w i t h  t h i s  system w i t h  d i f -  
f e r e n t  f luxes has been presented elsewhere.5 A 
t y p i c a l  c l i n i c a l  i o d i n e  concentrat ion obta ined w i t h  
venous i n j e c t i o n  produces a f l u x  d i f f e r e n c e  o f  more 
than 2 %  and we est imate t h a t  an accuracy o f  b e t t e r  
than 0.5% can be achieved i n  Smsec w i t h  t h e  a v a i l a b l e  
f l u x  from the  the  Stanford Synchrotron Rad ia t i on  
Laboratory  (SSRL) w igg le r  beam l i n e  when SSRL i s  
ope ra t i ng  a t  3GeV and 100mA. 

The d i g i t a l  ou tpu ts  from t h e  i n d i v i d u a l  elements 
are connected t o  separate CAMAC sca le rs  which are 
gated w i t h  a cMmK)n programnable CAMAC t imer .  The 
c o n t r o l  of t h e  sample p o s i t i o n  i s  done w i t h  s tepping 
motors through t h e  same CAMAC crate.  The o v e r a l l  data 
a c q u i s i t i o n  and ana lys i s  system has been descr ibed 
e l  sewhere.5 

A t  SSRL a f l u x  of 10 ! per second per  mi i s  a v a i l a b l e  

A 5MHz v o l  tage-to-frequency ( V / f )  con- 

Th is  d i g i t a l  out- 

Gat ing the  V/f 

Resul ts  

I n i t i a l  s tud ies  w i t h  the  p ro to type  de tec to r  o f  
t h e  f e a s i b i l i t y  o f  synchrot ron r a d i a t i o n  f o r  d i g i t a l  
s u b t r a c t i o n  angiography were performed a t  SSRL i n  the 
s p r i n g  o f  1981. 
s tud ied  and t h e  o f  images b a'ned i n  t h i s  experiment 
have been g iven elsewhere.Q*b*j Very good i n i t i a l  
images were obtained which i n d i c a t e  t h a t  t h i s  i s  a 
ve ry  promis ing technique. Only a s m a r y  o f  these 
r e s u l t s  as they r e l a t e  t o  t h e  c h a r a c t e r i s t i c s  o f  t h e  
mu l t i - e lemen t  de tec to r  w i l l  be g iven here. 

D e t a i l e d  r e p o r t s  o f  t h e  samples 

8 0 2  I b 8 b  
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Cross-tal k between de tec to r  - ,ements can degrade 

the  s p a t i a l  r e s o l u t i o n  o f  t he  image. 
was measured by us ing  a 0.5mn s l i t  which was moved 
across t h e  device i n  0.05mn steps and then measuring 
the c u r r e n t  i n  p a i r s  o f  adjacent pads. As can be seen 
i n  Fig. 4, it i s  very low between elements which i n d i -  
cates t h a t  bo th  the  charge c o l l e c t i o n  i n  t h e  de tec to r  
i s  w e l l  def ined t o  t h e  nearest  pad and t h a t  t he  e lec-  
t r o n i c  feedthrouah has been success fu l l y  minimized. 

Th is  cross- ta lk  
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I ELEMENT 1\ 

0.5mn apertures spaced by  lnm and centered- on the  
0.9mn wide contacts, i n  f r o n t  o f  t h e  present  de tec to r  
and by a c q u i r i n g  two i n t e r l a c e d  component images f o r  
each scan. The beam was a l s o  co l l ima ted  t o  a matching 
0.5nm h e i g h t  and t h e  v e r t i c a l  mot ion a f t e r  each l i n e -  
scan was 0.5nm. F i  u re  6(a)  and 6(b)  show t h e  d i f f e r -  

ly. I t i s  apparent t h a t  lmn  i s  m a r g i n a l l y  acceptable 
f o r  c l i n i c a l  eva lua t i on  and t h a t  a r e s o l u t i o n  c lose t o  
0 . h 2  i s  preferable f o r  c l i n i c a l  work. 
center-to-center spacing o f  0.6mn has t h e r e f o r e  been 
se lec ted  f o r  t h e  l a r g e r  detector .  
a 15cm wide image can be obta ined w i t h  256 elements. 
Th is  de tec to r  w i l l  g i v e  e x c e l l e n t  image q u a l i t y  w i t h  
a reasonable number o f  e l e c t r o n i c  readout  channels. 

ence images f o r  lmn !! and 0.5nm2 p i x e l  s i z e  respect ive-  

An element 

Wi th t h i s  spacing, 

20:l DILUTED 
RENOGRAFIN - BONE 

WNTOM 
SIDE VIEW 

a. 

Images o f  bo th  phantoms and exc ised animal hea r t s  
were obta ined w i t h  t h i s  p ro to type  de tec to r .  Due t o  
l i m i t e d  a v a i l a b i l i t y  a t  t h a t  stage o f  e lec t ron i cs ,  o n l y  
e i g h t  adjacent channels o f  t he  de tec to r  were used t o  
scan the hear t  i n  f i v e  ad jacent  v e r t i c a l  swaths each 
48mn i n  he igh t .  
ne l s  wide) was made, f i r s t  50eV above and then 50eV 
below the i o d i n e  K-edge be fo re  the o b j e c t  was moved 
v e r t i c a l l y  t o  the  nex t  r a s t e r  p o s i t i o n .  An o b j e c t  
area 48mn x 48mn was scanned, w i t h  lmn x lmn p i x e l  
s i ze .  The pedestals and gains o f  each e l e c t r o n i c  
channel were monitored r e s p e c t i v e l y  by i n c l u d i n g  3mn 
lead absorbing s t r i p s  a t  t he  top  and bottom o f  each 
image and an unobstructed h o r i z o n t a l  s t r i p  imnediate ly  
above the  lower lead s t r i p .  The t o t a l  i n c i d e n t  x-ray 
f l u x  was monitored throughout by an upstream ion i za -  
t i o n  chamber whose output  was d i g i t i z e d  and recorded 
w i t h  the S i ( L i )  de tec to r  data. This  data was used t o  
normalize each p i x e l  t o  constant  i n c i d e n t  f l u x .  

One o f  t he  se t  o f  phantan images, taken t o  demon- 
s t r a t e  the  s t rong,  simultaneous suppression o f  con t ras t  
due t o  s o f t  t i s s u e  and bone made poss ib le  w i t h  mono- 
ene rge t i c  x-rays, i s  d isp layed i n  Fig. 5. 

The f i g u r e  shows t h a t  t h e  energy r e s o l u t i o n  and 
dynamic range o f  t he  system are s u f f i c i e n t  t o  e l im-  
i n a t e  t h e  e f f e c t s  o f  bone and a v a r i a b l e  amount o f  
t i s s u e  i n  the d i f f e r e n c e  image. 

F igu re  6 shows the  a r t e r i a l  system o f  an exc ised 
c a l f  hea r t  obta ined w i t h  two p i x e l  s izes.  I o d i n e  was 
r e t a i n e d  i n  the hear t  a r t e r i e s  by  i n j e c t i n g  i n t o  them 
a denta l  impression paste ( C u t t e r S i l * )  i n  which an 
appropr ia te concen t ra t i on  of NaI powder had been mix- 
ed. The hear t  was 'maged fo r  de tec to r  p i x e l  s i zes  o f  

t he  detector  elements i n  the f i n a l  detector .  A p i x e l  
s i z e  o f  0.5cm was achieved by p l a c i n g  a mask, w i t h  

A l ine-scan measurement ( e i g h t  chan- 

both lmn2 and 0.5mn 3 t o  he lp  s e l e c t  t h e  w id th  o f  

0 0 2  1 b 8 - b  

Fig.  5. Phantom image obta ined w i t h  p ro to type  sys- 
tem. 5(a) i n d i c a t e s  the  s t r u c t u r e  o f  t h e  phantom. 
The row o f  images i n  5(b)  are, respec t i ve l y ,  those 
obta ined f o r  t h e  phantom above t h e  K-edge, below the  
K-edge, and fran t h e i r  l o g a r i t h m i c  sub t rac t i on .  The 
i o d i n e  concentrat ion was 2.5mg/cm2 i n  t h e  1.5mn 
diameter c o n s t r i c t e d  l u c i t e  channel. The l u c i t e  wedge 
s imulates a l a r g e  t i s s u e  th ickness v a r i a t i o n  and t h e  
bone i s  a human v e r t e b r a l  bone. 

The images i n  F igu re  6 i n a d v e r t e n t l y  revea l  a r t e r -  
i a l  s t r u c t u r e  t h a t  i s  n o t  r e a l l y  present. Towards the  
end o f  t h e  c i r cumf lex  a r t e r y  ( t h e  major h o r i z o n t a l  
vessel),  t h e r e  appears a r e g i o n  about lcm i n  l eng th  
w i t h  lower than expected i o d i n e  concentrat ion.  Dis- 
sec t i on  o f  t h i s  r e g i o n  revealed an a i r  bubble i n  the  
CutterSi l*-NaI paste. 
dent  i n  t h e  l e f t  main descending a r te ry .  
bubbles are e a s i l y  preventable, b u t  t h e i r  occurrence 
a c c i d e n t a l l y  i n  these images was use fu l  from t h e  
s tandpoint  o f  con f i rm ing  t h a t  d i sease - l i ke  a r t e r i a l  
s t r u c t u r e  cou ld  be seen w i t h  t h i s  system. 

Other smal l e r  bubbles are e v i -  
These a i r  

Sumnary 

Mu l t i - e lemen t  S i ( L i )  de tec to rs  p rov ide  a method 
o f  making h i g h  p r e c i s i o n  x-ray f l u x  measurements w i t h  
good s p a t i a l  reso lu t i on .  These devices have excel -  
l e n t  s t a b l i l i t y ,  e f f i c i e n c y ,  l i n e a r i t y  and dynamic 
range. Techniques are a v a i l a b l e  t o  f a b r i c a t e  them 
w i t h  l a r g e  areas and complex contact  geometries. ,They 
a re  t h e r e f o r e  ve ry  promis ing de tec to rs  f o r  many exper- 
iments us ing  t h e  i n tense  x-ray f l u x e s  which are a v a i l -  
ab le  a t  synchrot ron r a d i a t i o n  f a c i l i t i e s .  

The e l e c t r o n i c  readout o f  t h e  c u r r e n t  i n  each e le-  
ment us ing  a h i g h  q u a l i t y  p r e a m p l i f i e r  and voltage-to- 

-4- 



* frequency conver ter  can p rov ide  an accurate f l u x  mea- 
surement f o r  many elements a t  reasonable cost. 

a t  a synchrot ron r a d i a t i o n  f a c i l i t y  I n  canb ina t l on  
w i t h  a 256-element S i ( L i )  de tec to r  m y  make p o s s i b l e  
the  high-speed imagin o f  human a r t e r i e s  ( e s p e c i a l l y  
t he  coronary ar ter ies!  non-invasively. With such a 
powerful inst rument  it may be poss ib le  t o  reduce t h e  
m o r t a l i t y  o f  t he  present i nvas i ve  procedure and t o  
prov ide a d iagnos t i c  t o o l  f o r  t h e  s tudy and preven- 
t i o n  o f  a r t e r i a l  disease. 

Development o f  a 15cm wide w igg le r  x-ray beam l i n e  
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-- 
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Angiography, the  radiologic  v i s u a l i z a t i o n  of blood 
vesse ls  and h e a r t  chambers containing cont ras t  media, 
has become a powerful method of examining t h e  s t ruc-  
t u r e  of t h e  h e a r t  and t h e  coronary a r t e r i e s  and of 
diagnosing disorders  involving the  c i r c u l a t i o n  of t h e  
hear t ,  of the  b r a i n ,  and of o ther  vascular  beds. How- 
ever, the  techniques cur ren t ly  i n  widespread c l i n i c a l  
use jnvolve invasive procedures which car ry  s i g n i f i -  
cant r i s k s  of morbidity and mortal i ty .  
a r e  f a r  too high t o  permit the  rout ine  use of angiog- 
raphy t o  de tec t  the  presence of dangerous obs t ruc t ing  
l e s i o n s  i n ,  f o r  example, t h e  coronary a r t e r i e s  of the  
many persons known t o  be a t  r i s k .  Angiographic 
s t u d i e s  a re  l imi ted  therefore  t o  symptomatic p a t i e n t s  
and a r e  not  conducted on asymptomatic p a t i e n t s  even 
i f  they a r e  a t  high r i s k  because of hypercholesterol- 
emia, hypertension, family h is tory ,  etc. There is an 
urgent need t o  reduce the r i s k  of these procedures. 

The eventual purpose of the  s t u d i e s  begun by proposal 
456B i s  t o  br ing intoexistence-at Stanford a f a c i l i t y  
capable of conducting s a f e  and non-invasive angiogra- 
phic  examinations on pa t ien ts .  Angiographic examina- 
t ions  of the coronary a r t e r i e s  w i l l  be emphasized. 
The acquis i t ion  of d i g i t a l  radiographs a t  X-ray ener- 
gies s l i g h t l y  above and below the  K absorpt ion edge 
i n  iodine a t  33.2 KeV and the subsequent d i f fe renc ing  
of these two images provides an exquis i te  s e n s i t i v i t y  
t o  i n t r a - a r t e r i a l  iodine. This procedure promises 
the  prospect of coronary ar ter iography with reduced 
concentration of iodinated compounds i n  the coronary 
a r t e r i e s  administered non-invasively by per iphera l  
venous in jec t ion .  This w i l l  e l iminate  t h e  need f o r  
ca the te r iza t ion  and s u b s t a n t i a l l y  reduce the  r i s k  of 
the  procedure. 

Proposal 456B m s  submitted t o  SSRZ. i n  June 1979 and 
received ita f i n a l  r a t i n g  i n  June 1980. This proposal 
c a l l e d  f o r  the performance of c e r t a i n  bas ic  tests On 
inanimate phantoms with minimum delay and with simple 
equipment already i n  hand. A t  the  time t h i s ' f i r s t  
proposal was submitted, so lu t ions  had been i d e n t i f i e d  
t o  some of the  technica l  problems r e l a t e d  t o  the  rea l -  
i z a t i o n  of a diagnost ic  f a c i l i t y  a t  Stanford, but not  
t o  a l l  of them. Since t h a t  time s t u d i e s  of the  out- 
s tanding questions continued, o f t e n  i n  consul ta t ion 
with the  SSRL s t a f f ,  and p r a c t i c a l  so lu t ions  t o  a l l  
of the major problems have now been ident i f ied .  These 
include t h e  r e a l i z a t i o n  of a one-dimensional posi t ion-  
s e n s i t i v e  X-ray de tec tor  of s a t i s f a c t o r y  width and 
c lose  t o  100% ef f ic iency ,  and the  d e f i n i t i o n  of a 
technique by means of which the  motion of the  h e a r t  
muscle cannot degrade the image qua l i ty .  For example, 
f igure  1 shows a prototype s i l i c o n  semiconductor de- 
t e c t o r  fabr ica ted  t o  our spec i f ica t ions  a t  the Lawrence 
Berkeley Laboratory. This detec tor  is e s s e n t i a l l y  one- 
dimensional (30 mm i n  width and 5 mm i n  he ight ) ,  i t s  

These risks 

of  Radiology, Stanford University 

Berkeley Laboratory 

de tec t ion  e f f i c i e n c v  f o r  33 KeV X ravs is c lose  t o  7 O X ,  
it incorporates  30 independent contieuous s e n s i t i v e  
regions each 0.9 mm in width with a center-to-center 
spacing of 1.0 mm, and i t  operates  a t  room temperature. 

Figure 1. A prototype posi t ion-sensi t ive Si detector .  

In  t h e  t i m e  made ava i lab le  t o  proposal 456B i n  t h i s  re- 
por t ing  per iod (through 4/14/81) the  bas ic  tests on in- 
animate phantoms with simple de tec t ion  apparatus have 
progressed considerably. A start has a l s o  been made i n  
the use of the prototype s i l i c o n  de tec tor  f o r  more 
e f f i c i e n t  imaging, and i n  the  preparat ion and use of 
animal h e a r t s  f o r  more r e a l i s t i c  imaging of the vesse ls  
and s t r u c t u r e s  of eventual  i n t e r e s t .  I n i t i a l  shor t  
oppor tuni t ies  t o  s t a r t  work at SSRL occurred i n  the 1-5 
beam on 11/26/80 and on 12/5/80. 
low X-ray f l u x  a t  33.2 KeV a n d  2 G e V  i n  t h e  p a r a s i t i c  
mode i n  a non-wiggler l i n e ,  t h e  f i r s t  of these occasions 
w a s  used t o  test t h e  apparatus i n  the region of the  K- 
edge i n  copper a t  8.9 KeV. Clear d i f fe rence  s igna ls  
were observed with the expected magnitudes f o r  copper 
concentrat ions of  0.45, 0.9 and 1.8 mg cm-2 i n  inanimate 
phantoms. On t h e  second occasion, a t  3 G e V  i n  the 
dedicated mode, the X-ray f l u x  a t  33.2 KeV as 400 times 
mare in tense  and a useable beam a t  33.2  KeV was.obtained 
from the (440- ) plane i n  Si (-0.8 photons/pulse/mm*). 
The contamination of 16.6 KeV X rays ,  from the  (220) 
plane i n  S i ,  w a s  reduced t o  about 50% with a 9.125 inch 
aluminum f i l t e r .  Clear d i f fe rence  s igna ls  were observed 
with t h i s  be m f o r  an iodine phantom concentration 
of 16 mg cm . 
The f i r s t  access  t o  beam l i n e  IV-2 f o r  more than 24 
hours occurred in t h e  period 3/6/81 t o  3/20/81 a t  1.8 
CeV in the  p a r a s i t i c  mode. Despite the low f lux  a t  

Given the extremely 
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33.2 KeV,  - 1  Dhoton/pulselmm2 from the  (220) ulane 
of Si. good two-dimensional images of Inanimate phan- 
toms were obtained. One of these is remoduced i n  
f igure  2. The v e r t i c a l  iodinated channel, i n  a l u c i t e  
block. i s  1 cm i n  diameter at both ends and 1.5 mm i n  
diameter i n  the c e n t r a l  cons t r ic ted  region. The iodine 
concentration i n  the  lat ter region is 5.5  mg 
Also i n  the field-of-view was a v e r t i c a l  wedge of lu- 
c i t e  with an empty hor izonta l  channel, a l s o  with a 
cons t r ic t ion .  The images i n  f igure  2 a t  the  top l e f t  
and r i g h t  are of t h i s  composite phantom a t  X-ray ener- 
g i e s  j u s t  below and j u s t  above the  iodine K-edge re- 
spect ively.  The lower images i n  f i g u r e  2 are, on the  
l e f t ,  t h e  d i f fe rence  between the  two upper images, and 
on the  r i g h t ,  t h e  rati.5 of  the  two upper images. In 
both of the  lower images, as expected, only t h e  iodine 
content of the  phantom is  reproduced and image cont ras t  
due t o  t h e  o ther  s t r u c t u r e s  is eliminated. These and 
o ther  d a t a  obtained a t  t h i s  t i m e  were acquired by 
col l imat ing the X-ray beam t o  a c ross  s e c t i o n a l  s i z e  
of 1 mm x 1 mm and scanning t h e  phantoms, i n  raster 
fashion, i n  f r o n t  of a s i n g l e  X-ray de tec tor  consis t -  
ing of a CaF2(Eu) s c i n t i l l a t o r  and a 0.75” diameter 
EN1 9826A photomultiplier tube. Preliminary attempts 
were also made t o  image Iodinated arteries i n  animal 
hear t s  (pig and c a l f )  but t h i s  proved t o  be impract ical  
s ince the t i m e  needed t o  acquire  an image (severa l  
hours due t o  the  low X-ray f l u x  and t h e  s i n g l e  X-ray 
de tec tor )  exceeded the  d u r a b i l i t y  of the iodine i n  the  
arteries f o r  t h e  hear t  preparat ion technique then used. 

% vesse ls  w a s  the use of a denta l  impression paste  
(Cut te rSi l  em), i n  which the  appropriate  concentration 
of NaI powder w a s  thoroughly mixed, and t o  which a 
curing compound w a s  added immediately before  i n s e r t i o n  
i n t o  the  arterial system with a ca the te r  and syringe. 
A t y p i c a l  set of images of ca l f  h e a r t  coronary arteries 
I s  shown In  f i g u r e  3. 
images obtained above and below the  iodine K-edge and 
a t  the bottom i s  t h e i r  r a t i o .  In  the  l a t t e r  Image a l l  
cont ras t  due t o  non-iodinated hear t  s t r u c t u r e s  is 
eliminated. 

A t  t h e  top are the separate  

Figure 3 Raw and processed Images of c a l f  hear t  
coronary arteries. 

I n  f u t u r e  tests phantom images f o r  the  f u l l  range of 
parameters ou t l ined  i n  proposal 456B w i l l  be obtained. 
Also, following Instrumentation of a l l  30 channels of 
the  S i  de tec tor ,  animal h e a r t  images w i l l  be obtained 
f o r  a wider range of iod ine  concentrations. Most im- 
por tan t ly ,  animal h e a r t s  vi11 be prepared v i t h  iodine 
concentrat ions t y p i c a l  of venous adminis t ra t ion i n  t h e  
l e f t  v e n t r i c l e  as w e l l  as i n  the  coronary arteries, and 
images w i l l  be obtained with some of the  coronary ar- 
t e r i a l  system projected against  the  f i l l e d  v e n t r i c l e .  
In t h i s  way the  I s o l a t i o n  of the  coronary a r t e r y  from 
the v e n t r i c u l a r  background by image ana lys i s  can be 
explored and developed. 
i s t i c  phantoms of animal h e a r t s  prepared from impres- 
s ions  taken from r e a l  hear t s .  These phantoms w i l l  per- 
mit a r b i t r a r y  and ad jus tab le  iodine concentrations t o  
be placed i n  coronary arteries and vent r icu lar  chambers 
and w i l l  e l iminate ,  t o  some deEree, the need f o r  real 
hear t s .  
t h a t  w i l l  permit tests t o  be made on beating hear t s .  

Also i n  preparat ion a r e  rea l -  

Figure 2 R a w  and processed images of an iodinated 
channel i n  a complex phantom 

Under discussion a l s o  is a phantom system 

The f i r s t ,  and t o  t h i s  date ,  t h e  only access  t o  beam 
l i n e  IV-2 under operat ing condi t ions approximating 
those requested i n  t h e  proposal took place i n  the  per- 
iod 4 / 8 / 8 1  t o  4/14/81. A t  t h i s  time, i n  p a r a s i t i c  
mode*, the  operat ing condi t ions were 2.5-3.0 GeV and 
about 25 mA, which correspond to a 33.2 KeV f l u x  of 
-320 photons/pulse/m2. For these t e s t s  t h e  increased 
f lux  and the  use of the  prototype posi t ion-sensi t ive 
s i l i c o n  X-ray de tec tor  (ac tua l ly  only 8 of t h e  80 1 mu 
wide channels were used due t o  l imi ted  a v a i l a b i l i t y ,  
a t  t h a t  t i m e ,  of e lec t ronics )  combined t o  permit the  
acquis i t ion  of images with s u b s t a n t i a l l y  reduced ob- 
serving times (several  minutes). Excellent images of 
a v a r i e t y  of iodinated inanimate phantoms w e r e  obtained 
and, i n  addi t ion,  due t o  a s u b s t a n t i a l  improvement i n  
hear t  preparat ion technique, a v a r i e t y  of  animal hear t  
images with iodinated coronary a r t e r i e s  were a l s o  ob- 
tained. The kev t o  re ten t ion  of iodine i n  the animal 

* Wiggler f i e l d  17 Kg. 
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TO : 456 File 

FROM : K. Cantwell 

SUBJECT: Telecon with Hughes 

Hughes cannot submit n 
also not oEvious that 
since he has only had 
essentially a program. 
panel in January with 
in early December and 

DATE: August 13, 1981 

lew proposal by September 1. It is 
this is the correct course of action 
one shot at this proposal which is 
We agreed I would take 456 to the 

additional material he will provide 
ask for a two-year extension. 
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ST.4NFORD LIKEAR ACCELERATOR CENTER 
P . 0 .  Bo.; 1349, Bin 69 
Stanford, California 94305 
Trlcphc-me: (41 S i  554-1300. E s t .  2571 
TWX: 9 lO-373-I 163 
Answcr Back: S T W F R D  

STNL' A 

July 9, 1981 

D r .  E. Barrie Hughes 

Dear Spokesperson: 

SSRL proposals are considered a c t i v e  f o r  t w o  years  a f t e r  t h e i r  
i n i t i a l  r a t i n g  by the  Proposal Review Panel. The purpose of t h i s  
pol icy i s  t o  ensure t h a t  t h e  e n t i r e  group of a c t i v e  SSPL proposals  
i s  competit ively r a t e d  and represents  t h e  m o s t  cu r r en t  i s s u e s  and 
techniques i n  the  var ious f i e l d s .  

Your proposal 456B w i l l  be i n a c t i v e  as of January,  1982. 
I f  you w i s h  t o  continue experimentation on t h i s  proposal a f t e r  t h i s  
da t e ,  a new proposal covering t h i s  work must be received a t  SSRL by 
September 1, 1981. 
process before  the  January, 1982 Proposal Review Panel Meeting. 
f o r  proposals l e t t e r  will be s e n t  ou t  i n  approximately two weeks time. 
This l e t t e r  w i l l  have a l l  t h e  s p e c i f i c s  €or submit t ing new proposals .  A 
cur ren t  copy of t h e  proposal gu ide l ines  is  ava i l ab le  by c a l l i n g  SSRL. 

This deadl ine is  necessary t o  complete t h e  re feree ing  
A c a l l  

If  you have any quest ions about your p a r t i c u l a r  proposal do not  
h e s i t a t e  t o  contac t  me. 

S incere ly ,  

C l a i r e  L. Burke 
Proposal Administrator 



STAN FORD S Y NCH ItOTRON I<A DI AT ION LA BO RAT0 It Y 

Dr. E. Barry Hughes 
HEPL 
Stanford University 

STANFORD LINEAR ACCELERATOR CENTER 
P.O. Box 4349, Bin 69 
Stanford. California 94305 
Telephone: (415) 854-3300. Ext. 2874 

Answer Back: STANFRD 
TWX: 910-373-1162 

STNU A 

June 18, 1980 

Dear Spokesperson: 

for proposal 456B at their June 7th meeting. The 
results are shown below. 
please do not hesitate to call me. 

The Proposal Review Panel considered your appeal 

If you have any questions 

Sincerely, 

pi/LwL @&'@ 
Katherine Cantwell 
Proposal Administrator 

Action: 1.5 rating made permanent. 

Rebuttal of referee's critique appears to be.quite convincing. 



STANFORD SYNCHROTRON RADIATION LABORATORY 

Dr. J. R. Cameron 
Department of Radiology 
University of Wisconsin 
Medical School 
Madison WI 53706 . 

STANFORD LINEAR ACCELERATOR CENTER 
P.O. Box 4349, Bin 69 
Stanford, California 94305 
Telephone: (415) 854-3300, Ext. 2874 

Answer Back: STANFRD 
TWX: 910-373-1162 

STNU A 

April 23, 1980 

Dear Dr. Cameron: 

On March 22, 1980 we sent you an addendum to Proposal 456B 
from Dr. Barry Hughes for your comments. 
very busy schedule but 
in order to have the necessary information to resolve this situ- 
ation. 

I am sure you have a 
we are very anxious for your response 

Thank you again for the time you have put into reviewing 
this proposal. 

Katherine Cantwell 
Proposal Administrator 



STANFORD SYNCHROTRON RADIATION LABORATORY 

STANFORD LINEAR ACCELERATOR CENTER 
P.O. Box 4349. Bin 69 
Stanford, California 94305 
Telephone: (415)  854-3300, Ext. 2874 

Answer Back: STANFRD 
TWX: 9 10-373- 1 162 

STNU A 

March 2 2 ,  1980 

Dr. J. R. Cameron 
Dept of Radiology 
University of Wisconsin 
Medical School 
Madison WI 53706 

Dear Dr. Cameron: 

Thank you for your considered review of SSRL Proposal 
456B from Dr. Barrie Hughes et al. 
Dr. Hughes' response to your review. 
appreciate it if you could read this addendum and return 
a second report to us. 

put into this proposal. 

I am sending you 
I would very much 

Again, thank you for the time and thought you have 

Sincerely, 

(&i 6- 
Katherine Cantwell 
Proposal Administrator 

Encl: Addendum I1 
Cameron Review 
Referee Form 
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WITH MONOCHROMATIC X-RAY BEAMS FOR ANGIOGRAPHY" 

Co-Investigators: E.  Barrie Hughes 

Edward Rubenstein 

Robert Hof s tadter 

William R .  Brody 

Albert Mac ovski 

W. W .  Hansen Laboratories of Physics 
and 

School of Medicine 
Stanford University 

Stanford, California 94305 

March 1980 
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1. 

The prepara t ion  of t h i s  document w a s  prompted by o u r  r e c e i p t  of t h e  

exper t  review requested by t h e  SSRL Program Review Panel  i n  January 1980. 

We w i l l  g ive our response t o  each of t he  i t e m s  r a i s e d ,  bu t  w e  wish f i r s t  to  

remark t h a t  t h e  scope of t h i s  latest  review seems to  go considerably beyond 

t h a t  of t he  s i x  earlier reviews conducted i n  the  per iod J u l y  - August 1979. 

The proposal under review was wr i t t en ,  upon the  advice  of t h e  Di rec to ra t e  

of SSRL, no t  f o r  the  immediate purpose of secur ing  s u f f i c i e n t  beam t i m e  and 

f a c i l i t i e s  t o  take coronary ar ter iograms i n  p a t i e n t s ,  but  on ly  t o  conduct 

the  f i r s t  s t ages  of such a program. 

of our Proposal, as is  our i n t e n t i o n  t o  employ only inanimate phantoms a t  

t h i s  t i m e .  

understood by the  e a r l i e r  reviewers,  four  of whom gave us t h e i r  unqual i f ied  

endorsement. 

, 

This i s  s p e c i f i c a l l y  s t a t e d  on page 5 

The l imi t ed  scope of our f i r s t  proposal seems to  have been w e l l -  

W e  are not  a t  a l l  su rp r i sed  t h a t  t he  r e c e n t  e x p e r t  reviewer d id  

not  f i nd  a complete t echn ica l  d i scuss ion  of exac t ly  how w e  i n t e n d  t o  acqui re  

coronary images i n  p a t i e n t s  a t  SSRL. We regarded t h e s e  d e t a i l s  as appropr i a t e  

f o r  f u t u r e  proposals .  A t  the  t i m e  w e  wrote our c u r r e n t  Proposa l  we had iden- 

t i f i e d  so lu t ions  t o  some of t h e  t echn ica l  problems r e l a t e d  t o  the  r e a l i z a t i o n  

of a d iagnos t ic  c l i n i c  f o r  coronary angiography a t  SSRL, but  n o t  t o  a l l  of 

them. Since t h a t  t i m e  w e  have continued t o  study t h e s e  problems, o f t e n ’ i n  

consul ta t ion  with the  SSRL s t a f f ,  and a t  t he  present  time w e  f e e l  t h a t  w e  have 

p r a c t i c a l  s o l u t i o n s  t o  a l l  of t he  major problems. N o t  s u r p r i s i n g l y ,  our  

p r o j e c t  has  been i n  a dynamic s ta te  of development f o r  t he  p a s t  n ine  months, 

and w e  expect t o  communicate t h e  r e s u l t s  of these  e f f o r t s  t o  t h e  Program Re- 

view Panel  a t  the  appropr ia te  t i m e  i n  the  context  of new proposa ls .  

no t  f e e l  i t  w i s e  t o  delay the  execut ion of  the  s p e c i f i c  fundamental tests 

c a i l e d  f o r  i n  our f i r s t  proposal u n t i l  our t o t a l  development e f f o r t  w a s  con- 

ceptua l ly  complete and w e  hope the re fo re  t h a t  t he  Program R e v i e w  Panel,  and 

the  3 i r e c t o r a t e  of SSRL, w i l l  continue t o  review our  f i r s t  p roposa l  wi th  these  

thoughts i n  mind, o r  i n s t r u c t  us  otherwise.  

W e  d i d  

-1- 



i 
Clearly,  we agree with the  opinion of t h e  expert  reviewer t h a t  coronary 

arteriography cannot be done using the  quasi-monoenergetic x-ray beams pro- 

vided by standard x-ray sources. 

Addendum t o  our  Proposal t h a t  w e  submitted to SSRL on August 30, 1979. 

This is  e x p l i c i t l y  s t a t e d  on page 7 of t h e  

Contrary t o  the  claim of the  expert  reviewer, the  instrumentation t h a t  

w e  propose t o  use t o  ob ta in  our i n i t i a l  one-dimentional radiographs is  f u l l y  

described on page 5 of our Proposal. 

r epor t  we submitted t o  SSRL on December 20, 1979 descr ib ing  t h e  resu l t s  of our 

f i r s t  informal tests a t  SSRL, which were obtained with exac t ly  t h i s  instrumen- 

t a t i o n .  Obviously, f o r  the  reasons spe l led  out i n  the  in t roductory  paragraph 

of t h i s  document, we  d id  not  inc lude  a s p e c i f i c  desc r ip t ion  of t h e  instrumen- 

t a t i o n  t h a t  w e  w i l l  need i n  due course t o  accumulate d i g i t a l  images r ap id ly  

i n  p a t i e n t s  without t he  need f o r  ho r i zon ta l  scanning. 

It is  a l s o  described on page 1 of t h e  

We do agree with the  claim of the  exper t  reviewer t h a t  i n  order  t o  vis- 

u a l i z e  iod ine  wi th in  the  coronary a r t e r i e s  i t  w i l l  be  necessary t o  record each 

p a i r  of d i g i t a l  images, i.e.? above and below the  K-edge, i n  a t i m e  s h o r t  com- 

pared t o  the  per iodic  motion of these  s t ruc tu res .  

msec f o r  t h i s  t i m e  is  q u i t e  co r rec t .  This is p rec i se ly  why coronary a r t e r i o -  

graphy cannot be  done using quasi-monoenergetic sources derived from standard 

x-ray sources, which are i n s u f f i c i e n t l y  in tense .  We f u l l y  recognize t h i s  

s p e c i f i c  problem and have discussed i t  several t i m e s  with t h e  SSRL s t a f f .  

poses no fundamental p r a c t i c a l  d i f f i c u l t y ,  bu t  i t s  s o l u t i o n  is a l s o  t o t a l l y  

i r r e l e v a n t  t o  t h e  r e a l i z a t i o n  of the  objec t ives  of our c u r r e n t  proposal, a l l  

of which involve phantoms t h a t  are inanimate and s t a t i c .  Our eventual solu- 

t i o n  is t o  r o t a t e ,  o r  t o  o s c i l l a t e ,  t he  c r y s t a l  monochromator a t  t h e  requi- 
s i t e  frequency (% 30 Hz) by t h e  s m a l l  angular amount ($O.O0lo) necessary t o  

s t e p  the  transmitted beam back and f o r t h  through t h e  iod ine  K-edge. 

H i s  estimate of about 30 

It 

Another funda2ental misconception held by t h e  exper t  reviewer i s  t h a t  h e  

e.:;?% t e d  we would eventually scan line-by-line through the complete coronary 

fisid of i n t e r e s t  e n t i r e l y  a t  one x-ray energy before switching t h e  energy and 

r2Tez:ing the  scan. 

t h i s  x t h o d .  

manner. W e  in tend ,  a t  t he  proper t i m e ,  t o  propose t h e  use  of an e f f i c i e n t  

l i n e a r  a r r ay  of de t ec t ion  elements encompassing the  f u l l  width of the  f i e l d  

of i n t e r e s t .  This i s  the  n a t u r a l  de t ec to r  conf igura t ion  for use  a t  SSRL and , .  

i n  addi t ion ,  e l imina tes  t h e  f ami l i a r  s c a t t e r  background of s tandard  radiology. 

I n  conjunction with D r .  George Brown of SSRL, we have conceived a method by 

which the  ho r i zon ta l ly  p lanar  x-ray beam may be scanned v e r t i c a l l y  through 

H e  i s  co r rec t  i n  pointing out  t h e  severe l i m i t a t i o n s  of 

However, w e  have never had any in t en t ion  of opera t ing  i n  t h i s  



. . -  

the  f i e l d  of i n t e r e s t  ( i n  con t r a s t  t o  moving t h e  p a t i e n t  v e r t i c a l l y  through 

the  ho r i zon ta l  x-ray beam). 

than t h e  ca rd iac  cyc le ,  bu t  i t  must be emphasized t h a t  t h i s  r e l a t i v e l y  long  

scanning t i m e  w i l l  not r e s u l t  i n  a b lur red  image. 

t h e  high x-ray i n t e n s i t y ,  w i l l  occupy only a few mi l l i seconds .  The x-ray 

energy is  then switched, w i th in  about 30 msec, and t h e  second exposure is 

made. Each p a i r  of l i n e  exposures occurs wi th in  30 msec, a period wi th in  

which the  h e a r t  is  e s s e n t i a l l y  s t a t iona ry .  

p a i r ,  the  beam (or t he  p a t i e n t )  is moved v e r t i c a l l y  by t h e  requi red  s p a t i a l  

element and t h e  procedure repeated. 

l i ne -pa i r  exposure t i m e  and not by t h e  t o t a l  frame t i m e .  This  is  a d i r e c t  

analog of photographic cameras wi th  f o c a l  p lane  s h u t t e r s  which a r e  free of 
b l u r r i n g  d e s p i t e  r e l a t i v e l y  long exposure t i m e s  of t h e  scanning slit.  The 

p r i c e  paid f o r  t h i s  e f f e c t  is t h a t  a l l  por t ions  of t h e  image do no t  r ep resen t  

t h e  same t i m e  i n t e r v a l .  

ca rd i ac  cyc le ) ,  b u t  t h i s  does not  represent  b lur r ing .  

zon ta l ly  moving vesse l ,  which would otherwise be  b lur red ,  is reproduced i n  
good focus a t  a s l i g h t  i n c l i n a t i o n  s i n c e  t h e  top and bottom are scanned a t  

d i f f e r e n t  t i m e s .  

We in tend ,  however, t o  use a scanning t i m e  longer  

Each l i n e  exposure, due t o  

Upon completion of each exposure 

The l ack  of b l u r r i n g  i s  governed by t h e  

A s u b t l e  d i s t o r t i o n  i s  generated due t o  motion ( t h e  

For example, a hori-  

The photographs reproduced below i n  Figs. 1 and 2 provide a convincing il- 

l u s t r a t i o n  of t h e  v i a b i l i t y  of t h e  f o c a l  plane s h u t t e r  e f f e c t  i n  coronary ar- 

teriography. 

and Macovski, who are a l s o  co-authors of SSRL Proposal 456B. Fig. 1 shows an  

a r te r iogram of a dog h e a r t  which required f i v e  seconds t o  record d e s p i t e  t h e  

f a c t  t h a t  t he  h e a r t  was bea t ing  a t  a ra te  of 120 b e a t s  pe r  minute. 

a r te r ia l  iod ine ,  which c l e a r l y  r evea l s  t h e  coronary arteries,  was introduced 

invas ive ly  by means of a ca the te r ,  which i s  a l s o  v i s i b l e .  This p i c t u r e  w a s  

recorded with an instrument normally used f o r  imaging by computerized tomo- 

gr22hy. 

OE ?Lane a t  a t i m e ,  and t h e  a x i a l  pos i t i on  of t h e  dog is incremented between 

successive exposures. The coronary arteries a r e  c l e a r l y  defined, d e s p i t e  t h e  

These photographs were taken i n  the  l a b o r a t o r i e s  of D r s .  Brody 

The intra- 

It employs a fan-shaped x-ray beam de tec to r .  The image is accumulated 

m o t i x  introduced by t h e  many ca rd iac  cyc les  (s 10) involved. 

The same p r i n c i p l e  i s  a l s o  i l l u s t r a t e d  by the  series of photographs i n  

Fig. 2.  The f i r s t  frame (a) is a standard coronary a r te r iogram obtained i n  

projection with a normal exposure t i m e  (% 0.01 sec). 

dog and t h e  iod ine  is again introduced invasively.  
The s u b j e c t  is again a 

The second frame (b) re- 
p resen t s  an i n t e g r a t i o n  over four  seconds, with the  r e s u l t a n t  severe b l u r r i n g  
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i 
and almost t o t a l  l o s s  of arterial  d e t a i l .  

over t h e  same four  seconds, where a l i n e  scan has  been simulated by a v e r t i c a l l y  

scanned ho r i zon ta l  slit. 

t h e  motion. 

u a l l y  scanned slit.  

The t h i r d  frame (c) is also taken 

As is shown, the  o r i g i n a l  d e t a i l  is r e s to red  d e s p i t e  

The s t r e a k  a r t i f a c t s  are due t o  t h e  non-uniform motion of t h e  man- 

The misunderstanding by t h e  exper t  reviewer of our  x-ray de tec t ion  e f f i -  

ciency is 1% is hard t o  a n t i c i p a t e  b u t  easy t o  co r rec t .  

t h a t  w e  have proposed, o r  w i l l  propose, f o r  use  a t  SSRL w i l l  have an e f f i c i e n c y  

of e s s e n t i a l l y  100%. The cu r ren t  proposal ca l l s  f o r  t h e  use  of a bismuth ger- 

manate (BG3) c r y s t a l  3 mm i n  thickness,  which corresponds to approximately 38 
x-ray mean f r e e  ca ths  a t  30 KeV. 

c r y s t a l  is  s p e c i f i e d  on page 1 of our Informal T e s t  Report t o  SSRL, i t  is  t r u e  
t h a t  

s i o n  must be our awareness of t h e  exce l l en t  stopping power of BGO f o r  30 KeV 

x-rays and our i m p l i c i t  assumption t h a t  j u s t  t he  s t a t e d  use of BGO would, by 

i t se l f ,  c l e a r l y  s i g n a l  an  exce l l en t  de t ec to r  e f f i c i ency  t o  t h e  thoughtful 

reader.  I n  fact ,  a BGO c r y s t a l  t h i n  enough (c 0.01mm) t o  have low de tec t ion  

e f f i c i ency  (< 10%) f o r  30 KeV x-rays would be about 30 t i m e s  th inner  than t h e  

minimum thickness ($ 0.25 mm) presen t ly  ava i lab le .  

Any x-ray de tec to r  

Although t h e  p rec i se  th ickness  of our BGO 

i t  is not  e x p l i c i t l y  s t a t e d  i n  our Proposal. Our excuse f o r  t h i s  omis- 

Our mention of a 1% de tec t ion  e f f i c i ency  on page 5 of our Proposal occurs 

before w e  arrive a t  a desc r ip t ion  of our intended apparatus and arose  only to  

i l l u s t r a t e  how quickly d a t a  of exce l l en t  s tatist ical  q u a l i t y  can be acquired 

a t  SSRL due t o  t h e  outstanding i n t e n s i t y  of the  x-ray beam. 

occur t o  us, o r  t o  our knowledge t o  anyone else, t h a t  t h i s  remark could be 

i n t e r p r e t e d  as a j u s t i f i c a t i o n  of t he  use  by us of such an  i n e f f i c i e n t  de- 

t e c t o r .  Clear ly  t h i s  i s  impossible i n  radiology because of t h e  consequent 

r a d i a t i o n  dose. 

Never d id  it 

We agree with the  exper t  reviewer's remark t h a t  i f  t h e  t ime occupied by 

a cozple te  set of l i n e  scans a t  one energy followed by a second complete se t  

of l i n e  scans a t  a second energy should c o l l e c t i v e l y  occupy more than about 

30 TSSC, t h a t  a temporal sub t r ac t ion  methodology, us ing  s tandard  x-ray tubes,  

w i l l  2roduce card iac  images of comparable qua l i t y .  Having s a i d  t h i s  however, 

we can r epea t  t h a t  we do not  in tend  t o  acqui re  our ca rd iac  images i n  t h i s  way. 

Images acquired by e i t h e r  of t h e  two methods j u s t  ou t l i ned  w i l l  be  hopelessly 

b lur red  due t o  card iac  motion and be use l e s s  from the s tandpoin t  of v i sua l -  

i z i n g  t h e  coronaries.  

. 

-4- 



c * . -  

We a l s o  agree wi th  t h e  second academic po in t  r a i s e d  by t h e  exper t  reviewer 

t h a t ,  i n  the  absence of motion (obviously impossible i n  coronary a r te r iography) ,  

t h e  iod ine  s e n s i t i v i t y  provided by t i m e  sub t r ac t ion  exceeds t h a t  provided by 

K-edge subt rac t ion .  

due t o  t h e  sub t r ac t ion  of t h e  image taken below the  K-edge is avoided. 
t h e  s i t u a t i o n s  of v i t a l  c l i n i c a l  i n t e r e s t  i n  which p a t i e n t  motion can be so 
t o t a l l y  suspended as t o  r e a l i z e  this small  b e n e f i t  must be few i n  number, and 

are obviously t o t a l l y  disconnected t o  our  area of i n t e r e s t  where motion i s  ever- 
present  and unavoidable. 

This occurs because t h e  small reduct ion  i n  iod ine  c o n t r a s t  

Clear ly ,  

W e  be l i eve  we  have adequately explained i n  t h e  in t roduc to ry  paragraph t o  

t h i s  statement t he  reason why the  exper t  reviewer f i n d s  our cur ren t  Proposal 

t o  be  incomplete. I n  summary, he  i s  judging t h e  f u l l  program of development 

from t h e  perspec t ive  of an  i n i t i a l  proposed i n v e s t i g a t i o n  wi th  l imi t ed  objec- 

tives. It should be  clear from the  conten ts  of t h i s  document t h a t  we could 

now w r i t e  a much more convincing j u s t i f i c a t i o n  of our  even tua l  goa l  than can  

be gleaned from our cu r ren t  Proposal. A t  t he  proper t i m e  we  w i l l  write such 
a proposal. 

s u b t l e  amounts of i od ine  with t h e  x-rays a v a i l a b l e  a t  SSEU befo re  we  address,  

i n  proposals, such problems as motion and image f i e l d .  

F i r s t ,  however, we wish t o  demonstrate our  a b i l i t y  t o  i s o l a t e  

We have adequately responded i n  our f i r s t  Proposal Addendum t o  the cri- 
ticism t h a t  our non-invasive s tudy  can p resen t ly  be made available a t  only 

s to rage  r i n g  l abora to r i e s .  

l i e r  Addendum, our b e l i e f  t h a t  a success fu l  demonstration of our  i d e a s  a t  

SSRL would r e s u l t  i n  t h e  s t imu la t ion  of a considerable t e c h n i c a l  e f f o r t  to 

develop a compact source of monochromatic x-rays express ly  f o r  medical pur- 

poses. 

by t h e  combination of an argon-ion W laser and a small (Q 25 MeV) betatron. 

Such a development would of course be of tremendous va lue  t o  many s c i e n t i s t s  

in other f i e l d s ,  who would thereby a l s o  be l i b e r a t e d  from the s t o r a g e  r i n g  

l abora to r i e s .  

W e  wish t o  emphasize, as we also d i d  i n  our ear- 

We indica ted  t h a t  t h e  most l i k e l y  way i n  which t h i s  could be  done was  

W e  do not accept t h e  view t h a t  t he  poss ib l e  r e s t r i c t i o n  of our  intended 

procedure t o  l abora to r i e s  such as SSRL is  a s u f f i c i e n t  reason  t o  deny our pro- 

posa l  a high p r i o r i t y  a t  t h i s  very e a r l y  s tage .  

posal Addendum of August 30, 1979 the  s p e c i f i c  d i agnos t i c  and research  oppor- 
t u n i t i e s  t h a t  can be  r ea l i zed  €or the  first t i m e  a t  SSRL, and independent 

W e  have l i s t e d  i n  our  Pro- 
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statements attesting to the medical value of our projected procedure have been 
provided t o  SSRL by Drs. N. E. Shumway and J. W. Hanbery of the Departments of 
Cardiovascular Surgery and Surgery (Division of Neurosurgery) respectively at 
Stanford. 
monochromatic x-rays for medicine may be developed and we believe that a SUC- 
cessful demonstration of K-edge dichromography where it is now possible, namely 
at SSRL, is the best possible way to encourage the eventual development of such 

independent sources. 
how medicine at large may benefit from the development effort we now envisage 
at SSRL, but we do believe that the potential rewards are so inviting that the 
present opportunity should not be missed. 

We have pointed to one possible means by which compact sources of 

As always in science it is impossible to predict exactly 

We hope that this communication, together with the existing documents, 
reviews and recommendations relating to Proposal 456B, will persuade the Pro- 

gram Review Panel and the Directorate at SSRL to maintain, or to upgrade, 
their original rating of our Proposal and to defer consideration of later 
phases of our investigation to the proper time. 
that we have discussed our current proposal and our future ideas on several 
occasions with members of the SSRL staff and we suggest that this resource 
be used for expert technical interpretation if there are residual unclear as- 
pects of our Proposal. 

We also wish to point out 

I -6- 



I .  - 

Fig. 1 



h 

W 
cd 



SSRI; PROPOSAL REVIEtJ  

Dr. E. Barrie Hughes et a1 
~OPosal Number: 456B Investigators : 

Title : 

Referred .to: Dept. of V 

"Iodine Dichromography With Monochromatic X-ray Beams for Angiograph: 
-u 

~ Dr. J.R. Cameron 

University of Wisconsin . 
Medical School 

* fU'.LJ3 ECENED 
JAN 2 1  1980 

a .  Madison, Wisconsin 53706 - 
s, S. R 

.. - 
(If YOU Can Suggest other qualified referees, their names a d  

institutions would be gratefully accepted along with YO- review) 

Contrary to sdme of the other reviews you have received, the use of K-edge 
subtraction techniques using quasimonoenergetic filtered x-ray beams is' not 
feasible for coronary angiography. Study of grassex. structures such as the 
left ventricle is feasible. However, beam intensities using standard x-ray 
beams are not high enough to deliver exposure sufficient to see the coronaries 
in an energy subtractive mode. 

- 

. 

The largest weakness of the proposal has to do with the complete omis'sion 
of a description of the imaging procedure to be used. 
not stated what the time separation of the two energy exposures to a particular 
picture element will be. 
compared to coronary artery motion? If it is intended to generate two complete 
sequential scans rather than switching energies in a scan line by scan line 
basis, then the temporal separation of the two complete scans must be no more 
than 30 m secs. If it is intended t o  dwell for 1 m sec on each line, theLin 
30 mzecs-one can only get a 30 line image which woxd he too crude to see 
coronaries. 

In particular, it is 

Is it possible to switch the energy i n  times short 

The technique will work if it can be demonstrated that beam energies can 

If this is done, suf- 
be switched in times an the order of 15 m-secs so that two energy exposures 
Of the same scan line can be done in'rapid succession. 
ficient intensity would be available. 

W 
e instill one with confidence in his knowledge of present x tors which .- 
h3 - (continued) 

c=, 

The principal investigators mention of a 1% detection efficiency does not 

PLEASE CHECK 
V 
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.- ( I Exce l len t  ( ) E x c e l l e n t  TO be f a i r  to the exper iment -  
r e t u r n  w i t h i n  t e n  d J Y s  t o :  

Adrninis  tra tor ,  
S S Z L ,  SLX B i n  6 9  
P. 0. Box 4 3 4 9  
Staniord, c~ 94305 

. ( V e r 9  Good ( ) V e r y  Good 
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Referee's Report 
"Iodine Dichromography With Monochromatic X-ray Beams 
for Aniography" 
(continued ) 

are well over an order of magnitude better than this - which obviously works 
to his advantage. 

If it is intended to take complete scans at one energy and then another 
at another energy, the scans must be completed in 15 m-secs or so. 
times become much longer than this then the motion problems will become such 
that temporal subtraction techniques will do a better job (these can be com- 
pleted with conventional x-ray tubes which have sufficient intensity in this 
case since heavy filtration is not needed). 
absence of motion of background anatomy - not including the heart, that 
iodine sensitivity provided by time subtraction is greater than that pro- 
vided by K-edge subtraction (assuming the beam above the K-edge is as 
specified in the proposal). 

If scan 

It is also true that in the 

The proposal is not without scientific merit, but it is not complete 
Assuming that what has been written represents enough to judge properly. 

the principal investigation present state of planning, I would have to 
reject it at this time. However, I do believe a reasonable proposal is 
possible. 

I am pessimistic that the results of the experiment will have any 
impact on public health because of the obvious difficulty in the dissem- 
ination of synchrotron radiation. Therefore it is unlikely that I would 
ever assign it a high priority for beam time. 



STANFORD SYNCHROTRON RADIATION LABORATORY 

STANFORD LINEAR ACCELERATOR CENTER 
P.O. Box 4349, Bin 69 
Stanford, California 94305 
Telephone: (425) 854-3300, Ext. 2874 

Answer Back: STANFRD 
TWX: 9 10-373- 1 162 

STNU A 

January 31, 1980 

Dr. EkrrieHughe 
HEPL 
Stanford university 

Dear Barrie: 

&closed please find the referee report on your proposal 456Bwhich 
was solicited at the request of the biology sub-panel of the Proposal Rwim 
Panel. As you can see it raises some detailed criticisms of your proposal. 
I have read this review to  a member of the biology sub-panel over the tele- 
phone and he felt  it was a significant review and requested that it be passed 
on to  you for your considered response. 
mail the revim and response to  the entire biology sub-panel. 
your rating of 1.5 w i l l  stay in effect. 

When I receive your response I will 
In the meantime 

Sincerely, 

& u x u  
Katherine cantwell 
Proposal Mninistrator 
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(If YOU Can Suggest other qualified referees, their names and 

institutions would be gratefully accepted along with YOU review) 

Contrary to sdme of the other reviews you have received, the use of K-edge 
subtraction techniques using quasimonoenergetic filtered x-ray beams is' not 
feasible for coronary angiography. Study of grbsser'structures such as the 
left ventricle is feasible. However, beam intensities using standard x-ray 
beams are not high enough to deliver exposure sufficient to see the coronaries 
in an energy subtractive mode. 

The largest weakness of the proposal has to do with the complete omis'sion 
.of a description of the imaging procedure to be used. 
not stated what the time separation of the two energy exposures to a particular 
picture element will be. 
compared to coronary artery motion? If it is intended to generate two complete 
sequential scans rather than switching energies in a scan line by scan line 
basis, then the temporal separation of the two complete scans must be no more 
than 30 m secs. If it is intended to dwell for 1 m-sec on each line, thesin 
30 mzecsYone can only get a 30 line image which would he too crude to see 
coronaries. 

In particular, it is 

Is it possible to switch the energy 5n times short 

The technique will work if it can be demonstrated that beam energies can 

If this is done, suf- 
be switched in times an the order of 15 m-secs so that two energy exposures 
of the same scan line can be done in'rapid succession. 
ficient intensity would be available. e 

0 
. h 3  The principal investigators mention of a 1% detection efficiency does not 

.instill one with confidence in his knowledge of present x- y detectors which 
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Referee's Report 
Iodine Dichromography With Monochromatic X-ray Beams 
for Aniography" 

I1 

(con t inued ) 

are well over an order of magnitude better than this - which obviously works 
to his advantage. 

If it is intended to take complete scans at one energy and then another 
at another energy, the scans must be completed in 15 m-secs or so. 
times become much longer than this then the motion problems will become such 
that temporal subtraction techniques will do a better job (these can be com- 
pleted with conventional x-ray tubes which have sufficient intensity in this 
case since heavy filtration is not needed). 
absence of motion of background anatomy - not including the heart, that 
iodine sensitivity provided by time subtraction is greater than that pro- 
vided by K-edge subtraction (assuming the beam above the K-edge is as 
specified in the proposal). 

If scan 

It is also true that in the 

The proposal is not without scientific merit, but it is not complete 
enough to judge properly. Assuming that what has been written represents 
the principal investigation present state of planning, I would have to 
reject it at this time. However, I do believe a reasonable proposal is 
possible. 

I am pessimistic that the results of the experiment will have any 
impact on public health because of the obvious difficulty in the dissem- 
ination of synchrotron radiation. Therefore it is unlikely that I would 
ever assign it a high priority for beam time. 
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STAN F O R D  SYNCHROTRON RAD1 A T  ION L A B 0  RATOKY 

Dr E Barrie Hughes 
Hansen Laboratories 
Stanford University 

456B 

STANFORD LINEAR ACCELERATOR CENTER 
P.O. Box 4349, Bin 69 
Stanford, California 94305 
Telephone: (415) 854-3300, Ext. 2874 

Answer Back:. STANFRD 
TWX: 910-373-1162 

STNU A 

January 9 ,  1980 

Dear Spokesperson: 

The SSRL Proposal Review Panel held i ts  biannual meeting a t  SSRL 
January 4-5, 1980. Eighty-five new proposals were rated. Your proposal 
number+ was reviewed. To aid you i n  interpreting your r a t i n g  we 
would 1 ke to  provide a l i t t l e  background information. 

The PRP rates proposals between 1.0 (highest) and 5.0 (lowest). 
C o n t i n u i n g  the pattern of the l a s t  years this new group of proposals 
was bet ter ,  on the average, t h a n  i t s  predecessors. 
t o  main ta in  the absolute quality scale used d u r i n g  the PRP meetings of 
1979 so t h a t  r a t ings  a t  different  meetings could be used consistently to  
schedule proposals.  

Me attempted, however, 

The average r a t i n g  for  a l l  three sub-panels was 2.1. 

T h i s  year, for  the f i rs t  time, we sol ic i ted proposals for programs 
rather than  single experiments. Eleven were received. In many cases, the 
sub-panels found tha t  there was no single unifying intel lectual  theme pre- 
sented i n  the programs and consequently broke them i n t o  t h e i r  component 
parts for rating purposes. 

To further c la r i fy  w h a t  the ratings mean i n  practical terms we have 
made some projections based on the requests for  beam time received th i s  
sp r ing .  
be able to  accommodate a l l  requests. These two l ines have requests fo r  
approximately twice as many shifts as time available. 
expect t o  get beyond the 2.0's i n  scheduling on these two l ines .  
VUV l ines ,  proposals rated 3.0 or  bet ter  are l ikely t o  be scheduled. 

On all the x-ray l ines  except the wiggler and EXAFS I we expect t o  

T h u s ,  we do not 
On the 
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Attached you will  find a description of the appeals process. Appeals 
a re  due by February 15, 1980 t o  allow time f o r  t h e i r  disposit ion t o  have 
some e f f ec t  on sp r ing  beam time assignments. 

Sincerely, 

Arthur Bienenstock Kitherine Cantwell . 
Director Proposal Administrator 

Your proposal was rated by: ( ) materials ( x  ) biology ( ) VUV sub-panel 

January 1980 rat ing:  1.5 provisional 

Comments by the PRP: Well-reasoned proposal, but it is essential to obtain 
an additional opinion from another expert in this field. 
If he is negative, the proposal will be downgraded sub- 
stantially. 
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Decr 31: 20, 1979 

In t roduc t ion  - ** A. 1- 

This  n o t e  c o n t a i n s  a b r i e f  r e p o r t  on t h e  act ivi t ies  of the 456B col-  

l a b o r a t i o n  i n  t h e  1-5 beam a t  SSRL w i t h i n  t h e  p a s t  month. 

purpose of t h i s  a c t i v i t y  w a s  t o  g a i n  some f a m i l i a r i t y  w i t h  SSRL (i.e., t h e  

ins t rumenta t ion  a s s o c i a t e d  wi th  a r e p r e s e n t a t i v e  hard X-ray beam l i n e )  and 

w i t h  t h e  p r o p e r t i e s  of o u r  own appara tus .  

to D r .  Bienenstock ( a t t ached) ,  w e  were i n v i t e d  by t h e  SSRL Opera t ions  Manager, 

John Cerino, t o  use  t h e  1-5 beam i n i t i a l l y  from 0800 November 26 t o  0800 

November 27 and la te r  from 1600 December 5 t o  0800 December 6. On t h e  f i r s t  

of t h e s e  occas ions  SPEAR w a s  ope ra t ing  i n  t h e  p a r a s i t i c  mode a t  2 GeV and on 

t h e  second occasion i n  t h e  dedica ted  mode a t  3 G e V .  

graphs w e  i n d i c a t e  b r i e f l y  what w e  accomplished i n  t h e  above time. 

accomplishments were d i c t a t e d  p r i m a r i l y  by what w a s  f e a s i b l e  i n  t h e  1-5 beam 

a t  t h e s e  t i m e s  and do n o t  co inc ide  e x a c t l y  w i t h  t h e  s p e c i f i c  o b j e c t i v e s  i n  

ou r  f i r s t  s t a g e  proposa l  t o  SSRL (8456B) .  

func t ion  i s  t o  demonstrate  our  competency t o  work e f f i c i e n t l y  a t  SSRL. 

The p r i n c i p a l  

Following ou r  let ter of November 6 

I n  t h e  fo l lowing  para-  

These 

I n  l a r g e  measure t h e i r  p r e s e n t  

Run #l. P a r a s i t i c  Node 

Faced w i t h  t h e  impossibly low X-ray f l u x  a t  33.2 KeV (a t  t h e  i o d i n e  K-edge), 

we decided t o  test our  appa ra tus  i n  t h e  r eg ion  of the K-edge i n  copper a t  

8.9 KeV. 

t a r g e t  i n  which were c u t  t h r e e  c e l l s  1/16" t h i c k  X 0.6" wide. 

cells w e  p laced  s o l u t i o n s  of CuS04 a t  concen t r a t ions  corresponding t o  0.45, 

0.9 and 1.8 mg cm 

I n  a n t i c i p a t i o n  of t h i s  p o s s i b i l i t y  w e  prepared a 1/8" t h i c k  l u c i t e  

I n  t h e s e  

-2 of Cu r e s p e c t i v e l y .  Our X-ray d e t e c t o r  c o n s i s t e d  of 

a bismuth germanate c r y s t a l ,  3 mm i n  t h i ckness  and 5 mm X 5 nun i n  c r o s s  
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s e c t i o n ,  coupled t o  a 3 /4"  diameter  pho tomul t ip l i e r  tube.  S t a i n l e s s  steel 

c o l l i m a t o r s  of a d j u s t a b l e  width i n  bo th  t h e  h o r i z o n t a l  and v e r t i c a l  d i r ec -  

t i o n s  were p laced  upstream of t h e  c r y s t a l ,  and t h e  pho tomul t ip l i e r  t ube  ou tpu t  

charge w a s  i n t e g r a t e d  e l e c t r o n i c a l l y ,  under computer c o n t r o l ,  f o r  a n  a r b i -  

r a r y  number of SPEAR o r b i t s .  The X-ray i n t e n s i t y  over  t h e  f u l l  ho r i -  

z o n t a l  a p e r t u r e  (- 5 mm) of o u r  BGO c r y s t a l  d e t e c t o r  w a s  -1O/SPEAR p u l s e  

f o r  t h e s e  measurements. 

Following a c a l i b r a t i o n  of t h e  1-5 monochromator by a n  EXAFS measure- 

ment on a Cu f o i l ,  w e  ob ta ined  t h e  results shown i n  t h e  a t t a c h e d  F igures  

1 - 3 as each t a r g e t  cell  w a s  incrementa l ly  moved i n  t u r n  through t h e  X-ray 

beam a t  X-ray-energies centered  j u s t  above and j u s t  below t h e  K-edge i n  

copper. The observed p r o f i l e s  d i f f e r ,  as expected,  only when t h e  beam 

i n t e r c e p t s  a Cu s o l u t i o n .  

each of t h e s e  f i g u r e s .  

The d i f f e r e n c e  s i g n a l  is a l s o  i n d i c a t e d  i n  

The s l o p i n g  edges of t h e  d i f f e r e n c e ' s i g n a l  are 

a t t r i b u t a b l e  t o  t h e  h o r i z o n t a l  s l i t  width,  which f o r  a l l  of t h e s e  measure- 

ments w a s  set a t  5 mm. The a b s o l u t e  magnitude of  t h e  d i f f e r e n c e  s i g n a l s  

ag rees  wi th  those  expected. For example, a t  t h e  smallest Cu concen t r a t ion  

of 0.45 mg em-*, t h e  observed d i f f e r e n c e  s i g n a l  w a s  - 1 7 %  ( r e l a t i v e  t o  t h e  

X-ray i n t e n s i t y  below t h e  K-edge), whereas t h e  expected s i g n a l  w a s  - 13%. 

S imi l a r ly ,  a t  t h e  h i g h e s t  Cu concen t r a t ion  t h e  observed and expected s i g n a l s  

were 50% and 43% r e s p e c t i v e l y .  

Run f 2 .  Dedicated Mode 

I n  t h i s  second run  t h e  SPEAR energy was 3 G e V  and t h e  i n i t i a l  s t o r e d  

c u r r e n t  r' 80 mA. 

i n t e n s e  than  t h a t  a v a i l a b l e  t o  u s  earlier.  This  enabled u s  t o  conduct a 

r a p i d  check of  our  appa ra tus  by r e p e a t i n g  c e r t a i n  measurements on t h e  Cu 

cells.  We r e a l i z e d  that, i n  p r i n c i p l e ,  a u s e f u l  f l u x  of  X-rays was now 

Th i s  provided a n  X-ray f l u x  a t  9 KeV about  400 times more 
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a v a i l a b l e  a t  33.2 KeV, bu t  i n i t i a l l y  thought t h a t  t h i s  w a s  i n a c c e s s i b l e  t o  

us due t o  a l i m i t a t i o n  on t h e  p h y s i c a l  l e n g t h  of t h e  S i  c r y s t a l  mono- 

chromator i n  t h e  1-5 beam. However, a f t e r  c o n s u l t a t i o n  wi th  D r .  George 

Brown of SSRL, w e  decided t o  s e a r c h  for t h e  33.2 KeV beam r e f l e c t e d  from 

t h e  (440) p lane  i n  S i ,  which should pass  through t h e  c r y s t a l  a long  t h e  same 

t r a j e c t o r y  as a 16.6 KeV beam r e f l e c t e d  from t h e  s t anda rd  (220) p lane .  

useable  beam a t  33.2 KeV should then  b e  a c c e s s i b l e  by tun ing  t h e  monochroma- 

t o r  t o  16.6 KeV and p r e f e r e n t i a l l y  f i l t e r i n g  o u t  t h e  16.6 KeV component. 

The approach o u t l i n e d  above enabled u s  t o  o b t a i n  the i o d i n e  K-edge 

A 

shown i n  F igure  4. 

t h e  expected X-ray i n t e n s i t y  a t  33.2 KeV w a s  - 5/SPEAR o r b i t .  The " iodine  

f o i l "  used t o  o b t a i n  t h e  E M S  d i s p l a y  of t h e  I-edge w a s  a d i l u t e  s o l u t i o n  

of t h e  i o d i n e  c o n t r a s t  agent  Renografin t h a t  is  commonly used i n  c l i n i c a l  

medicine . 

This  edge w a s  obserJed  w i t h  a 3/16" aluminum f i l t e r ,  and 

Following t h e  set-up of  t h e  33.2 KeV beam, scans  were conducted through 

a n  iod ina ted  t a r g e t  cel l .  

earlier f o r  t h e  Cu measurements were now occupied w i t h  d i l u t e d  s o l u t i o n s  

of Renografin.  

i od ine  concent ra t ion  of 0.014 gm cm 

c o n t r a s t  agent  w a s  d i l u t e d  by a f a c t o r  of 26. 

For t h e s e  measurements t h e  t a r g e t  ce l l s  used 

Figure  5 shows t h e  f i r s t  scan  a c r o s s  such a ce l l  f o r  an  

-2 . I n  t h i s  measurement t h e  c l i n i c a l  

F igure  6 shows a second scan  a c r o s s  a n  i o d i n e  ce l l ,  i n  f r o n t  of which 

was p laced  a column of CaSO 

concen t r a t ion  w a s  0.28 gm c m  

change i n  t h e  response of our  e l e c t r o n i c  i n t e g r a t o r  (dur ing  t h e  scan  below 

t h e  K-edge), which causes  t h e  shoulders  i n  t h e  d i f f e r e n c e  s i g n a l  t o  b e  of 

unequal he igh t .  This  i s  of course  a temporary problem and e a s i l y  remedied. . 

I n  t h i s  s imple  s imula t ion  of bone, t h e  C a  4' 
-2 . There is  evidence i n  t h i s  d a t a  of an  ab rup t  

Despi te  t h i s  t e c h n i c a l  inconvenience,  i t  i s  ev iden t  t h a t  t h e  image of t h e  
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bone, c l e a r l y  seen  i n  t h e  two s e p a r a t e  s cans  is  g r e a t l y  reduced i n  t h e  d i f -  

f e r ence  s i g n a l .  

a r e s i d u a l  admixture of 16.6 KeV X-rays i n  t h e  33.2  KeV beam. 

of 16.6 KeV X-rays is expected t o  b e  about  50%. 

no r e s i d u a l  bone image would be  seen.  

It is  n o t  f u l l y  removed i n  t h e  d i f f e r e n c e  s i g n a l  because of 

The admixture  

Given a pure  33 .2  KeV beam, 

There are two o t h e r  experimental  obse rva t ions  t h a t  reveal t h e  approxi- 

mately equal  admixture of  16.6 KeV and 3 3 . 2  KeV X-rays i n  t h e  beam w e  em- 

ployed. These are 1) t h e  a b s o l u t e  i o d i n e  d i f f e r e n c e  s i g n a l  is about  50% 

smaller than  expected, and 2) t h e  d i f f e r e n c e  s i g n a l  i s  n o t  ze ro  when t h e  

beam does n o t  i n t e r c e p t  t h e  i o d i n e  cel l .  

t i o n  i s  t h e  presence  of t h e  3/16" aluminum f i l t e r  i n  t h e  beam and t h e  d i f -  

f e r e n t i a l  change i n  t h e  a t t e n u a t i o n  c o e f f i c i e n t  i n  aluminum between t h e  two 

monochromator s e t t i n g s  f o r  t h e  16.6 KeV component. 

made f o r  t h i s  l a t te r  e f f e c t  i n  c o n s t r u c t i n g  t h e  d i f f e r e n c e  s i g n a l s  i n  F igs .  5 

and 6.)  

The reason f o r  t h e  l a t te r  observa- 

(A c o r r e c t i o n  has  been 

Summary 

The r e s u l t s  w e  have obta ined  informal ly  t o  this d a t e  are by no means 

comprehensive, and do n o t  address  t h e  d e t a i l e d  ques t ions  w e  have l i s t e d  i n  

our  proposal .  The e f f o r t  expended has  g iven  us  v a l u a b l e  p r a c t i c a l  exper i -  

ence a t  SSRL, and allowed us  t o  assess t h e  p r o p e r t i e s  of ou r  own appara tus .  

It has  a l s o  provided SSRL w i t h  an oppor tuni ty  t o  assess our  competency. 

There is  now good reason t o  expect  t h a t  our  proposed i n v e s t i g a t i o n  can b e  

conducted e f f i c i e n t l y  when w e  have access t o  t h e  necessary  i n t e n s e  and pu re  

beam t h a t  w e  r equ i r e .  

E. B. Hughes 
Spokesman (456B) 

- 4 -  
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Edward L. Ginzron Laboratory 
High Energy Physics Laboratory 

W. W. HANSEN LABORATORIES OF Pi1YSlCS 

STANFORD UNIVERSITY 
STANFORD, CALIFORNIA 94305 

6 November 1979 

P ro fes so r  Arthur  I. Bienenstock 
D i r e c t o r ,  S tanford  Synchrotron Rad ia t ion  Labora tory  
S tanford ,  C a l i f o r n i a  94305 

Dear D r .  Bienenstock: 

Telcphone (415) 497-0135 

We are w r i t i n g  t o  you i n  connec t ion  wi th  our p roposa l  (SSRL- 
No. 456B) t o  s tudy  i o d i n e  dichromography w i t h  monochromatic x-ray 
beams f o r  angiography. Our immediate purpose is  two-fold: (I) t o  
seek  approval  from you t o  begin  in fo rma l  exper imenta l  work a t  SSRL 
t h i s  F a l l ,  and (2) t o  i n q u i r e  of your need f o r  a d d i t i o n a l  documen- 
t a t i o n  from us t o  permi t  such exper imenta t ion  t o  t a k e  p l a c e  b e f o r e  
t h e  formal  review of our  proposa l  i n  January,  1980. 

O u r  goa l ,  b r i e f l y ,  is  t o  demonstrate  t h e  u s e f u l n e s s  of t h e  b r i l -  
l i a n t  sou rce  of x-rays a t  SSFU f o r  non-invasive angiography u s i n g  t h e  
technique  of i o d i n e  dichromography. We submit ted ou r  p roposa l  t o  SSRL 
on June 27, 1979 and s h o r t l y  t h e r e a f t e r  r ece ived  s i x  anonymous rev iews .  
Four of t h e s e  w e r e  t o t a l l y  p o s i t i v e ,  one r a i s e d  only  a minor and e a s i l y  
answered o b j e c t i o n ,  and one w a s  t o t a l l y  nega t ive .  I n  response ,  p r in-  
c i p a l l y  t o  t h e  l a t t e r  review, w e  submit ted a n  Addendum t o  o u r  P roposa l  
on  August 30, 1979. 
ginal  c r i t i c ,  t o g e t h e r  w i th  a l e t te r  from your  Proposa l  Admin i s t r a to r  
a d v i s i n g  u s  t h a t  a r e p l y  would n o t  seem u s e f u l ,  a l though,  f rom a sc i en -  
t i f i c  s t andpo in t ,  t h i s  would be  v e r y  easy  f o r  us t o  prepare .  

I n  r e t u r n ,  w e  rece ived  a r e b u t t a l  from o u r  o r i -  

S ince  submi t t i ng  our  o r i g i n a l  Proposa l  w e  have proceeded, d u r i n g  
t h e  Summer, w i t h  t h e  c o n s t r u c t i o n  and t e s t  of t h e  s imple  a p p a r a t u s  t h a t  
ou r  i n i t i a l  s t u d i e s  r e q u i r e .  These p r e p a r a t i o n s  are now n e a r l y  complete 
and w e  are eager  t o  proceed wi th  t h e  work a t  SSRL even b e f o r e  ou r  Pro- 
p o s a l  r e c e i v e s  a formal  r a t i n g .  To t h i s  end we have asked two S tan fo rd  
phys ic i ans ,  a c t i v e  i n  t h e  s p e c i a l t i e s  most l i ke ly '  t o  b e n e f i t  from o u r  
work, t o  w r i t e  t o  you a t t e s t i n g  t o  t h e  p o t e n t i a l  c l i n i c a l  u s e f u l n e s s  of 
t h e  i n v a s i v e  technique.  

Continued ........ 
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The p re fe r r ed  beam l i n e  f o r  our eventual work, due t o  t h e  l a r g e  
f l u x  of x-rays c l o s e  t o  33.2 KeV, is t h e  rapidly-tunable hard x-ray 
beam designated IV-1 ,  but t h i s  beam is  no t  e s s e n t i a l  f o r  pre l iminary  
tests. An a l t e r n a t i v e  i s  t h e  1-5 beam. Further,  i n  o rde r  t o  ga in  
socle f a m i l i a r i t y  with SSRL and our apparatus,  i t  is n o t  e s s e n t i a l  in- 
i t i a l l y  f o r  us t o  opera te  a t  t h e  h ighes t  x-ray i n t e n s i t y .  
t h a t  u se fu l  t e s t i n g  of our apparatus,  wi th  33 KeV x-rays, can be  done 
i n  t h e  1-5 beam a t  a m i n i m u m  machine energy of 2.5 GeV. 
ment tests can even be done us ing  10 KeV x-rays a t  a minimum machine 
energy of 2 GeV. 
and c a l i b r a t i o n  of a monochromatic x-ray beam a t  t h e  ene rg ie s  necessary 
f o r  i od ine  dichromography, s i n c e  i t  is  our understanding t h a t  energ ies  
t h i s  high have not o f t en  been used i n  t h e  p a s t .  

We estimate 

Cer t a in  equip- 

W e  are a l s o  w i l l i n g  t o  p a r t i c i p a t e  i n  t h e  check-out 

1.f our  reques t  f o r  informal t i m e  a t  SSRL meets w i th  your approval, 
w e  propose t o  keep i n  touch wi th  your Operation Manager, John Cerino, 
and o t h e r s  t o  i d e n t i f y  s u i t a b l e  oppor tun i t i e s .  

S incere ly  yours, 

E. Barrie Hughes 
Spokesman f o r  Proposal SSRL No. 456B 

EBH/gs  . 

CC Edward Rubenstein 

Robert Hofstadter 

William R. Brody 

Alber t  Macovski 

i 



Dr. E. Barrie Hughes 
W. N. Hansen Laboratories 
Stanford University 

STANFORD LINEAR ACCELERATOR CENTER 
P.O. Box 4349, Bin 69 
Stanford, California 94305 
Telcphone: (41 5)  854-3300, Ext. 2874 

Answer Back: STANFRD 
TWX:  910-373-1162 

STNU A 

November 9, 1979 

Re: 456B 

Dear Dr. Hughes: 

Dr. Bienenstock has asked me t o  answer your l e t t e r  of 6 November 

There is  no need f o r  further documentation from you 
We w i l l  handle your request for tine on t h i s  

regarding preliminary work on proposal 456B. 
have been in touch with our Operations Manager, John Cerino, on this 
subject as well. 
t o  begin th i s  work. 
proposal as we would a l e t t e r  of intent un t i l  such time as the proposal 
is  rated. 

I understand ,that you 

The high energy time f o r  t h i s  f a l l  has been ful ly  scheduled t o  
rated proposals. However, there is time available on several of 
the x-ray l ines a t  2.0 GeV. 
ately if  you want t o  use some of t h i s  time for equipment checks. 

You should l e t  John Cerino know immedi- 

Sincerely, 

@L'AzJ#-& 
Katherine Cantwell 
Proposal Administrator 

cc: A. Bienenstock 
H. Winick 
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STANFORD LINEAR ACCELERATOR CENTER 
P.O. Box 4349, Bin 69 
Stanford, California 94305 
Telephone: (415) 854-3300. Ext. 2874 

Answer Back: STANFRD 
TWX: 910-373-1162 

STNU A 

January 7,  1980 

Dr. J .  R. Cameron 
Department of Nuclear Medicine 
University of Wisconsin Medical School 
Madision, WI 53706 

Dear Dr. Cameron: 

We are  so l ic i t ing  your advice on the enclosed proposal. As 
you can see i t  has been reviewed by several people i n  the f ie ld .  
O u r  proposal review panel has met t o  consider rating this proposal 
and have requested me t o  obtain an opinion from you before f inal iz ing 
the i r  rating. I would very much appreciate your views as  soon as 
possible although I know you will probably be busy on your return 
from Brazil. 

I enclose our referee l e t t e r  and a rating form as well as 
a l l  the- material on the proposal from Dr. Hughes. 

T h a n k i n g  you i n  advance for your help, 

Sincerely, 

$Lti;iik,&, J G5,L&ic 
Katherine Cantwell 
Proposal Administrator 



STANFORD UNIVERSITY SCHOOL OF MEDICINE 0 STANFORD, CALIFORNIA 94305 0 (415) 497-5771 
DFTARTMENT OF CARDIOVASCULAR SURGERY 

Professor Arthur I .  Bienenstock 
SSRL, SLAC B i n  69 

Dear Professor Bienenstock: 

I have seen the proposal submitted by E. Barrie Hughes and his 
co-workers f o r  the study of iodine dichromography w i t h  monochromatic 
X-ray beams for  coronary angiography. I would only indicate t h a t  
this could be a tremendously useful adjunct i n  the study of patients 
w i t h  coronary ar tery disease. The financial savings, over the 
presently available invasive techniques, would be quite s ignif icant ,  
and I would guess that  vast numbers of individuals could be screened 
as p a r t  of an annual physical examination program. A t  any ra te ,  
we have looked long fo r  non-invasive methods for imaging the coronary 
a r t e r i a l  system, and this work would appear t o  show promise i n  this 
regard. 

Best wishes for  the Holiday Season and  the New Year. 

Sincerely yours, 

Norman E.Yhumway, M . D .  , 
Professor and Cha i rman 

NES/rh 



S T A N F O R D  S Y N C H R O T R O N  R A D I A T I O N  LABORATORY 

STANFORD LINEAR ACCELERATOR CENTER 
P.O. Box 4349, Bin 69 
Stanford, California 94305 
Telephone: (41 5) 854-3300, Ext. 2874 

Answer Back: STANFRD 
TWX: 9 113-373-1 162 

STNU A 

November 9, 1979 

Dr. E. Barrie Hughes 
W. W. Hansen Laboratories 
Stanford University 

Re: 456B 

Dear Dr. Hughes: 

Dr. Bienenstock has asked me t o  answer your l e t t e r  of 6 November 

There is no need for further documentation from you 
We w i l l  handle your request for time on this 

regarding preliminary work on proposal 456B. 
have been in touch with our Operations Manager, John Cerino, on this 
subject as well. 
t o  begin th i s  work. 
proposal as we would a l e t t e r  of intent until such time as the proposal 
is  rated. 

I understand that you 

The high energy time for  t h i s  f a l l  has been fully scheduled t o  
rated proposals. However, there is time available on several of 
the x-ray lines a t  2.0 GeV. 
ately if you want t o  use some of this time for equipment checks. 

You should l e t  John Cerino h o w  immedi- 

Katherine Cantwell 
Proposal Administrator 

cc: A. Bienenstock 
H. Winick 



W. W. HANSEN LABORATORIES OF PHYSICS 

STANFORD UNIVERSITY 
STANFORD, CALIFORNIA 94305 

Edward L. Ginzton Laboratory 
High Energy Physics Laboratory 

6 November 1979 

Professor Arthur I. Bienenstock 
Director, Stanford Synchrotron Radiation Laboratory 
Stanford, California 94305 

Dear Dr. Bienenstock: 

We are writing to you in connection with our proposal (SSRL- 
No. 456B) to study iodine dichromography with monochromatic x-ray 
beams for angiography. Our immediate purpose is two-fold: (1) to 
seek approval from you to begin informal experimental work at SSRL 
this Fall, and ( 2 )  to inquire of your need for additional documen- 
tation from us to permit such experimentation to take place before 
the formal review of our proposal in January, 1980. 

Our goal, briefly, is to demonstrate the usefulness of the bril- 
liant source of x-rays at SSRL for non-invasive angiography using the 
technique of iodine dichromography. We submitted our proposal to SSRL 
on June 27, 1979 and shortly thereafter received six anonymous reviews. 
Four of these were totally positive, one raised only a minor and easily 
answered objection, and one was totally negative. In response, prin- 
cipally to the latter review, we submitted an Addendum to our Proposal 
on August 30, 1979. In return, we received a rebuttal from our ori- 
ginal critic, together with a letter from your Proposal Administrator 
advising us that a reply would not seem useful, although, from a scien- 
tific standpoint, this would be very easy for us to prepare. 

Since submitting our original Proposal we have proceeded, during 
the Summer, with the construction and test of the simple apparatus that 
our initial studies require. 
and we are eager to proceed with the work at SSRL even before our Pro- 
posal receives a formal rating. To this end we have asked two Stanford 
physicians, active in the specialties most likely to benefit from our 
work, to write to you attesting to the potential clinical usefulness of 
the invasive technique. 

These preparations are now nearly complete 

Continued . . . . . . . . 
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The prefer red  beam l i n e  f o r  our eventual  work, due t o  the  l a r g e  
f l u x  of x-rays c lose  t o  3 3 . 2  KeV, i s  the  rapidly-tunable hard x-ray 
beam designated IV-1 ,  but t h i s  beam i s  not  essential f o r  preliminary 
tests. An a l t e r n a t i v e  i s  t h e  1-5 beam. Further ,  i n  order  t o  gain 
some f a m i l i a r i t y  with SSRL and our apparatus,  i t  i s  not  e s s e n t i a l  in- 
i t i a l l y  f o r  us t o  operate  a t  t he  highest  x-ray i n t e n s i t y .  We estimate 
t h a t  u se fu l  t e s t i n g  of our apparatus,  with 33 KeV x-rays, can be done 
i n  the  1-5 beam a t  a minimum machine energy of 2.5 GeV. Certain equip- 
ment tests can even be done using 10 KeV x-rays a t  a minimum machine 
energy of 2 GeV. 
and c a l i b r a t i o n  of a monochromatic x-ray beam a t  the  energies  necessary 
f o r  iodine dichromography, s ince  i t  i s  our understanding t h a t  energies  
t h i s  high have not o f t en  been used i n  the  pas t .  

We a r e  a l s o  w i l l i n g  t o  p a r t i c i p a t e  i n  the  check-out 

If our reques 
we  propose t o  keep 
and o thers  t o  iden 

t f o r  informal time a t  SSRL meets with your approval, 

t i f y  s u i t a b l e  oppor tuni t ies .  
i n  touch with your Operation Manager, John Cerino, 

Sincerely yours,  

E. Barrie Hughes 
Spokesman f o r  Proposal SSRL No. 456B 

EBH/gs 

CC Edward Rubenstein 

Robert Hofstadter 

W i l l i a m  R. Brody 

Albert  Macovski 



I I I 
SSRL PROPOSAL REVIEW 

Proposal Investigators: Dr. E. Barrie Hughes et a1 Second report 

' "Iodine Dichromography With Monochromatic X-ray Beams for Angiography" 
Prof. N o r m a n  A. Baily 

University of California, S a n  Diego 
La Jolla, CA. 92037 

Ref erred to : Dept. of Radiology 

Evaluation: (If you can suggest other qualified referees, their names and ' 

instituti6ns would be gratefully accepted along with your review) 

I have read  t h e  r e b u t t a l  t o  t h e  o r i g i n a l  c r i t i c i s m s  of  t h e  proposed experiment 
and I should l i k e  t o  comment on these .  
and equipment have been financed f o r  p o l i t i c a l  reasons i n  remote i n s t a l l a t i o n s  with 
b e n e f i t  t o  very few of  u s  taxpayers  does no t  v a l i d a t e  t h e  expendi ture  o f  more funds 
o r  expense of  machine time t o  go up y e t  another  b l i n d  a l l e y .  
compact sources  of monochromatic x- rays ,  t h i s  has been an on-going p r o j e c t  a t  t h e  
National Bureau o f  Standards f o r  q u i t e  a number of  years  and t h e r e  i s  no doubt t h a t  
such a source would be va luable .  
such a source has occurred.  
has c e r t a i n l y  been demonstrated. 
papers  by Kruger and a s soc ia t e s* :  RADIOLOGY, Oct 1977; 
MEDICAL PHYSICS, May/June 1977; RADIOLOGY, Jan  1979; SPIE Vol. 167, 1979. These a r t ic les  
d e f i n i t e l y  show t h a t  it i s  not  impossible but  t h a t  good q u a l i t y  non-blurred images can 
be made wi th  quasi-monoenergetic x-ray beams, and f u r t h e r  t h a t  t h e s e  beams have s u f f i c i e n t  
i n t e n s i t y  t o  produce images a t  a r a t e  o f  60/sec,  and t h a t  t h e  r a d i a t i o n  dose de l ive red  
t o  t h e  p a t i e n t  i s  q u i t e  low. While t h e  t h e o r e t i c a l  argument o f  scat ter  r a d i a t i o n  and 
s i g n a l  t o  no i se  i s  c e r t a i n l y  v a l i d ,  t h e  real  e f f e c t  t o  be considered here  is  t h a t  t h e  
use  o f  a h igh ly  co l l imated  d e t e c t o r  whose de t ec t ion  e f f i c i e n c y  w i l l  be q u i t e  ].ow compared 
t o  t h e  method used i n  t h e  pub l i ca t ions  r e f e r r e d  t o  above. 

F i r s t ,  t h e  fact  t h a t  expensive i n s t a l l a t i o n s  

As f o r  e f f o r t s  t o  develop 

To d a t e ,  however, no f e a s i b l e  progress  i n  a t t a i n i n g  
The b a s i c  p r o p e r t i e s  o f  d i g i t a l  iod ine  K-edge dichromography 

I r e f e r  you t o  t h e  open l i t e r a t u r e  and t o  t h e  following 
SPIE PROCEEDINGS, Nov/Dec 1978; 

*of t h e  Univers i ty  of  Wisconsin. 

II 
a 
Pe 

PLEASE CHECK - 
4 

Overall Desirability 
0 ."." ( ) Excellent 

( ) Very Good 
( ) Good 
( ) Fair 
( ) Poor 

Experimenter Competency 
( ) Excellent 
( ) Very Good 
( ) Good 
( ) Fair 
( ) Poor 

To be f a i r  t o  the experimenter 
return within ten days to :  
Katherine Cantwell, Proposal 
Administrator, 
SSRL, SwlC Bin 69 
P .  0. Box 4349 

Are there technical questions t o  be answered? ( )yes  ( )no Stanford, 94305 
If yes, are they ( ) Essential before approval? 

Are there sa fe ty  concerns t o  be answered? ( )yes  ( )no 
I f  yes, please describe on.back. 

( ) Desirable before approval? Comment on back 



ADDENDUM TO PROPOSAL, 456B 

"A STUDY OF IODINE DICHROMOGRAPHY WITH MONOCHROMATIC X-RAY BEAMS 

FOR ANGIOGRAPHY" 

Co-Investigators: E. Barrie Hughes 

' Edward Rubenstein 

Robert Hofstadter 

William R. Brody 

Albert Macovski 

W. W. Hansen Laboratories of Physics 
and 

School of Medicine 
Stanford University 

. Stanford, California 94305 

August 30, 1979 



I INTRODUCTION 

This addendum was written after the 'receipt of six anonymous reviews of 

Proposal 456B. 

minor objection and one was totally negative. 

answered: 

of extra-vascular iodine through diffusion in live specimens. 

this addendum is directed at the issues raised in the negative review. 

are (a) the utility of a medical facility for coronary arteriography at SSRL 

alone, (b) the possibility of later providing similar treatment to patients 

elsewhere, (c) the feasibility (actually the infeasibility) of coronary 

arteriography by dichromography with existing quasi-monoenergetic x-ray 

sources and (d) the mistaken impression that the radiation dose to the patient 

Four of these reviews were totally positive, one raised a 

The minor objection is easily 

it relates to the use of only inanimate phantoms and the effects 

The bulk of 

These 

in dichromography will be increased at SSRL relative to the use of quasi- 

monoenergetic beams. 

I1 THE RESPONSE 

The'principal purpose of the studies described in Proposal 456B is with- 

out question the development of a safe non-invasive method of coronary ar- 

teriography. 

arteries is highly invasive and carries too much risk, discomfort and expense 

to be used routinely to recognize significant arterial obstruction in asym- 

The current method of assessing the condition of the coronary 

ptomatic patients at high risk for coronary artery disease. 

the invasive diagnostic procedure is practiced in only about 15% of all hos- 

For these reasons 

pitals and even in these active centers the associated death and morbidity 

- 1- 



r a t e s  are 

theref o r e  

i 

t oo  high fo r  the  procedure t o  be used i n  a screening  way. 

r e s t r i c t e d  i n  i ts  use t o  symptomatic p a t i e n t s  a l ready  known, wi th  

It is  

high p robab i l i t y ,  t o  be su f fe r ing  from severe coronary a r t e r y  d isease  and i n  

probable need of s u r g i c a l  in te rvent ion .  

f o r t  of a non-invasive method of coronary a r te r iography r e s u l t e d  i n  t h e  opera- 

t i o n  of a diagnos t ic  c l i n i c  f o r  coronary a r t e r y  s t u d i e s  only a t  SSIU, the i m -  

pac t  on t h e  management of t h i s  d i sease  i n  t h e  l o c a l  area would be subs t an t i a l .  

This c l i n i c  would be used i n  t h e  following major ways: 

Even i f  a success fu l  development ef- 

The treatment of p a t i e n t s  i n  probable need of s u r g i c a l  in te rvent ion  

who would otherwise be subjected t o  the invas ive  d iagnos t ic  procedure. 

The examination of 20 such p a t i e n t s  per  day, o r  'L 5,000 per year ,  

would prevent 25 deaths and 50 se r ious  i n j u r i e s  each year t h a t  would 

otherwise r e s u l t  from t h e  invas ive  d i agnos t i c  examination alone. 

The follow-up a r t e r iog raph ic  examination of s u r g i c a l  p a t i e n t s  i n  order  

t o  assess post-operative progress with no f u r t h e r  r i s k  of i n ju ry .  

The study of t h e  n a t u r a l  h i s t o r y  of coronary a r t e r y  d i sease  by serial 

examinations on p a t i e n t s  with no previous evidence of t h i s  d i sease .  

In f a c t ,  t h e  s t u d i e s  i d e n t i f i e d  i n  i t e m  c )  above, i f  conducted only a t  

SSRL, would provide c l i n i c a l  medicine with a t r u l y  unique research  opportunity. 

The SSRL f a c i l i t y  would, of course, a l s o  provide t h e  oppor tun i t i e s  i d e n t i f i e d  

i n  items a )  - c)  above t o  physicians and researchers  i n  t h e  o t h e r  areas of an- 

giography. 

cu r ren t ly  also carries major r i s k s  of s t roke  and dea th  during invasive examina- 

t i o n ,  but as s t a t e d  i n  Proposal 456B the re  are many arteries and ve ins  whose 

angiographic examination is  of c l i n i c a l  s ign i f icance .  

This may be e spec ia l ly  important i n  c e r e b r a l  a r te r iography,  which 

- 2- 



If a development effort at SSRL were to succeed, it is then reasonable 

to expect that this success would soon result in the establishment of similar 

research and diagnostic clinics at the other sources of synchrotron radia- 

tion, both in the United States and abroad. In February 1978, in the West- 

ern hemisphere plus Japan, there were thirteen storage rings either in opera- 

tion (4), in construction (7) or proposed (2) with circulating beam energies 
- 5  

t '> * \ 3 t  -'-e vexi ' '  
in excess of 1 GeV where such a medical facility would be feasible. 

Another result of an itial success at SSRL would undoubtedly be the 

stimulation of a considerable technical effort by physicists and engineers 

to develop a compact source of monochromatic x-rays expressly for medical 

purposes. 

of the beam at SSRL. 

Presently, we believe that the most practical and least expensive method of 

providing an independent source of monochromatic x-rays for medical purposes 

t.qY 'I \*/e .. e 2, P- 

t '. Qk 
'm YL d- 
\'' y r y  '' Most certainly this source would not require the full intensity 

$!' T t 

5 
(This question is addressed briefly in Proposal 456B.) 2@'- a 

Y .- c .  
CC to back-scatter laser photons incoherently off the electrons in a small 

Atorage ring. If a powerful carbon dioxide laser is used, the storage ring 

energy required is only 200 MeV. 

Compton scattering, has been used several times to obtain monochromatic 

The principle involved, namely inverse 

Y-rays in high energy physics. At SLAC, for example, beams of laser light 

are routinely back-scattered off beams of energetic electrons (5 - 22 GeV) to 

produce monochromatic Y-rays in the range 2 - 10 GeV. At Frascati, Italy, the 

Adone storage ring, first built in 1967, is now used in conjunction with a 

powerful argon-ion laser to provide a strong source of monochromatic Y-rays in 

the range 10 - 100 MeV for particle physics. 
that an initial success in the medical arena at SSRL would stimulate an ef- 

fort to generate monochromatic x-rays for medical purposes at minimum cost 

It may be expected, therefore, 

0 0 2  I 1 3 4 3  
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by t h i s ,  o r  an  a l t e r n a t i v e ,  method. One a l t e r n a t i v e ,  but a t  present more 

specula t ive ,  method is  t o  back-scatter laser photons (from an argon-ion l a s e r )  

coherently of f  an e l e c t r o n  beam bunched wi th  a s p a t i a l  s t r u c t u r e  equal t o ,  o r  

a sub-harmonic o f ,  t h e  wavelength of the  laser l i g h t .  

y i e l d  can be g r e a t l y  increased 

e l ec t rons  s o  t h a t  a 25 MeV e l e c t r o n  microtron can be used ins tead  of a s to r -  

I n  t h i s  way t h e  x-ray 

relative t o  incoherent s c a t t e r i n g  of f  unbunched 

age r ing .  

A t  present we are unable t o  guarantee t h a t  medical s t u d i e s  of t h e  type w e  

p r o j e c t  f o r  SSRL w i l l  be  poss ib l e  a t  loca t ions  o the r  than those  se l ec t ed  or ig-  

i n a l l y ,  f o r  o the r  reasons, as t h e  sites f o r  e l ec t ron  s to rage  r ings .  Should 

t h i s  be so, t h i s  l i m i t a t i o n  on t h e  geographical d i s t r i b u t i o n  of f a c i l i t i e s  

would not be uncommon i n  medicine. 

ment of t h e  pos i t ron  a n n i h i l a t i o n  camera i n  nuclear medicine, which must be 

loca ted  adjacent t o  a proton acce le ra to r  capable of providing t h e  required 

It has not prevented t h e  recent  develop- 

short-l ived rad io iso topes  of "C, I 3 N  and 150. Neither has  i t . p reven ted  t h e  

establishment of radiotherapy c l i n i c s  dependent upon beams of negative pi-mesons, 

heavy ions  and neutrons a t  t h e  l a r g e  p a r t i c l e  acce le ra to r s  located i n  Los Alamos, 

Berkeley o r  Chicago, respec t ive ly .  IR f a c t ,  given t h e  cur ren t  world-wide de- 

mand f o r  synchrotron r a d i a t i o n  f a c i l i t i e s  and t h e  secure pos i t i on  occupied by 

e l e c t r o n  s to rage  r i n g s  i n  p a r t i c l e  physics research, i t  appears t h a t  t h e  oppor- 

t u n i t i e s  f o r  t he  establishment of  medical f a c i l i t i e s  employing monochromatic 

x-rays, but dependent upon machines b u i l t  f o r  o ther  purposes, w i l l  not be nea r ly  

as r e s t r i c t e d  i n  geographical d i s t r i b u t i o n  as they have been f o r  o the r  spe- 

c i a l i z e d  cen te r s  u t i l i z i n g  a unique resource.  

-4- 



The studies outlined in Proposal 456B comprise a logical first step to- 

ward the goal of producing dichromagraphic radiographs of the coronary arteries. 

The proposal objectives have been deliberately restricted to initial studies 

with static and inamfnate phantoms, in accordance with the stated SSRL preference 

for short investigations with limited objectives instead of single requests for 

the study of all questions necessary to achieve a final goal. 

jective of Proposal 456B is to demonstrate the basic properties of digital 

iodine K edge dichromography using intense and truly monochromatic x-ray beams 

before proceeding to the use of more complex phantoms and animate specimens. 

Certainly, both of the latter will be used in subsequent tests and are immed- 

iately avaiable to the experiment team. 

The limited ob- 

Even the limited objectives of Proposal 456B include a study of the visi- 

bility of iodinated blood vessels in the presence of extra-vessel background 

concentrations of iodine. 

cimens, but there appears to be no reason why this should preclude arterial 

examinations if the peripheral venous injection and the x-ray exposures are 

administered with the proper relative timing. Typically, the radiographs 

Such’backgrounds will indeed occur in animate spe- 

needed f o r  dichromography will be taken on the first or second transits of 

the injected iodine through the cariovascular system, or within one minute 

after injection. In contrast, iodine diffusion into the extra-vascular space 

will occur with a time scale on the order of several minutes and so will not 

present a major problem. 

graphs below, which show the result of a time subtraction study, by digital 

This fact is clearly demonstrated in the photo- 

0 0 2  t 13b 
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radiography, of t h e  ches t  cav i ty  of a dog. The p i c t u r e  on the  l e f t ,  the  

f a s t - con t r a s t  image, w a s  obtained a f t e r  t he  in t roduct ion  of iod ine  by 

ca the te r ,  v ia  t h e  super ior  vena cava, i n t o  t h e  r i g h t  atrium of t h e  hear t .  

An earlier exposure of equal dura t ion ,  t h e  so-called mask, w a s  a l s o  ob- 

ta ined  before t h e  in t roduct ion  of t h e  iodine.  The p i c t u r e  on the r i g h t  

is what remains a f t e r  t h e  mask is subtracted from t h e  post-contrast  image. 

Idea l ly ,  i t  should r evea l  only t h e  d i s t r i b u t i o n  of the con trast agent. 

Indeed t h e  iod ine  wi th in  t h e  heart, averaged over many card iac  cycles,  is 

c l e a r l y  seen. The c a r o t i d  (open arrow) and v e r t i b r a l  (closed arrow) ar- 

teries are c l e a r l y  v isua l ized ,  as are smaller arteries ( t o  t h e  l e f t )  t o  

t h e  forearm and shoulder and even ( t o  the  r i g h t )  iodinated ve ins .  These 

channels are v i s i b l e  d e s p i t e  t h e i r  motions during t h e i r  exposure and are 

d e f i n i t e l y  not obscured by any extra-arterial iodine.  The incomplete sub- 

t r a c t i o n s  of t h e  o ther  anatomical s t r u c t u r e s  i s  due t o  t h e i r  non-identical 

movements during the  two exposures. 
. .  
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‘Photographs  of t h e  c h e s t  c a v i t y  of a dog obta ined  du r ing  a t i m e  sub- 

On t h e  l e f t  i s  the unsubt rac ted  pos t - con t r a s t  image 

On t h e  r i g h t  i s  t h e  d i f f e r e n c e  

t r a c t i o n  s tudy.  

ob ta ined  a f t e r  t h e  i o d i n e  i n j e c t i o n .  

between t h e  pos t -cont ras t  image and an earlier exposure,  t h e  mask, 

befo re  t h e  iod ine  i n j e c t i o n .  

0 0 2  i 1389 
-6a- 



Whilz it is true that the feasibility of iodine dichromography using quasi- 

monoenergetic, or broad-band, beams has already been demonstrated, this does 

not mean that existing quasi-monoenergetic sources have been used, or indeed 

can be used, for coronary arteriography. 

sources this is impossible. The source intensity, after the necessary severe 

filtration, is totally inadequate. The coronary arteries are not stationary 

structures. 

fore in continuous motion. 

In fact, with conventional x-ray 

They are in intimate contact with the heart muscle and are there- 

Only a blurred image would result from the use of 

quasi-monoenergetic x-ray beams. 

SSRL is that it is possible to record images fast enough to visualize the 

A major advantage of the beam intensity at 

coronary arteries in sharp focus. The major arteries, including those not 

intimately associated with the heart muscle, are involved in a motion of ex- 

pansion and contraction due t o  the cardiac cycle and therefore their internal 

structures are not visible in examinations with quasi-monoenergetic sources. 

It is likely that the clinical 'applications of non-invasive procedures with 

quasi-monoenergetic sources will be restricted to stationary structures, such 

as the kidneys, gall bladder and thyroid. 

The suggestion made by one reviewer of Proposal 456B that the radiation dose 

delivered to a patient in a dichromographic examination with the monoenergetic 

x-ray beams at SSRL would substantially exceed that received if quasi-mono- 

energetic beams are used is most definitely not correct. To the contrary, the 

radiation dose is minimized through the use of monoenergetic beams because the 

signal to noise ratio is maximized under these conditions. Moreover, the 

natural one-dimensional cross sectional profile of the SSRL beam, coupled 

with the eventual use of a one-dimensional x-ray detector, totally eliminates 

the problem of scattered radiation that is characteristic of the publiFhed 

technique using quasi-monochromatic x-ray beams. 

reported that  the radiation dose delivered to a patient to achieve a specific 

0 
h 
fu 

sl 
w 
d 

c 

1 For example, Kelcz et al. has - 

-7- 



image contrast is increased by a factor of 25 relative to that needed in the 

absence of scatter. 

duced to a factor of about three, but at the expense of a longer exposure time. 

In all respects the use of monoenergetic beams at SSRL with a matching detector 

geometry minimizes the radiation dose delivered t o  a patient in order to achieve 

a specific signal to noise ratio in the final image using iodine K edge dichro- 

mography. 

456B in question could be related to the references made to the work of Ter- 

Pogossian. 

could be obtained if a single quasi-monoenergetic beam at 33 KeV was used 

instead of a white spectrum of 70 Kvp of radiation. 

If a scatter grid is used, the additional dose can be re- 

The opposite impression received by the one reviewer of Proposal 

In 1956, this author showed that an increased sensitivity to iodine 

Ter-Pogossian also de- 

termined that the use of the softer radiation would cause an increased radia- 

tion dose, that this increase was no more than a factor of three for tissue 

thicknesses up to 20 gm cm -2 , and that this increase was well within safe 
.. -. .-, . - 

limits. His work in no way relates to the relative radiation dose received 

in iodine K edge dichromography using, on the one hand, quasi-monoenergetic 

beams of large linewidth and large energy separation and, on the other hand, truly 

monochromatic beams with energies immediately adjacent to the iodine K edge. 

111 SUMMARY 

The major advantages that the x-ray beams at SSRL bring to arteriography 

are as follows: 

a) The monochromaticity of the beams maximizes the sensivity to intra- 

arterial iodine and permits the use of peripheral venous injection. 

The intensity of the beams permits short exposure times and allows b) 

images to be recorded in sharp focus despite the arterial motions 

associated with the cardiac cycle. 

-8- 
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c) The monochromaticity of the two beams and their very small energy 

spacing virtually eliminates background signals due to tissue and 

bone thickness variatiQns. 

The increased sensitivity to iodine allows the injected concentra- 

tion of iodine to be reduced, and permits multiple serial injections 

in a single patient examination. 

d) 



REFERENCES 

(1) Kelcz, F. and Mistretta, C.A., "Absorption Edge Fluoroscopy Using a 

Three-Spectrum Technique," Medical Physics - 3, 159 (1976). 



SSRL PROPOSAL REVILW 

fioposd. hWer  456B yr 

Title : ."Iodine D;chromography With Monochromatic X-ray Beams For Angiography" 

Professor Melvin L. Griem 
Department of Radiology 

Chicago, Illinois 60637 
Referred to: University of Chicago 

Evaluation: 
institutions would be gra teh l ly  accepted along w i t h  your review) 

(If you c a  sqgest, other qmlified referees, their m s  m d  

Dr. John Cameron, Director Medical Physics, University of Wisconsin, 
Madison, Wisconsin, and his colleagues have investigated two-wavelength and 
three-wavelength techniques for diagnostic imaging using x-rays. The ability 
to resolve the location o f  iodine as a contrast agent in the heart to image 
vascular disease is an extremely sound one. As pointed out, the magnitude of 
the problem, cardiovascular disease, represents the #1 cause of death in the 
United States. On page 3 and page 4 of the proposal , the flux of the mono- 
chromatic x-ray photons available is described and the methods of detection. 
Using a crystal detector is described on page 5. The phantoms and methods of 
testing are also described and straightforward. In my opinion, this is a well 
designed experiment and proposal w ich will yield important preclinical infor- 
mation which will ultimately help n detecting and localizing vascular lesions. 
With such localization, newly deve oped nonsurgical intravascular techniques 
have been developed by the Swedish radiologists for the treatment of narrowed 
and occl uded vessels. 

Overall Desirability Experimenter Cmpentency 
To be f a i r  to  the e x p e r i m e n t e r  ( ) Excellent 

(X) V e r y  Good ( V e r y  Good return w i t h i n  ten d a y s  to: 
( Good ( Good ' K a t h e r i n e  C a n t w e l l ,  Proposal 
( ) F a i r  . ( ) F a i r  ; A d m i n i s t r a t i o n  
( 1 P o o r  ( ) Poor SSRL, SLAC B i n  69 

( X  ) Excellent 

\ 'i If Yes, a r e  t h e y  ( ) E s s e n t i a l  before a p p r o v a l ?  Stanford, CA 94305 
L ( ) Desirable? Comment on b a c k  
.t 
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I would suggest you seek a second op in ion  from Dr .  John Cameron, 
Un ive rs i t y  o f  Wisconsin. 
Professor o f  Radiology, Un ive rs i t y  o f  Chicago. 
f i c a n t l y  d i f f e r e n t  than mine, I w i l l  have him w r i t e  you d i r e c t l y .  

I w i l l  a l so  seek opinions from Dr. Kunio Doi, 
I f  h i s  op in ion  i s  s i g n i -  



STANFORD UNIVERSITY MEDICAL CENTER 
300 PASTEUR DRIVE, STANFORD, CALIFORNIA 94305 

STANFORD UNlVEASITY SCHOOL OF MEDICINE 

Department of Surgery 
Division of Neurosurgery 
john W. Hanbery, M. D. ,  Professor and Executioe Head 

Gerald D .  Siloerberg, M.D.,  Assistant Professor 

Frances K .  Conley, M.D., Assistant Projessor 

Richard H .  Britt, M.D., Yh.D. 
Clinical Assistant Professor 

(41 5) 49 7-55 72 

(415) 497-5574 

(415) 497-5575 OT 497-5839 

(415) 497-5575 

October 19, 1979 

Professor I. Bienenstock 
SSRL, SLAC Bin 69 

Dear Dr. Bienenstock: 

1 am sending you the following letter in support of the 
proposal (#456B) "A Study of Iodine Dichromography with 
Monochromatic X-ray Beams for Angiography". Dr. Edward 
Rubinstein and one of his co-workers have reviewed all of 
this with me. 

The purpose of this letter is to tell you that should such a 
study prove that it would be feasible to obtain diagnostic 
cerebral arteriographic studies following intravenous in- 
jection of contrast material that this would be a tremendous 
advance in diagnostic neuroradiology with immediate and 
wide-spread clinical application. This would provide one 
further non-invasive technique in screening patients with a 
wide variety of clinical problems. Hospitalization would 
not be required for such a study with the obvious financial 
saving to the patient and third party carriers. 
of study would also be considerably safer than conventional 
cerebral arteriography which, while we consider it relative- 
ly safe, still carries with it a certain percentage of 
morbidity and mortality. 

The technique would be especially useful in the diagnosis of 
cerebral vascular disorders, including stroke, aneurysms, 
and arteriovenous malformations. It would also be useful in 
patients with brain tumors and brain abscess. 
extremely useful in selected cases of head injury. 

immediate and enormous on the clinical practice of neurology 
and neurosurgery. 

This type 

0 
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3 
-F The importance of this technique, if successful, would be 
01 

It would be - 
I 

Yours sincerely, 
,.-. . 

HN W. HANBE Y, M.D. 
JWH : gc 
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SSRL PROPOSAL REVIEW RECEIVED 

AUG 6 1979 

s* s, R L 

Title: ''Iodine Dichromography With Monochromatic X-ray Beams For Angiography" 

Dr. Norman Zheutlin 
Chairman, Dept. of Radiology 

8700 Beverly Boulevard 
Los Angeles, CA. 90048 

Referred to: Cedars-Sinai Medical Center 

Evaluation: 
institutions would be gratefully accepted along w i t h  your review) 

(If you can swest other qualified referees, their names and 

The project has merit and the non-invasive study should be explored 
to its fullest. 

PLEASE CKECK 

Overall Desirability Experimenter Cmpentency 

"t . 

( ) Excellent 
( --f V e r y  Good 

( ) Excellent 
(< V e r y  Good 
( Good ( Good 
( F a i r  ( F a i r  
( ) Poor ( ) Poor 

Are there t e c h n i c a l  questions t o  be a n s w e r e d ?  ( ) y e s (  ) no 
If y e s ,  a r e  t h e y  ( ) E s s e n t i a l  before a p p r o v a l ?  

( ) D e s i r a b l e ?  Comment on b a c k  

T o  be f a i r  t o  the e x p e r i m e n t e r  
r e t u r n  w i t h i n  ten d a y s  t o :  
K a t h e r i n e  C a n t w e l l ,  Proposal 

Admin i s t ra t ion  
SSRL,  SLAC B i n  6 9  
P.O.  Box 4 3 4 9  
S t a n f o r d ,  C A  94305 
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RECEIVED 

JUL 25 1979 

S, S. R I: 

I 

SSRL PROPOSAL REVIEW 

Title: "Iodine Dichromography With Monochromatic X-ray Beams For Angiography" 

4867 Sunset Boulevard 
T 

Evaluation: 
institutions would be grate5dly accepted along w i t h  your review) 

(1f-r quliiied referees, their narnes and 
37 
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0 
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F 
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PLEASE CHECK 
Ic.ilr *I Overall Desirability Experimenter Carnpentency 

( ) Excellent 
V e r y  Good 

( Good Katherine C a n t w e l l  , P r o p o s a l  
r e t u r n  w i t h i n  ten d a y s  to :  

( Fair , ( F a i r  , A d m i n i s t r a t i o n  
( ) Poor ( ) Poor SSRL, SLAC B i n  69  

A r e  there technical questions t o  be a n s w e r e d ?  ( ) y e s v n o  
I f  y e s ,  a re  t h e y  ( ) E s s e n t i a l  b e f o r e  a p p r o v a l ?  

p - 0 -  Box 4349 
S t a n f o r d ,  CA 94305 

( ) Desirable? Comment on b a c k  
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I SSRL PROPOSAL REVIEW RECEIVED 
JUL 23 1979 
S. S. R. 

bVeStigatOrS: Dr. E. Barrie Hughes et a1 
Proposal W e r  + 

Title : '"Iodine Dichromography With Monochromatic X-ray Beams For Angiography" 

Professor Norman A. Baily 
Department of Radiology 

Referred to: University of California, San Diego 
La Jolla, CA. 92037 

Evduaticn: 
institutions .would be gratehlly accepted along w i t h  your revLew) 

This is a completely impractical proposal. 

(If you c m  s-cggst other q u l i f i e d  referees, their names and 

As the authors correctly point out 
angiographic procedures .are done routinely in all radiology departments. 
to affect even a small fraction of the practice of radiology large numbers of sources 
capable ofperforming as well as SSRL's beam would be required. 
imagination does the proposed use of the SSRL beam offer an improvement in present 
diagnostic capabilities to warrant the expenditure of many billions of dollars to 
establish such facilities. This reviewer therefore feels that the experiment is a 
waste of valuable beam time since even if the most optimistic predictions of sensi- 
tivity were achieved no application of the technique can he expected. 

No new knowledge will result from the proposed experiment. Results will only 
apply to their experimental set-up and will not be generally applicable because of 
geometric and patient variables. Further, the results obtained using quasi- 
monoenergetic sources in an identical fashion to that proposed, show that the method 
is feasible. Therefore, even in this sense the experiment proposed is valueless. 
Using these much poorer sources, good results using peripheral venous injection 
have been reported with much lower patient doses than would be required with the 
proposed technique. Such additional exposure with its attendant risks would negate 
the benefits gained from the slight reduction in contrast agent concentration 
possible using the SSRL in comparison to that presently used (peripheral infection) 
with filtered quasi-monoenergetic sources. 

In order 

By no stretch of the 

I 

PLEASE CIECK 
Overall Desirability Experimenter wentency  

( ) Exce l l en t  
( Very Good  
( Good 

( ) Excel-lent 
( V e r y  Good 
( Good 
( ) F a i r  , 
( v )  Poor 

To be f a i r  t o  the e x p e r i m e n t e r  
r e t u r n  w i t h i n  ten days to: 
K a t h e r i n e  C a n t w e l l ,  Proposal 

A c I m i n i s t r a t i o n  
SSHL, SLAC B i n  6 9  - ,  

Are there t e c h n i c a l  q u e s t i o n s  to be answered?  ( )yes(  ) no 
If Yes, are t h e y  ( ) E s s e n t i a l  before approval? 

t ( 1 D e s i r a b l e ?  Comment on back 
\ 

p - 0 -  Box 4349 
S t a n f o r d ,  CA 94305 \ 
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SSRL PROPOSAL REVIEW 

RECENED 

JUL 23 1979 

T i t l e :  "Iodine -Dichromography With 

Referred to: Dr. Robert F. Foran 
705 N. Elm Drive 

s. s3 R L 

Proposal Number ,!,5hR ?; 
et a1 

Monochromatic X-ray Beams For Angiography" 

Beverly Hills, CA. 90210 

Evaluation: 
inst i tut iom would be gratefully accepted along w i t h  your revieiv) 

(If you c a  s a e s t  other q u l i f i e d  referees, their  names and 

T h i s  i n t r i g u i n g  p r o p o s a l  w o a l d  seem t o  h a v e  verg g o o d  
p o t e n t i a l  f o r  p r o d  u c i  n g  sl g n i f  i c a n t  new f u n d g E ? n ? a m a t a  
a n d  . k n o w l e g e .  S y n c h r o t r o n  r a d i a t i o n  w o u l d  d e f i n i t e l y  be 
n e e d e d  f o r  t h e  p r o j e c t .  

T h e  i n v e s t i g a t o r s  are e n t i r e l y  unknown t o  me; I c a n n o t  
e v a l u a t e  t h e i r  c o m p e t e n c y  f o r  a c c o m p l i s h i n g  t h e  p ro jec t .  

For a d d i t i o n a l  o p i n i o n s ,  I s u g g e s t  y o u  c o n t a c t  a n y  o r  a l l  
of t h e  f o l l o w i n g ,  l i s t e d  I n  o r d e r  of preference: 

Rorman Z h e r x t l i n ,  E.0. , C h a i r m a n ,  P e p t .  of R a d l o l o g y ,  
C e d a r s - S i n a i  M e d i c a l  C e n t e r ,  8700 B e v e r l y  Blvd  . , 
Los A n g e l e s ,  C a l i f  90048. 

P e t e r  J u l i e n ,  K.D., Dept . of R a d i o l o g y ,  C e d a r s - S t n a i  
M e d t c a l  C e n t e r  

Ran V ~ S ,  Ph,P., Dlrector  of B i o p h y s i c s ,  Dept .  of 
C a r d i o l o g y  , C e d a r s - S i  n a i  Med i c a l  C e n t e r  

S t e p h e n  H a l p e r n ,  N.E., c/o Fori-Invasive L a b o r a t o r y ,  
Dept of C a r d i o l o g y ,  C e d a r s - S i n a i  bled . C e n t e r  

Kea1 B u c h b i n d e r ,  M.D., c/o Cardiac C a t h e t e r i z a t i o n  
Lab., Dept . of C a r d i o l o g y ,  C e d a r s - S i n a i  Ked . C e n t e r ,  
8700 B e v e r l y  B l v d . ,  Los A n g e l e s ,  C a l  

k l j  
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I. Overall Desirability 
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( ) P o o r  ( ) P o o r  
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T o  be f a i r  t o  the experimenter 
return within ten days to:  
Katherine Cantwell, Proposal 

Aclmini  s t r a  t i on 
SSRL, SLAC Bin 69 
P.O. Box 4349 
Stanford, CA 94305 
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I s t r o n g l y  q u e s t i o n  t h e  a d v i s a b i l i t y  or v a l i d i t y  of u s i n g  
i n a n i m a t e  phantoms f o r  t h i s  p r o j e c t ,  
s i g n a l s  from t i s s u e  and compar tment  d i f f u s i o n  of t h e  
i o d i n a t e d  c o n t r a s t  a g e n t  w i l l  c o n s t i t u t e  a major s t u m b l i n g  
block f o r  similar i n v e s t i g a t i o n s  i n  moving models or  
l i v i n g  s u b j e c t s .  
a p p l i c a t i o n  of t h i s  t e c h n i q u e  t o  c l i n i c a l  a n g i o g r a p h y  
w i l l  r e s u l t .  

Background n o i s e  

I h a v e  s e r i o u s  d o u b t  t ha t ,  d i r e c t  



STAN FORD SY NCH t<OTI<ON RADIATION LA'BO RATOKY 

Dr. Charles Cantor 
Dept. of Chemistry 
Columbia University 
Box 608, Havenmeyer 
New York, New York 10027 

Dear Dr. Cantor: 

STANFORD LINEAR ACCELERATOR CENTER 
P . 0 .  h i  4349. Bin G9 
Stanford, California 94305 
Telcphone: ( 4 1  5 )  854-3300. Exc. 2874 
Tk'X: 910-373-1162 
Answer Back: STANFRD 

STNU A 
July 6 ,  1979 

We have just received this biology proposal and are anxious to have 
it reviewed. Could you please suggest two referees. ,&.5-d,& 

1.Melvin L. G r i e m ,  P r o f e s s o r  

Department o f  Radiology 

U n i v e r s i t y  o f  Chicago, Chicago, I1 60637 

2. Norman A B a i l y ,  P r o f e s s o r  

Department of Radiology 

UCSD La Jol la  C a l i f  92037 

Thank you for your attention to this matter. 

Sincerely, 

Katherine Cantwell 
Proposal Administrator 

Kc/cb Kather ine-  t h e s e  names are j u s t  w i l d  guesses-  you 
might  also t r y  c a l l i n g  t h e  f o l l o w i n g  i n d i v i d u a l s  t o  see i f  
t h e y  w i l l  do it or can  s u g g e s t  o t h e r s :  

John Ainsworth,  Div 'n  of Biology and Medicine,  Lawrence 

Karen K.W. Fu, Department of Radiology,  UCSF. 
My own n a i v e  impress ion  i s  t h a t  t h i s  is an o u t s t a n d i n g  p roposa l  
and  s h o u l d  be g iven  t i m e  as soon as  p o s s i b l e  b u t  I have t o  
c a u t i o n  t h a t  I a m  r e a l l y  n a i v e  when it comes t o  s t r a i g h t  
medical a p p l i c a t i o n s  l i k e  t h i s  one .  

Berke ley  Lab. 



STANFOKD LINEAR ACCELERATOR CENTER 
P.O. Bo\ 3349. Bin 69  
Stanford. California 93305 
Telephone: (41  3; 851-3300, Ext. 2871 

Ancn.er Back:  STANFRL) 
TWX: 910-373-1 162 

STNU A 

July 5, 1979 

D r .  E. Barrie Hughes 
W . W .  Hansen Labora to r i e s  of Phys ics  

S tanford  Un ive r s i ty  
S tanford ,  C a l i f o r n i a  94305 

H.E.  - 112 

Dear D r .  Hughes: 

We have rece ived  your proposa l  e n t i t l e d  "Iodine Dichromography 
With Monochromatic X-Ray Beams For Angiography". 
# 456B.  

It has  been assigned 

The Proposa l  Review Panel  m e t  June 7 t h  and w i l l  no t  meet aga in  
u n t i l  January,  a t  which t i m e  Proposal  456B w i l l  be r a t ed .  
you w i l l  be  e l i g i b l e  f o r  beam t i m e  i s  next  January.  

The earliest 

If you have a d d i t i o n a l  proposa ls ,  w e  w i l l  be  p l e a s d t o  receive 
them. 

S ince re ly  yours ,  

Kather ine Cantwel l  
Proposal  Adminis t ra tor  

KC/cb 



DATE: May 2 ,  1979 

TO : A .  Bienenstock 

SUBJECT: Letter of Intent for  Hughes, Rubenstein and  Hofstadter 

Enclosed i s  a l e t t e r  of intent given t o  me today by Barrie Hughes. 

I t h i n k  t h i s  i s  potentially very exciting and  i m p o r t a n t  work. I 
conveyed this reaction t o  Hughes, b u t  also explained how d i f f i c u l t  i t  
will be t o  assign h i g h  energy time until he submits a fu l l  proposal. 

Let’s discuss. 

HW: j m  
cc: K. Cantwell 

0 0 2  t 1 5 3  

W 
0 

c 
f 
2 
m 
-4 < 
e 

c” 

0 
n 
n 
n 
rn 

3 
5 

r‘ 
B 
z 
0 

e 

0 
n 
2 
n 

3 
rn 



ii’. \V. HANSEN LAUORATORIES OF PHYSICS 

STAN F 0 RD UNIVERSITY 
STANFORD. CAI_IFORNIA 94301 

EdLvard L. Ginzron Laboratory 
High Energy Physics Lahor~rory  

Telephone (41 5 )  497- 01 3 5 

1 May 1979 

D r .  H .  Winick, Deputy Di rec to r  
S tanford  Synchrotron Radia t ion  Laboratory 

Dear D r .  Winick: 

We are w r i t i n g  t h i s  Letter of I n t e n t  because w e  b e l i e v e  t h a t  t h e  

x-ray beams a v a i l a b l e  a t  SPEAR, and l a t e r  a t  PEP, may have inva luab le  

m e d i c a l  a p p l i c a t i o n s .  A t  t h i s  t i m e ,  our i n t e r e s t  c e n t e r s  on t h e  de- 

velopment of a non-invasive method of coronary a r t e r iog raphy  based on 

t h e  use  of monochromatic x-ray beams a t  ene rg ie s  c l o s e  t o  t h e  K absorp- 

t i o n  edge of i od ine .  The technique  t h a t  we  advocate  is  n o t  new. It 

has been d iscussed  i n  th2  l i t e r a t u r e  and even explored i n  a pre l iminary  

way s e v e r a l  yea r s  ago a t  SSRL. Never the less ,  a t  t h e  p r e s e n t  t i m e  t h e  

p r i n c i p l e  involved i s  e s s e n t i a l l y  unexplo i ted  and t h e  oppor tun i ty  pro- 

vided by SSRL f o r  a s u c c e s s f u l  development e f f o r t  is  be ing  ignored.  

i n t end  t o  propose an experimental  test of t h i s  technique a t  SSRL. In- 

e v i t a b l y ,  t h e  p r e p a r a t i o n  of t h e  d e t a i l e d  proposa l  and t h e  a c q u i s i t i o n  

of t h e  a p p r o p r i a t e  appa ra tus  w i l l  t a k e  sone t i m e .  While t h e s e  prepa tory  

s t e p s  a r e  underway we hope t o  make some progress  by conduct ing develop- 

ment tests wi th  appa ra tus  a l r e a d y  i n  hand. This  w e  would l i k e  t o  do i n  

t h e  F a l l  of 1979. Therefore ,  we would l i k e  t o  exp lo re  t h e  p o s s i b i l i t y  of 

such tests wi th  you a t  an e a r l y  d a t e .  

We 

The mot iva t ion  f o r  t h e  s t u d i e s  we  w i l l  propose is easy  t o  understand.  

Premature coronary a r t e r y  d i s e a s e  is t h e  major h e a l t h  problem i n  t h e  

United S t a t e s  today. 

d i s e a s e  of t h e  coronary a r te r ies  and many more s u f f e r  h e a r t  a t t a c k s  and 

consequent h e a r t  damage. 

c u l a r  i n  o r i g i n  and one-fourth of a l l  t h e s e  p a t i e n t s  a r e  under 65 y e a r s  

Approximately 500,000 persons  d i e  each year  from 

Approximately 50% of a l l  d e a t h s  are  cardiovas-  
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of age.  

su rge ry  i f  a p r a c t i c a l  s c reen ing  procedure ex i s t ed .  It is  no t  s u r p r i s -  

i n g  t h e r e f o r e  t h a t  coronary a r t e r y  examinations are inc reas ing  annual1.y 

a t  a rate of about 20% and t h a t  500,000 w e r e  performed l a s t  yea r  i n  t h e  

United S t a t e s  a lone.  The s tandard  procedure f o r  performing coronary ar- 

te r iography r e q u i r e s  c a t h e t e r i z a t i o n  of t h e  a r t e r y  i n  ques t ion  and t h e  

i n j e c t i o n ,  by t h i s  means, of a concentrated s o l u t i o n  of a n  iod ina ted  or- 

gan ic  compound immediately p r i o r  t o  t h e  x-ray examination. This  is  a n  

h igh ly  invas ive  procedure and c a r r i e s  too much r i s k  t o  b e  used i n  a scre- 

en ing  way. It is  a l s o  too  expensive,  s i n c e  i t  t y p i c a l l y  r e q u i r e s  admis- 

s i o n  t o  t h e  h o s p i t a l  f o r  two n i g h t s .  The c a t h e t e r i z a t i o n  and subsequent 

r a p i d  i n t r a v a s c u l a r  i n j e c t i o n  of t h e  concent ra ted  c o n t r a s t  medium used i n  

coronary a r t e r iog raphy  have a s soc ia t ed  dea th  and morbidi ty  rates today of 

0.5 and 1% r e s p e c t i v e l y .  These are much too high t o  permi t  a r t e r iog raphy  

t o  be used r o u t i n e l y  t o  recognize persons wi th  s i g n i f i c a n t  o b s t r u c t i o n  of 

t h e  coronary arteries.  The c o s t  of each such examination performed today 

i s  approximately $2,000, o r  about $500 m i l l i o n  nationwide. There is, 

t h e r e f o r e ,  an  u rgen t  need t o  reduce both t h e  r i s k  and t h e  c o s t  of coronary 

a r t e r iog raphy .  

Many of t hese  dea ths  and s e r i o u s  i n j u r i e s  could b e  prevented by 

The method we have i n  mind is f a m i l i a r  t o  you. It w a s  t h e  s u b j e c t  of 

Proposal  No. 8 2  a t  SSRL and i s  r e f e r r e d  t o  as dichromography. It involves  

t h e  a c q u i s i t i o n  of d i g i t a l  rad iographs  a t  x-ray ene rg ie s  s l i g h t l y  above and 

s l i g h t l y  below t h a t  of t h e  K abso rp t ion  edge i n  i o d i n e  a t  33.2 KeV and t h e  

subsequent s u b t r a c t i o n  of t hese  two images t o  achieve  maximum c o n t r a s t  i n  

t h e  v i s u a l i z a t i o n  of t h e  i n t r a - a r t e r i a l  iod ine .  E s t i m a t e s  sugges t  t h a t  t h i s  

technique may achieve  a s e n s i t i v i t y  t o  i o d i n e  on t h e  o r d e r  of l o 2  - l o3  
t i m e s  g r e a t e r  than  t h a t  achieved i n  p r e s e n t  r a d i o l o g i c a l  practice. The 

exac t  f i g u r e  w i l l  depend on t h e  e f f i c i e n c y  of t h e  x-ray d e t e c t o r ,  which 

should be as l a r g e  a s  poss ib l e .  I f  t h i s  enhancement is  r e a l i z a b l e  i t  of- 

f e r s  t h e  prospec t  of coronary a r t e r iog raphy  by venous i n j e c t i o n  and wi th  

reduced concen t r a t ions  of t he  iod ina ted  compounds. This  would e l imina te  

t h e  need f o r  c a t h e t e r i z a t i o n  and s u b s t a n t i a l l y  reduce b o t h  t h e  r i s k  and t h e  

c o s t  of t h e  procedure.  

$125. 

We es t ima te  t h a t  t h e  c o s t  might be on t h e  o rde r  of 
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The tests t h a t  w e  would l i k e  t o  do wi th  minimum delay  can be  done 

with equipment t h a t  i s  e s s e n t i a l l y  a l r eady  i n  hand, bu t  w e  would l i k e  t o  

go immediately t o  t h e  energy of t h e  K edge i n  iod ine .  The i n i t i a l  x-ray 

d e t e c t o r  could be,  f o r  example, a s i n g l e  small  c r y s t a l  of bismuth germi- 

n a t e ,  co l l imated  i n  order  t o  achieve  t h e  necessary f i n e  s p a t i a l  r e s o l u t i o n ,  

and mounted so  t h a t  i t  can be au tomat i ca l ly  scanned through t h e  h o r i z o n t a l  

width of t h e  beam. The output  would be i n t e g r a t e d  so t h a t  t h e  d e t e c t o r  

could ope ra t e  wi thout  count-rate  l i m i t a t i o n s  and t h e  r e s u l t s  would b e  i m -  

media te ly  a v a i l a b l e  through t h e  u s e  of a n  on-l ine d a t a  a c q u i s i t i o n  mini- 

computer. Subsequent tests, and t h e  experiment i t se l f ,  would b e  done wi th  

a real-time rad iographic  device  based on t h e  d i g i t a l  i n t e g r a t i o n  of t h e  

output  of a t e l e v i s i o n  camera. 

Coronary a r t e r iog raphy  i s  b u t  one of a l a r g e  number of a p p l i c a t i o n s  

t h a t  could b e n e f i t  f r o a  th2  dichromographic technique. Cerebral a r t e r i o -  

graphy c u r r e n t l y  c a r r i e s  major r i s k s  of s t r o k e  and dea th  as a r e s u l t  of 

t h e  invas ion  of t h e  r o o t  v e s s e l s  t o  t h e  b ra in .  I n  f a c t ,  any a r t e r y  of i m -  

por tance  could be s tud ied  by t h i s  non-invasive means. 

h i b i t  a degree of abnoraa l  and c h a r a c t e r i s t i c  v a s c u l a r i t y .  

t h e i r  i n v e s t i g a t i o n  r e q u i r e s  s e l e c t i v e  a r te r iograms involv ing  c a t h e t e r i z a -  

t i o n  of t h e  v e s s e l s  feeding  them. 

and presupposes a knowledge of t h e  presence and l o c a t i o n  of t h e  neoplasm. 

Neoplasms a l s o  ex- 

Current ly  

Often t h i s  i s  t e c h n i c a l l y  impossible  

We f e e l  t h a t  our  proposed s tudy  could be  of very  g r e a t  b e n e f i t  i n  t h e  

t rea tment  and prevent ion  of morbidi ty  and dea th  due t o  a major group of 

h e a l t h  problems. 

t o  be  a b l e  t o  conduct meaningful tests a t  SSRL i n  t h e  in t e r im .  

We in tend  t o  submit a d e t a i l e d  proposa l  t o  SSRL, b u t  hope 

Yours s i n c e r e l y ,  

a r r i e  Hughes 
n o r  R e s e a r c d o c i a t e  

Education, and 
Professor  of C l i n i c a l  Medicine 

Cont inued 
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-. -2- PROPOSAL NO. 

. Please give' a brief i :raCt Of t h e  proposal. Try tc tnfine yourself to this 
page 

I - .  - TITLE: I O D I N E  DICHROMOGRAPHY WITH MONOCHROMATIC X-RAY BEAMS FOR ANGIOGRAPHY 

SPOKESPERSON: E. Barrie Hughes, 

ABSTRACT: . .  . .  . .  

The purpose of t h i s  proposal i s  t o  demonstrate t h e  value of synchrotron r a d i a t i o n  i n  a 

s p e c i f i c  area of d iagnos t ic  radiology. This area, i n  which our i n t e r e s t  cen te r s  a t  t h i s  

time, concerns t h e  development of a non-invasive method of coronary angiography based on 

t h e  use of monochromatic x-ray beams a t  energies c lose  t o  t he  K absorp t ion  edge of iodine. 

A l l  o the r  development e f f o r t s ,  with t h e  exception of a preliminary inves t iga t ion  a t  SSRL, 

have employed standard commercial x-ray generators and, i n  consequence, have suffered from 

t h e  l ack  of t r u l y  monochromatic x-ray beams of adequate i n t e n s i t y .  The s p e c i f i c  motivation 

f o r  t h e  proposed s t u d i e s  is  an urgent need t o  reduce both the  r isk and t h e  cos t  of coronary 

arteriography. 

acqu i s i t i on  of d i g i t a l  radiographs a t  x-ray energies s l i g h t l y  above and below t h a t  of t h e  

K absorption edge i n  iod ine  a t  33.2 KeV and t h e  subsequent sub t r ac t ion  of these two images 

t o  achieve maximum c o n t r a s t  i n  t he  v i s u a l i z a t i o n  of t h e  i n t r a - a r t e r i a l  iodine. Estimates 

suggest t h a t  t h i s  technique, a t  SSRT.,, may achieve a s e n s i t i v i t y  t o  iod ine  on the  order of 

100 - 500 t i m e s  g rea t e r  than t h a t  achieved i n  present r ad io log ica l  p rac t i ce .  

posal c a l l s  f o r  t h e  performance of c e r t a i n ' t e s t s  with minimum delay  and with equipment t h a t  

i s  already e s s e n t i a l l y  i n  hand. 

w i l l  be obtained t o  explore t h e  u l t imate  s e n s i t i v i t y  of dichromography t o  iodine concentra- 

t i o n  and o ther  r e l a t e d  questions.  

posed tests, w i l l  employ a real-time radiographic device based on t h e  d i g i t a l  i n t eg ra t ion  

of t h e  output of an appropr ia te  x-ray sensor. 

The proposed method is re fe r r ed  t o  as dichromography. It involves t h e  

This pro- 

One-dimensional d i g i t a l  radiographs of inaminate phantoms 

Future work, based on t h e  success of t h e  present ly  pro- 
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In t roduct ion  

Angiography, t h e  rad io logic  v i s u a l i z a t i o n  of blood vessels containing 

c o n t r a s t  media, has  become a powerful method of diagnosing d i so rde r s  involv- 

i n g  t h e  c i r c u l a t i o n  of t h e  h e a r t ,  of t h e  brain,  and of o t h e r  vascular beds. 

The method provides information not  otherwise ava i lab le .  

niques cu r ren t ly  i n  use  involve invasive procedures which ca r ry  s i g n i f i c a n t  

r i s k s  of morbidity and of mortali ty.  

high d o l l a r  c o s t  of t he  procedures, have prevented t h e i r  more widespread 

use. This is espec ia l ly  t r u e  i n  coronary arteriography, which might other- 

w i s e  be employed as a screening procedure i n  c e r t a i n  h igh- r i sk  populations. 

However, t h e  tech- 

These l imi t a t ions ,  together wi th  t h e  

For these  reasons w e  propose a study of t h e  use of t h e  b r i l l i a n t  mono- 

chromatic x-ray source a t  SSRL i n  non-invasive angiography based on a 

dichromographic approach. 

I n t e n t  t o  SSRL on May 1, 1979 (see attachment), Professors W i l l i a m  R. Brody 

and Albert  Macovski of t he  Department of Radiology of the  School of Medicine 

and of t h e  Department of Electrical Engineering a t  Stanford University have 

agreed t o  j o i n  t h e  au thors  of t h a t  L e t t e r  a s  members of t h e  experiment team. 

The research  i n t e r e s t  of D r s .  Brody and Macovski include t h e  development of 

non-invasive methods of arteriography, which they are a c t i v e l y  pursuing i n  

t h e i r  own l abora tory .  

subsequent work, w i l l  b e n e f i t  s i g n i f i c a n t l y  from the  advice and involvement 

of t hese  researchers .  

Since t h e  wr i t i ng  of t h e  o r i g i n a l  Letter of 

W e  expect t h a t  the  proposed inves t iga t ion  at SSRL, and 

iv 



A. Description of Experiment . 

The purpose of t h i s  proposal i s  t o  demonstrate t h e  va lue  of synchrotron 

r a d i a t i o n  i n  angiography. 

s p e c i f i c  i n t e r e s t  a t  t h i s  t i m e  is centered on the  development of a non-iuvasive 

method of coronary angiography based on t h e  use  of monochromatic x-ray beams 

a t  energ ies  c l o s e  t o  t h e  K absorption edge of iodine. 

volved is not new. It was first mentioned i n  t h e  r a d i o l o g i c a l  l i t e r a t u r e  

by Jacobson i n  1953'l) and i n  recent  years  has received most a t t e n t i o n  from 

Mistretta and h i s  colleagues a t  the University of Wisconscin (2-5). All de- 

velopment e f f o r t s  however have employed standard commercial x-ray generators 

and, i n  consequence, have suf fered  from t h e  l ack  of t r u l y  monochromatic 

x-ray beams of adequate in t ens i ty .  

taken seve ra l  yea r s  ago a t  SSRL, using t h e  K absorption edge i n  copper, but 

was not pursued(6). 

t i a l l y  unexploited and t h e  opportunity provided by SSRL for a successfu l  de- 

velopment e f f o r t  i s  being ignored. 

Within t h i s  area of d iagnos t ic  radiology, ou r  

The p r i n c i p l e  in- 

A preliminary i n v e s t i g a t i o n  was under- 

A t  t h e  present  t i m e  t h e  p r i n c i p l e  involved is essen- 

One s p e c i f i c  motivation f o r  t h e  s t u d i e s  w e  propose i s  easy to understand. 

Premature h e a r t  d i sease  is  t h e  major hea l th  problem i n  t h e  United S t a t e s  today. 

Approximately 500,000 persons d i e  each year from d i sease  of the coronary 

arteries and many more s u f f e r  h e a r t  a t t a c k s  and consequent h e a r t  damage. 

proximately 50% of a l l  dea ths  are cardiovascular i n  o r i g i n  and one-fourth of 

a l l  t hese  p a t i e n t s  are under 65 yea r s  of age. 

much of t h e  morbidity could be prevented by surgery i f  a p r a c t i c a l  screening 

procedure ex is ted .  

Ap- 

Many of  these  deaths and 

It is  not  su rp r i s ing  therefore  t h a t  coronary a r t e r y  examina- 
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t i o n s  are increas ing  annually a t  a ra te  of about 20% and t h a t  500,000 were 

performed last  year  i n  t h e  United S t a t e s  alone. The standard procedure f o r  

performing coronary arteriography r equ i r e s  ca the t e r i za t ion  of t h e  a r t e r y  i n  

ques t ion  and t h e  i n j e c t i o n ,  by t h i s  means, of a concentrated so lu t ion  of an  

iodinated organic compound immediately p r i o r  to t h e  x-ray examination. 

i s  a 

screening way. 

s ion  t o  t h e  h o s p i t a l  f o r  two nights .  

rap id  in t r avascu la r  i n j e c t i o n  of t h e  concentrated c o n t r a s t  medium used i n  

coronary arteriography have assoc ia ted  death and morbidity rates today Of 

0.5 and 1.0% respec t ive ly .  

t o  be used rou t ine ly  t o  recognize persons with s i g n i f i c a n t  obs t ruc t ion  of 

t he  coronary arteries. The c o s t  of each such examination performed today 

is  approximately $2,000 o r  about $1,000 mi l l i on  nationwide. 

f o r e  an urgent need t o  reduce both t h e  r i s k  and the  cos t  of coronary ar- 

teriography. 

This 

h ighly  invas ive  procedure and c a r r i e s  too much r i s k  t o  be used i n  a 

It is a l s o  too expensive, s ince  i t  t y p i c a l l y  requi res  admis- 

The ca the te r i za t ion  and subsequent 

These are much too high t o  permit arteriography 

There is, there- 

The method w e  propose i s  re fe r r ed  t o  as dichromography. Optimally, i t  

involves the  a c q u i s i t i o n  of d i g i t a l  radiographs a t  x-ray energ ies  s l i g h t l y  

above and below t h a t  of t h e  K absorption edge i n  iod ine  a t  33.2 KeV and t h e  

subsequent sub t r ac t ion  of t hese  two images t o  achieve maximum con t ra s t  i n  

t h e  v i s u a l i z a t i o n  of t h e  i n t r a - a r t e r i a l  iodine. Estimates suggest t h a t  t h i s  

technique, a t  SSRL, may achieve a s e n s i t i v i t y  t o  iod ine  on t h e  order of'100 - 
500 t i m e s  g rea t e r  than t h a t  achieved i n  present r ad io log ica l  p r a c t i c e  

The exact f i g u r e  depends on t h e  e f f i c i ency  of t he  x-ray de tec to r ,  which should 

be as  l a r g e  as poss ib le .  

(7) . 

I f  t h i s  enhancement i s  r e a l i z a b l e ,  i t  o f f e r s  t h e  
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prospect of coronary a r te r iography by pe r iphe ra l  venous i n j e c t i o n  and therefore  

wi th  reduced concentration of iodinated compounds in t h e  coronary arteries. 

This.would e l imina te  t h e  need f o r  c a t h e t e r i z a t i o n  and s u b s t a n t i a l l y  reduce 

both t h e  r i s k  and t h e  c o s t  of t h e  procedure. The r a d i a t i o n  dose incurred by 

the  p a t i e n t  through t h e  use of monocromatic x-rays is increased relative t o  

t h e  use of t h e  t y p i c a l  continuous spectrum of higher mean energy, bu t  i s  w e l l  

w i th in  t h e  l i m i t s  of safe ty .  

t h a t  t h e  increase ,  relative t o  t h e  use of 70 KVp x-rays, is no more than a 

f a c t o r  of t h r e e  f o r  p a t i e n t  thicknesses up t o  20 gm cm-* i f  t he  de t ec to r  re- 

sponse, un l ike  f i lm,  i s  propor t iona l  t o  t h e  transmitted x-ray in t ens i ty .  

For example, a study by Ter-Pogossian") shows 

It has  long been recognized t h a t  information,about t h e  elemental composi- 

t i o n  of an  ob jec t  can be  obtained from t h e  comparison of radiographs taken w i t h  

d i f f e r e n t  i nc iden t  x-ray energy spectra"), o r  from t h e  measurement of changes 

i n  a t ransmi t ted  x-ray spectrum'''). 

radiographic s e n s i t i v i t y  t o  iod ine  is g r e a t l y  increased, is a spec ia l  i l l u s -  

Dichromography, by means of which the  

t r a t i o n  of t h i s  p r inc ip l e .  It takes advantage of t h e  sha rp  d iscont inui ty  i n  

t h e  x-ray absorption c o e f f i c i e n t  a t  t h e  K edge, which i n  iod ine  occurs a t  t h e  

r e l a t i v e l y  high energy of 33.2 KeV. Attempts t o  implement t h i s  idea have been 

made, bu t  never with monochromatic x-ray beams of t h e  l inewidth (% 1 eV) and 

i n t e n s i t y  t h a t  SSRL provides. Ins tead ,  r ecen t  i n v e s t i g a t o r s  have used heavy 

f i l t r a t i o n  (90 - 95%) of beams from standard x-ray generators t o  obta in  quasi- 

monochromatic beams of s u b s t a n t i a l  l inewidth (% 5000 e V )  and l imi ted  i n t e n s i t y .  

I n  t h i s  way they have demonstrated(2) a s e n s i t i v i t y  t o  iod ine  concentrations 

as low as Q 1 mg cm 

quired a cons iderable  e f f o r t .  The p r i n c i p a l  complexity, i n  consequence of 

t h e  l a r g e  l inewidth and l a r g e  separa t ion  (i 10,000 e V )  between t h e  peak energies 

of t h e  two quasi-monoenergetic beams, is t h e  background d i f f e rence  s igna l  due 

-2 . This i s  a l ready  a s u b s t a n t i a l  achievement but has re- 

0 0 2  I l b Z i  
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t o  v a r i a t i o n s  i n  t i s s u e  and bone th ickness  a long the poss ib l e  trajectories 

through the  specimen. Using only two quasi-monoenergetic beams, these d i f -  

ference s i g n a l s  can e a s i l y  overwhelm the  iod ine  signal and l i m i t  t h e  speci- 

mens t o  t i s s u e  thickness  v a r i a t i o n s  of less than 'L 1 c m  and t o  e s s e n t i a l l y  

bone-free regions.  

t i s s u e  and bone v a r i a t i o n s  of 'L 10 gm cm 

t h e  use  of t h r e e  quasi-monochromatic beams, each of which requi red  a d i f f e r e n t  

f i l t e r  and a d i f f e r e n t  terminal  vo l t age  and cu r ren t  f o r  t he  x-ray generator  

This is a complex procedure, time-consuming, and i n  need of op t imiza t ion  f o r  

each c l i n i c a l  problem. 

-2 A s e n s i t i v i t y  t o  iod ine  of 'L 1 mg c m  

-2 -2 and 2 gm c m  

i n  t h e  presence of 

was achieved only by 

(3)  . 

Clear ly ,  t he  i d e a l  approach t o  iod ine  dichromography is  t o  use  two mono- 

chromatic x-ray beams, both immediately ad jacent  t o  t h e  K absorpt ion edge b u t  

one wi th  energy above and one with energy below t h i s  edge. 

d i f f e rence  s i g n a l s  due t o  t i s s u e  and bone v a r i a t i o n s  are enormously suppressed. 

For a l inewidth of 

t h e  t i s s u e  and bone d i f f e rence  signals are % 5 x l ( ~ - ~ % / g m  c m  and 7 x l O - ' X / g m  cm- 

r e spec t ive ly ,  whereas t h e  iod ine  d i f f e rence  signal i s  ?, 3%/mg cm . The de- 

t e c t a b i l i t y  of i od ine  d i f f e r e n c e  s i g n a l s  on t h e  order  of th i s  s i z e ,  or l e s s ,  

now depends upon the  s t a b i l i t y  of t h e  x-ray beam i n t e n s i t y  and upon t h e  s t a -  

b i l i t y  and uniformity of t he  x-ray d e t e c t o r  e f f ic iency .  

of t h e  x-ray beam i n t e n s i t y  should be exce l l en t .  

I n  t h i s  way t h e  

1 ev and a spacing of % 5 e V  between the two beam ene rg ie s ,  

-2  

-2 

A t  SSRL t h e  s t a b i l i t y  

The systematic  v a r i a t i o n  d u e  

t o  the  decay of t h e  c i r c u l a t i n g  e l e c t r o n  cu r ren t  is  not  only p red ic t ab le ,  but 

a l s o  slow enough t o  be n e g l i g i b l e  during t h e  small t i m e  requi red  f o r  each ex- 

posure. 

by t h e  high i n t e n s i t y  of the  x-ray beams a t  SSRL. 

The problem of s t a b i l i t y  i n  t h e , d e t e c t o r  e f f i c i e n c y  is a l s o  minimized 

For example, f o r  a s tored  

currentof  30 mA and a beam energy of 3.5 GeV,  each d e t e c t o r  p i x e l  i n  a l i n e  ex- 

posure,  % 1 mm x 1 mm, w i l l  receive % 10 
' 4  monochromatic x-ray photons i n  about 
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10 usec. Even i f  t h e  de t ec t ion  e f f i c i ency  is only % lX, it  requ i r e s  only % 1 

msec t o  record t h i s  i n t e n s i t y  t o  a n  accuracy of 1%. The u l t ima te  s e n s i t i v i t y  

w i l l  probably be determined by t h e  r e s i d u a l  v a r i a t i o n s  i n  de t ec to r  e f f i c i ency  

from p i x e l  t o  p ixe l ,  which i t  w i l l  be  important t o  minimize. 

form t h e  de t ec t ion  apparatus takes ,  i t  is  a l s o  clear that t h e  radiographs must 

be  acquired i n  d i g i t a l  fashion. This w i l l  e l imina te  normalization problems i n  

sub t r ac t ion ,  and permit t h e  manipulation, enhancement and d i sp lay  of the  d i f -  

ference image i n  t h e  most appropr ia te  way. 

No matter what 

This proposal, t o  demonstrate t h e  va lue  of monochromatic beams i n  iod ine  

dichromugraphy, cal ls  f o r  u s  t o  perform c e r t a i n  tests wi th  minimum delay a n l  

with equipment t h a t  is  already e s s e n t i a l l y  i n  hand. The i r J t i a l  x-ray de tec to r  

w i l l  be  a s i n g l e  c r y s t a l  of bismuth germanate, coll imated i n  order t o  achieve 

t h e  necessary f i n e  s p a t i a l  r e s o l u t i o n  and mounted so t h a t  i t  can be auto- 

ma t i ca l ly  scanned through t h e  ho r i zon ta l  width of t h e  beam. The output will 

be in t eg ra t ed  so t h a t  t h e  de t ec to r  can opera te  without count-rate l i m i t a t i o n s  

and t h e  r e s u l t s  w i l l  be immediately a v a i l a b l e  through the use  of an on-line 

da t a  a c q u i s i t i o n  minicomputer. The rudimentary one-dimensional radiographs - 
t h a t  w e  w i l l  ob t a in  w i l l  t he re fo re  be i n  d i g i t a l  form, i n  keeping with the  

methodology t h a t  w e  envision f o r  f u t u r e  work. Future work, based on t h e  suc- 

cess of t h e  present ly  proposed tests, w i l l  employ a real-t ime radiographic device  

based on t h e  d i g i t a l  i n t eg ra t ion  of t h e  output of an appropr i a t e  x-ray sensor.  

The samples  t h a t  w e  w i l l  use  i n  the  present ly  proposed tests w i l l  con- 

sist e n t i r e l y  of inaminate phantoms. These phantoms w i l l  be designed: 

1) t o  explore t h e  u l t ima te  s e n s i t i v i t y  of dichromography t o  iod ine  

concentration, 

t o  demonstrate t h e  suppression of d i f f e rence  s i g n a l s  due t o  t i s s u e  

( l u c i t e  and water) and bone thickness v a r i a t i o n s ,  

2) 
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3 )  t o  explore t h e  v i s i b i l i t y  of channels (simulated blood vesse ls )  of 

var ious  diameters as a func t ion  of t h e  iod ine  concent ra t ion  wi th in  

the  channel. 

and 4) t o  explore t h e  v i s i b i l i t y  of iodinated channels i n  t h e  presence 

of extra-channel background concentrations of iodine.  

The iod ine  c o n t r a s t  agents t h a t  w e  w i l l  employ w i l l  be chosen from those 

i n  common use today i n  c l i n i c a l  angiography. 

Coronary a r te r iography is  but  one of a l a r g e  number of medical problems 

t h a t  could b e n e f i t  from the  dichromagraphic technique. 

graphy cu r ren t ly  carries major r i s k s  of s t r o k e  and death as a r e s u l t  of t he  

invasion of the  r o o t  v e s s e l s  of t h e  brain.  I n  f a c t ,  many arteries and ve ins  

Cerebral a r t e r i o -  

of c l i n i c a l  s ign i f i cance  could be  studied by t h i s  non-invasive means. 

plasms a l s o  exh ib i t  a degree of abnormal and c h a r a c t e r i s t i c  vascu la r i ty .  

Currently t h e i r  i nves t iga t ion  r e q u i r e s  s e l e c t i v e  arteriograms involving 

c a t h e t e r i z a t i o n  of t he  vessels feeding  them. Often t h i s  i s  technica l ly  im- 

Neo- 

poss ib le  and presupposes a knowledge of t h e  presence and l o c a t i o n  of the  

neoplasms. 

We f e e l  t h a t  our proposed study could be of very g rea t  b e n e f i t  i n  t h e  pre- 

vent ion  and treatment of morbidity and death due t o  a major group of hea l th  pro- 

blems. Present ly  unforseen app l i ca t ions  of monochromatic x-ray beams, not ne- 

c e s s a r i l y  l imi t ed  t o  those wi th  energ ies  adjacent t o  t h e  K absorption edge of 

iod ine  (or even t o  dichromography), may be stimulated by our work. W e  a r e  a l s o  

conscious of t h e  e f f o r t s  elsewhere t o  apply iodine dichromography t o  computerized 

tomography (C.T.)”’). It may be t h a t  t h e  one-dimensional cha rac t e r  of the 

x-ray beams a t  SSRL is n a t u r a l l y  s u i t e d  t o  the  planar scanning requirement of CT. 

W e  are a l s o  undeterred by t h e  present  a v a i l a b i l i t y  of i n t e n s e  monochromatic x-ray 

beams only a t  l abora to r i e s ,  such as SSRL, located ad jacent  to a high energy e l ec -  

t r o n  s torage  r ing .  We feel  t h a t  medical procedures may be developed a t  SSRL, 

0 0 2  I l b S i  
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o r  a t  o the r  such l abora to r i e s ,  whose i n t r i n s i c  value may outweigh t h i s  l i m i t a -  

t i on .  

a v a i l a b l e  x-ray beams. 

producing fn tense  monochromatic x-ray beams f o r  m e d i c a l  purposes i n  machines 

smaller than SPEAR. 

optimized i n  s i z e  and performance f o r  medical app l i ca t ions ,  o r  perhaps based 

upon t h e  i n t e r a c t i o n  of high power laser r a d i a t i o n  with i n t e n s e  cu r ren t s  of 

We are a l s o  conscious of t h e  p o t e n t i a l  use  of PEP as a source of r e a d i l y  

Moreover, we f e e l  t h a t  t he re  is a f u t u r e  p o t e n t i a l  f o r  

These machines may be e i t h e r  s i n g l e  beam s to rage  r i n g s  

e l ec t rons  i n  small s torage  r ings .  

B. Experimental Equipment 

The preferred beam l i n e  and s t a t i o n  f o r  t h e  proposed study is t h e  rapidly- 

tunable hard x-ray beam designed IV-1 (wiggler). 

t h a t  designated 1-5. 

v i d e  a l a r g e r  f l u x  of x-rays c l o s e  t o  33.2 KeV. 

t h e  K edge of iod ine  w i l l  be required.  

An a l t e r n a t i v e  beam l i n e  is 

The former is prefer red  because of i ts a b i l i t y  t o  pro- 

Beam energ ies  ad jacent  t o  

The experimental apparatus and con t ro l  equipment w i l l  be supplied by t h e  

High energy Physics Laboratory (HEPL) a t  Stanford and w i l l  be  thoroughly t e s t e d  

before  de l ive ry  t o  SSRL. 

than 24-in. x 24-in. x 24-in. and t h e  assoc ia ted  e l e c t r o n i c s  w i l l  be contained 

i n  two standard racks. 

The de tec to r  i t s e l f  w i l l  occupy a volume no l a r g e r  

C. Equipment Delivery Schedule 

The experimental equipment w i l l  be ready f o r  de l ive ry  t o  SSFU by Septem- 

ber  1, 1979. The x-ray de tec to r ,  assoc ia ted  e l ec t ron ic s  and c o n t r o l  computer 

are a l ready  i n  hand. 

f o r  t h e  de t ec to r  and the  mechanical device t h a t  w i l l  al low t h e  de t ec to r ,  o r  t h e  

specimens, t o  be moved through t h e  x-ray beam i n  two orthogonal d i r e c t i o n s  under 

computer cont ro l .  

be done during t h e  summer months of 1979. 

A l l  t h a t  remains t o  be  done i s  t o  cons t ruc t  t h e  mount 

These t a sks ,  and t h e  necessary software development, w i l l  
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D. Previous Experience with t h e  Techniques and F a c i l i t y  

The de tec to r ,  t h e  assoc ia ted  e l e c t r o n i c s  and the  minicomputer t h a t  w i l l  

be used i n  t h i s  study have a l l  been used previously by two members of t h e  

experiment t e a m .  These indiv idua ls  have r ecen t ly  b u i l t  and t e s t e d ,  a t  SLAC, 

a p r a y  de tec to r  containing c l o s e  t o  200 bismuth germanate c r y s t a l  elements, 

each 5 mm x 5 mm x 40 mm. 

module f o r  use with NaI(TI1) c r y s t a l s ,  and have recent ly  used 49 channels of 

t h i s  c i r c u i t r y  i n  extensive tests, a t  SLAC, of a modular a r r a y  of 49 NaI(TI1) 

modules, each 2%-in. x 2b5in. x 20 i n .  Minicomputers very similar t o  t h a t  

proposed f o r  use a t  SSRL w e r e  used i n  t h e  performance of both of t h e  above 

tests. 

t i c l e  physics and have successfu l ly  completed major experimental programs a t  

s eve ra l  p a r t i c l e  acce le ra to r s ,  including SLAC. I n  p a r t i c u l a r ,  they have 

been involved i n  t h e  high energy physics program a t  SPEAR s ince  t h e  s to rage  

r ing  became opera t iona l  i n  l a te  1972 and a r e  responsible f o r  t h e  p rec i s ion  

tests of quantum electrodynamics t h a t  have been conducted a t  SPEAR, as w e l l  

as seve ra l  o the r  i nves t iga t ions  i n  t h e  physics of e e 

energies.  

They have a l s o  developed an  e l e c t r o n i c  i n t e g r a t i o n  

These ind iv idua ls  a l s o  have extensive experience i n  experimental par- 

+ -  c o l l i s i o n s  a t  high 

The iod ine  c o n t r a s t  media and standard medical phantoms are r e a d i l y  

a v a i l a b l e  t o  o the r  members of t h e  experiment team, while spec ia l ized  phan- 

toms can e a s i l y  be constructed a t  HEPL. 
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E. Safety Concerns 

There are no hazardous ma te r i a l s  assoc ia ted  w i t h  t h i s  study. It may 

be necessary t o  use  a low energy r ad ioac t ive  source  i n  the test or cali- 

b r a t i o n  of our apparatus ,  b u t  t hese  are r e a d i l y  a v a i l a b l e  a t  both  SLAC and 

HEPL . 

F. Beam T i m e  Required 

There are four  separable  ques t ions  of i n t e r e s t  i n  t h i s  s tudy;  t hese  are 

l i s t e d  i n  Sec t ion  A. Af t e r  the i n i t i a l  check-out of t h e  appara tus  and pro- 

cedures i n  the  x-ray beam, which may r equ i r e  four  s h i f t s ,  w e  e s t ima te  t h a t  

t he  explora t ion  of each of t h e  four  ques t ions  of i n t e r e s t  may a l s o  occupy 

about four  s h i f t s .  The t o t a l  time estimate is, the re fo re ,  20 s h i f t s ,  t o  

which we should add a contingency of 10 s h i f t s  f o r  t h e  usua l  unpredic tab le  

problems. 

de l ivered  i n  blocks of between 3 - 4 s h i f t s  a t  a time. 

The o v e r a l l  t i m e  estimate is t he re fo re  30 s h i f t s ,  which should be 

G.  Data Analysis  Requirements 

We intend t o  analyze t h e  da t a  from t h i s  s tudy  with t h e  minicomputer 

t h a t  w i l l  be  used to  acqui re  t h e  da t a .  

t e m  wi th  a f o r t r a n  compiler and a memory capac i ty  of 30 k i l o b i t s .  

a n a l y s i s  t h a t  w e  f i n d  t o  be  more appropr ia te  f o r  a l a r g e r  computer w i l l  

be done e i t h e r  on the  SLAC or campus computers a t  our own expense. 

This computer i s  a DEC LS1-11 sys- 

Any 
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, . ', Please give' a brief abstract Of the proposal. Try to confine yourself to this 
page. 

- TITLE: IODINE DICHROMOGRAPHY WITH MONOCHROMATIC X-RAY BEAMS FOR ANGIOGRAPm 

S P O ~ S P E ~ O N :  E. Barrie Hughes. 

ABSTRACT: . .  
The purpose of t h i s  proposal i s  t o  demonstrate t h e  value of synchrotron r a d i a t i o n  i n  a 

s p e c i f i c  area of d i agnos t i c  radiology. This area, i n  which our i n t e r e s t  cen te r s  a t  t h i s  

t i m e ,  concerns t h e  development of a non-invasive method of coronary angiography based on 

the  use  of monochromatic x-ray beams a t  energ ies  c l o s e  t o  the  K absorp t ion  edge of iodine.  

A l l  o the r  development e f f o r t s ,  wi th  t h e  exception of a prel iminary inves t iga t ion  a t  SSlU, 

have employed s tandard  commercial x-ray generators  and, i n  consequence, have suf fered  from 

t h e  l a c k  of t r u l y  monochromatic x-ray beams of adequate i n t e n s i t y .  The s p e c i f i c  motivation 

f o r  t h e  proposed s t u d i e s  i s  an urgent need t o  reduce both the  r i s k  and the  cos t  of coronary 

a r te r iography.  The proposed method is r e f e r r e d  t o  as dichromography. 

a c q u i s i t i o n  of d i g i t a l  radiographs a t  x-ray energ ies  s l i g h t l y  above and below t h a t  of t he  

K absorp t ion  edge i n  iod ine  a t  33.2 KeV and the  subsequent sub t r ac t ion  of these  two images 

t o  achieve maximum c o n t r a s t  i n  t he  v i s u a l i z a t i o n  of t he  i n t r a - a r t e r i a l  iodine.  Estimates 

suggest  t h a t  th i s  technique, a t  SSRL, may achieve a s e n s i t i v i t y  t o  iod ine  on t h e  order  of 

100 - 500 t i m e s  g r e a t e r  than that achieved i n  present  r a d i o l o g i c a l  p rac t i ce .  T h i s  pro- 

posa l  c a l l s  f o r  t h e  performance of cer ta in  tests with minimum de lay  and with equipment t h a t  

is  a l ready  e s s e n t i a l l y  i n  hand. 

w i l l  be obtained t o  explore  the  u l t ima te  s e n s i t i v i t y  of dichromography t o  iodine concentra- 

t i o n  and o the r  r e l a t e d  quest ions.  Future  work, based on the  success  of t h e  present ly  pro- 

posed tests, w i l l  employ a real-time radiographic  device based on the  d i g i t a l  i n t e g r a t i o n  

of t h e  output  of an appropr i a t e  x-ray sensor.  

It involves the  

One-dimensional d i g i t a l  radiographs of inaminate phantoms 



In t roduct ion  

Angiography, t he  r ad io log ic  v i s u a l i z a t i o n  of blood vessels containing 

c o n t r a s t  media, has become a powerful method of diagnosing d isorders  involv- 

i ng  t h e  c i r c u l a t i o n  of t h e  h e a r t ,  of the  bra in ,  and of o ther  vascular beds. 

The method provides information not otherwise ava i lab le .  

niques cu r ren t ly  i n  use  involve invasive procedures which ca r ry  s i g n i f i c a n t  

However, t h e  tech- 

r i s k s  of morbidity and of mor ta l i ty .  These l imi t a t ions ,  together with t h e  

high d o l l a r  cos t  of t h e  procedures, have prevented t h e i r  more widespread 

use. This is espec ia l ly  t r u e  i n  coronary arteriography, which might other- 

w i s e  be employed as a screening procedure i n  c e r t a i n  high-risk populations. 

For these  reasons w e  propose a study of t h e  use of the  b r i l l i a n t  mono- 

chromatic x-ray source a t  SSRL i n  non-invasive angiography based on a 

dichromographic approach. 

I n t e n t  t o  SSRL on May 1, 1979 (see attachment), Professors W i l l i a m  R. Brody 

and Alber t  Macovski of t h e  Department of Radiology of t he  School of Medicine 

and of t h e  Department of E l e c t r i c a l  Engineering a t  Stanford University have 

Since 'the wr i t i ng  of t h e  o r i g i n a l  Letter of 

agreed t o  j o i n  t h e  au thors  of t h a t  Letter a s  members of t h e  experiment team. 

The research  i n t e r e s t  a f  D r s .  Brody and Macovski include t h e  development of 

non-invasive methods of arteriography, which they are a c t i v e l y  pursuing i n  

t h e i r  own laboratory.  

subsequent work, w i l l  b e n e f i t  s i g n i f i c a n t l y  from the  advice and involvement 

We expect t h a t  t he  proposed inves t iga t ion  a t  SSRL, and  

of these  researchers.  
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A. Descr ip t ion  of Experiment 

The purpose of t h i s  proposal i s  t o  demonstrate t h e  va lue  of synchrotron 

r a d i a t i o n  i n  angiography. 

s p e c i f i c  i n t e r e s t  a t  t h i s  time is centered on t h e  development of a non-invasive 

method of coronary angiography based on t h e  use of monochromatic x-ray beams 

a t  energ ies  c l o s e  t o  t h e  K absorption edge of iodine. 

volved is not  new. 

by Jacobson i n  1953'l) and i n  r ecen t  years  has received most a t t e n t i o n  from 

Mistretta and h i s  colleagues a t  t h e  University of Wisconscin (2-5) .  All de- 

Within t h i s  area of d iagnos t ic  radiology, our 

The p r inc ip l e  in- 

It w a s  f i r s t  mentioned i n  t h e  r ad io log ica l  l i terature 

velopment e f f o r t s  however have employed standard commercial x-ray generators 

and, i n  consequence, have suf fered  from t h e J a c k  of t r u l y  monochromatic 

x-ray beams of adequate i n t e n s i t y .  

taken several yea r s  ago a t  SSRL, us ing  the  K absorption edge i n  copper, but 

w a s  not pursuedc6). 

t i a l l y  unexploited and t h e  opportunity provided by SSRL f o r  a successful de- 

velopment e f f o r t  is being ignored. 

A preliminary inves t iga t ion  was under- 

A t  t h e  present  t i m e  t h e  p r i n c i p l e  involved is essen- 

One s p e c i f i c  motivation f o r  t h e  s t u d i e s  w e  propose is easy to understand. 

Premature h e a r t  d i sease  is  t h e  major hea l th  problem i n  t h e  United S t a t e s  today. 

Approximately 500,000 persons d i e  each year from d i sease  of t h e  coronary 

arteries and many more s u f f e r  h e a r t  attacks and consequent h e a r t  damage. 

proximately 50% of 211 dea ths  are cardiovascular i n  o r i g i n  and one-fourth of 

a l l  these  p a t i e n t s  are under 65 yea r s  of age. 

much of t h e  morbidity could be prevented by surgery i f  a p r a c t i c a l  screening 

procedure ex is ted .  

Ap- 

Many of these  deaths and 

It is not  su rp r i s ing  the re fo re  t h a t  coronary a r t e r y  examina- 
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t i o n s  are increas ing  annually a t  a rate of about 20Z and t h a t  500,000 w e r e  

performed l a s t  year  i n  the  United S t a t e s  alone. The standard procedure f o r  

performing coronary artcrfoKraphy r equ i r e s  c a t h e t e r i z a t i o n  of t h e  a r t e r y  i n  

ques t ion  and t h e  i n j e c t i o n ,  by t h i s  means, of a concentrated s o l u t i o n  of an  

iodinated organic  compound immediately p r i o r  t o  the  x-ray examination. 

is a 

screening way. 

s ion  to  the  h o s p i t a l  f o r  two nights .  

r ap id  in t r avascu la r  i n j e c t i o n  of t h e  concentrated c o n t r a s t  medium used i n  

coronary a r te r iography have assoc ia ted  dea th  and morbidity rates today Of 

0.5 and 1.0% respec t ive ly .  

to  be  used rou t ine ly  t o  recognize persons with s i g n i f i c a n t  obs t ruc t ion  of 

t h e  coronary arteries. The c o s t  of each such examination performed today 

is  approximately $2,000 o r  about $1,000 mil l ion  nationwide. 

f o r e  an urgent  need t o  reduce both t h e  r i s k  and the c o s t  of coronary ar- 

ter iography.  

This  

h ighly  invasive procedure and carries too much r i s k  to  be used i n  a 

It is  also too expensive, s i n c e  i t  t y p i c a l l y  r equ i r e s  admis- 

The c a t h e t e r i z a t i o n  and subsequent 

These are much too high t o  permit ar ter iography 

There is, there- 

The method we propose is r e f e r r e d  t o  as dichromography. Optimally, i t  

involves  the  a c q u i s i t i o n  of d i g i t a l  radiographs a t  x-ray ene rg ie s  s l i g h t l y  

above and below t h a t  of t h e  K absorpt ion edge i n  iod ine  a t  33.2 KeV and t h e  

subsequent sub t r ac t ion  of t hese  two images t o  achieve maximum c o n t r a s t  i n  

t he  v i s u a l i z a t i o n  of t h e  i n t r a - a r t e r i a l  iodine.  Estimates suggest  t h a t  t h i s  

technique, a t  SSRL, may achieve a s e n s i t i v i t y  t o  iod ine  on t h e  order  of'100 - 
500 times g r e a t e r  than t h a t  achieved i n  present  r ad io log ica l  p r a c t i c e  

The exact  f i g u r e  depends on the e f f i c i ency  of the  x-ray de tec to r ,  which should 

be as l a r g e  as poss ib le .  I f  t h i s  enhancement i s  r e a l i z a b l e ,  i t  o f f e r s  t he  

(7) . 
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prospect of coronary a r te r iography by per iphera l  venous i n j e c t i o n  and the re fo re  

with reduced concentration of iodinated compounds i n  the coronary arteries. 

This would e l imina te  t h e  need f o r  c a t h e t e r i z a t i o n  and s u b s t a n t i a l l y  reduce 

both the  r i s k  and t h e  c o s t  of t h e  procedure. 

the  p a t i e n t  through t h e  use of monocromatic x-rays is increased relative t o  

the  use  of t h e  t y p i c a l  continuous spectrum of higher mean energy, but is w e l l  

w i th in  t h e  l i m i t s  of s a fe ty .  

t h a t  t h e  increase ,  r e l a t i v e  t o  t h e  use of 70 KVp x-rays, is no more t h a n  a 

f a c t o r  of t h ree  f o r  p a t i e n t  thicknesses up t o  20 gm c m  

The r a d i a t i o n  dose incurred by 

For example, a study by Ter-Pogossian(8) shows 

-2 i f  the de tec to r  re- 

sponse, un l ike  fi lm, i s  propor t iona l  to t h e  transmitted x-ray i n t e n s i t y .  

It has long been recognized t h a t  information about t he  elemental composi- 

t i o n  of an objec t  can be obtained from t h e  comparison of radiographs taken with 

d i f f e r e n t  i nc iden t  x-ray energy spectra"), o r  from t h e  measurement of changes 

i n  a t ransmi t ted  x-ray spectrum(l0). 

radiographic s e n s i t i v i t y  t o  iod ine  is g r e a t l y  increased, is a spec ia l  illus- 

Dichromography, by means of which t h e  

t r a t i o n  of t h i s  p r inc ip l e .  It takes advantage of t h e  sharp  d iscont inui ty  i n  

t he  x-ray absorption c o e f f i c i e n t  a t  t h e  K edge, which i n  iod ine  occurs a t  t h e  

r e l a t i v e l y  high energy of 33.2 Rev. 

made, bu t  never with monochromatic x-ray beams of t h e  l inewidth (% 1 eV) and 

A t t e m p t s  t o  implement this idea have been 

i n t e n s i t y  t h a t  SSRL provides. Ins tead ,  r ecen t  i n v e s t i g a t o r s  have used heavy 

f i l t r a t i o n  (90 - 95%) of beams from standard x-ray genera tors  t o  obta in  q u a s i -  

monochromatic beams of s u b s t a n t i a l  l inewidth (% 5000 eV) and l imi ted  i n t e n s i t y .  

I n  t h i s  way they have demonstrated(2) a s e n s i t i v i t y  t o  iod ine  concentrations 

-2 as low as 1 m g  c m  . This is a l ready  a s u b s t a n t i a l  achievement but has re- 

quired a cons iderable  e f f o r t .  The p r i n c i p a l  complexity, i n  consequence of 

t h e  l a r g e  l inewidth and l a r g e  separa t ion  ('L 10,000 eV) between t h e  peak energies 

of t he  two quasi-monoenergetic beams, i s  t h e  background d i f f e rence  s i g n a l  due 
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t o  v a r i a t i o n s  i n  t i s s u e  and bone thickness along the  poss ib l e  t r a j e c t o r i e s  

through the  specimen. Using only two quasi-monoenergetic beams, t hese  d i f -  

fe rence  s i g n a l s  can e a s i l y  overwhelm the  iod ine  s igna l  and l i m i t  t he  speci-  

mens t o  t i s s u e  t h i c h e s s  v a r i a t i o n s  of less than % 1 cm and t o  e s s e n t i a l l y  

bone-free regions.  

t i s s u e  and bone v a r i a t i o n s  of % 10 gm c m  

t h e  use  of t h ree  quasi-monochromatic beams, each of which required a d i f f e r e n t  

- 2  A s e n s i t i v i t y  t o  iod ine  of % 1 mg c m  

-2 -2 and 2 gm c m  

i n  t h e  presence of 

was achieved only by 

(3)  f i l t e r  and a d i f f e r e n t  terminal vo l tage  and cu r ren t  f o r  t h e  x-ray generator . 
This  i s  a complex procedure, time-consuming, and i n  need of op t imiza t ion  f o r  

each c l i n i c a l  problem. 

Clearly,  t he  i d e a l  approach t o  iodine dichromography i s  t o  use two mono- 

chromatic x-ray beams, both immediately adjacent t o  t h e  K absorption edge but 

one with energy above and one with energy below t h i s  edge. I n  t h i s  way the  

d i f f e rence  s i g n a l s  due t o  t i s s u e  and bone va r i a t ions  are enormously suppressed. 

For a l inewidth of % 1 ev and a spacing of % 5 e V  between t h e  two beam energies,  

t h e  t i s s u e  and bone d i f f e rence  signals are % 5 x lO-’%/gm cm-’ and 7 x 10-4%/p cm’ 

r e spec t ive ly ,  whereas t h e  iod ine  d i f f e rence  s i g n a l  is % 3%/mg c m  -2 . The de- 

t e c t a b i l i t y  of iod ine  d i f f e rence  s i g n a l s  on the  order of t h i s  s i z e ,  o r  less, 

now depends upon t he  s t a b i l i t y  of t h e  x-ray beam i n t e n s i t y  and upon t h e  sta- 

b i l i t y  and uniformity of the  x-ray de tec to r  efficiency. A t  SSRL t h e  s t a b i l i t y  

of t h e  x-ray beam i n t e n s i t y  should be exce l len t .  The systematic v a r i a t i o n  due 

t o  t h e  decay of t h e  c i r c u l a t i n g  e l ec t ron  cu r ren t  is  not only p red ic t ab le ,  but 

a l s o  slow enough t o  be n e g l i g i b l e  during t h e  s m a l l  t i m e  required f o r  each ex- 

posure. 

by t h e  high i n t e n s i t y  of t h e  x-ray beams a t  SSRL. 

The problem of s t a b i l i t y  i n  the  de t ec to r  e f f i c i ency  is a l s o  minimized 

For example, for a s tored  

\ currentof 30 mA and a beam energy of 3.5 GeV, each de tec to r  p i x e l  in a l i n e  ex- 

posure, % 1 mm x 1 mm, w i l l  r ece ive  % 10 monochromatic x-ray photons i n  about c4 

. 



10 usec. Even i f  t h e  de t ec t ion  e f f i c i ency  i s  only ?, I%, it r equ i r e s  only Q, 1 

msec t o  record t h i s  i n t e n s i t y  t o  a n  accuracy of 1%. The u l t i m a t e  s e n s i t i v i t y  

w i l l  probably be determined by the  r e s i d u a l  v a r i a t i o n s  i n  de t ec to r  e f f i c i ency  

from p i x e l  t o  p ixe l ,  which i t  w i l l  be  important t o  minimize. No matter what 

form t h e  de t ec t ion  apparatus takes ,  i t  is  a l s o  c l e a r  t h a t  t he  radiographs must 

be  acquired i n  d i g i t a l  fashion. This w i l l  e l imina te  normalization problems i n  

sub t r ac t ion ,  and permit t h e  manipulation, enhancement and d i sp lay  of t h e  d i f -  

ference image i n  t h e  most appropr i a t e  way. 

This proposal, t o  demonstrate t h e  va lue  of monochromatic beams i n  iod ine  

dichromography, calls  f o r  us t o  perform c e r t a i n  tests with minimum delay an< 

w i t h  equipment t h a t  is a l ready  e s s e n t i a l l y  i n  hand. The ir ' i t ial  x-ray de tec tor  

w i l l  be a s i n g l e  c r y s t a l  of bismuth germanate, collimated i n  order t o  achieve 

t h e  necessary f i n e  s p a t i a l  r e s o l u t i o n  and mounted so t h a t  i t  can be auto- 

mat ica l ly  scanned through t h e  ho r i zon ta l  width of t h e  beam. 

be in t eg ra t ed  so t h a t  t h e  de t ec to r  can ope ra t e  without count-rate l i m i t a t i o n s  

and t h e  r e s u l t s  w i l l  be  immediately a v a i l a b l e  through t h e  use  of an on-line 

The output w i l l  

da t a  a c q u i s i t i o n  minicomputer. 

t h a t  w e  w i l l  ob t a in  w i l l  t he re fo re  be i n  d i g i t a l  form, i n  keeping with the  

methodology t h a t  w e  envision f o r  f u t u r e  work. 

cess of t h e  p re sen t ly  proposed tests, w i l l  employ a real-time radiographic device 

based on t h e  d i g i t a l  i n t e g r a t i o n  of t h e  output of a n  appropr ia te  x-ray sensor. 

The rudimentary one-dimensional radiographs - 

Future work, based on t h e  suc- 

The samples t h a t  w e  w i l l  use  i n  the  present ly  proposed tests w i l l  con- 

sist e n t i r e l y  of inaminate phantoms. These phantoms w i l l  be designed: 

1) t o  explore t h e  u l t ima te  s e n s i t i v i t y  of dichromography t o  iod ine  

concentration, 

t o  demonstrate t he  suppression of d i f f e rence  s i g n a l s  due t o  t i s s u e  

( l u c i t e  and water) and bone th ickness  va r i a t ions ,  

2) 

E 
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3 )  t o  explore  the  v i s i b i l i t y  of channels (simulated blood vessels) of 

var ious  diameters as a func t ion  of t h e  iod ine  concent ra t ion  wi th in  

the  channel. 

to  explore  the  v i s i b i l i t y  of iodinated channels i n  the presence 

of extra-channel background concentrat ions of iodine.  

and 4) 

The iod ine  c o n t r a s t  agents  t h a t  w e  w i l l  employ w i l l  b e  chosen from those 

i n  common use  today i n  c l i n i c a l  angiography. 

Coronary a r te r iography is bu t  one of a l a r g e  number of medical problems 

t h a t  could b e n e f i t  from the  dichromagraphic technique. 

graphy cu r ren t ly  c a r r i e s  major r i s k s  of s t r o k e  and death as a r e s u l t  of t he  

invas ion  of t h e  r o o t  vessels of t h e  bra in .  

of c l i n i c a l  s ign i f i cance  could b e  s tudied  by t h i s  non-invasive means. 

plasms also e x h i b i t  a degree of abnormal and c h a r a c t e r i s t i c  vascu la r i ty .  

Current ly  t h e i r  i nves t iga t ion  r equ i r e s  s e l e c t i v e  ar ter iograms involving 

c a t h e t e r i z a t i o n  of the  v e s s e l s  feeding them. Often t h i s  is t echn ica l ly  i m -  

pos s ib l e  and presupposes a knowledge of t h e  presence and l o c a t i o n  of t he  

neoplasms. 

Cerebral  arterio- 

I n  f a c t ,  many arteries and ve ins  

Neo- 

We feel  t h a t  our  proposed s tudy could be  of very g rea t  b e n e f i t  i n  t h e  pre- 

vent ion  and t reatment  of morbidity and death due t o  a major group of h e a l t h  pro- 

blems. Present ly  unforseen app l i ca t ions  of monochromatic x-ray beams, not  ne- 

c e s s a r i l y  l imi t ed  t o  those  with energ ies  ad jacent  t o  t h e  K absorpt ion edge of 

i od ine  (or even t o  dichromography), may be s t imulated by our work. 

conscious of t h e  e f f o r t s  elsewhere t o  apply iod ine  dichromography t o  computerized 

We are a l s o  

tomography (C.T.) (''I. It may be t h a t  t h e  one-dimensional charac te r  of t he  

x-ray beams a t  SSRL is n a t u r a l l y  s u i t e d  t o  the  planar  scanning requirement of CT. 

We are a l s o  undeterred by the  present  a v a i l a b i l i t y  of in t ense  monochromatic x-ray 

beams only a t  l a b o r a t o r i e s ,  such as SSRL, located adjacent  t o  a high energy elec-  

t r o n  s to rage  r ing .  We f e e l  t h a t  medical procedures may be  developed a t  SSRL, 

0 0 2 1  17% 
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or a t  o the r  such l abora to r i e s ,  whose i n t r i n s i c  va lue  may outweigh this limita- 

t ion .  

a v a i l a b l e  x-ray beams. 

producing in t ense  monochromatic x-ray beams f o r  medical purposes i n  machines 

smaller than SPEAR. 

optimized i n  s i z e  and performance f o r  medical app l i ca t ions ,  o r  perhaps based 

upon t h e  i n t e r a c t i o n  of high power laser r a d i a t i o n  wi th  i n t e n s e  cu r ren t s  of 

e l ec t rons  i n  small s to rage  r ings .  

W e  are a l s o  conscious of t h e  p o t e n t i a l  use  of PEP as a source of r e a d i l y  

Moreover, w e  f e e l  t h a t  there  I s  a f u t u r e  p o t e n t i a l  f o r  

These machines may be e i t h e r  s i n g l e  beam s to rage  r i n g s  

B. Experimental Equipment 

The prefer red  beam l i n e  and s t a t i o n  for t h e  proposed s tudy  is  t h e  rapidly- 

tunable hard x-ray beam designed I V - 1  (wiggler). 

t h a t  designated 1-5. 

v i d e  a l a r g e r  f l u x  of x-rays c l o s e  t o  33.2 KeV. 

t h e  K edge of iod ine  w i l l  be required.  

An a l t e r n a t i v e  beam l i n e  i s  

The former is prefer red  because of its a b i l i t y  t o  pro- 

Beam energ ies  ad jacent  t o  

The experimental apparatus and con t ro l  equipment w i l l  be supplied by the 

High energy Physics Laboratory (HEPL) a t  Stanford and w i l l  be  thoroughly t e s t e d  

before  de l ive ry  t o  SSRL. 

than 24-in. x 24-in. x 24-in. and t h e  assoc ia ted  e l e c t r o n i c s  w i l l  be contained 

i n  two standard racks. 

The de tec to r  i t s e l f  w i l l  occupy a volume no l a r g e r  

C. Equipment Delivery Schedule 

h 
ber  A 

h;) 
0 

are d 
Q) 
A f o r  .. 

The experimental equipment w i l l  be ready fo r  de l ive ry  t o  SSRL by Septem- 

1, 1979. The x-ray de tec to r ,  assoc ia ted  e l e c t r o n i c s  and con t ro l  computer 

a l ready  i n  hand. All t h a t  remains t o  be done is t o  cons t ruc t  t h e  mount 

t he  de t ec to r  and the  mechanical device t h a t  w i l l  a l low t h e  de t ec to r ,  o r  t h e  

specimens, t o  be moved through t h e  x-ray beam i n  two orthogonal d i r e c t i o n s  under 

computer cont ro l .  These t a sks ,  and t h e  necessary software development, will 

be done during the  summer months of 1979. 
, I ,  
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D. Previous Experience with t h e  Techniques and F a c i l i t y  

The de tec to r ,  the  assoc ia ted  e l e c t r o n i c s  and t h e  minicomputer t h a t  will 

be used i n  t h i s  study have a l l  been used previously by two members of t he  

experiment team. These ind iv idua ls  have r ecen t ly  b u i l t  and t e s t ed ,  a t  SLAC, 

a 7-ray de tec to r  containing c l o s e  t o  200 bismuth germanate c r y s t a l  elements, 

each 5 m x 5 mm x 40 mm. 

module f o r  use with NaI(T2) crystals, and have r ecen t ly  used 49 channels of  

t h i s  c i r c u i t r y  i n  extensive tests, a t  SLAC, of a modular a r r a y  of 49 NaI(TR) 

modules, each 2k-in. x 23pin. x 20 i n .  Minicomputers very similar t o  t h a t  

proposed f o r  u se  a t  SSRL were used i n  t h e  performance of both of t h e  above 

tests. 

t i c l e  physics and have successfu l ly  completed major experimental programs a t  

s eve ra l  p a r t i c l e  acce le ra to r s ,  including SLAC. I n  p a r t i c u l a r ,  they have 

been involved i n  t h e  high energy physics program a t  SPEAR s i n c e  the  s torage  

r i n g  became ope ra t iona l  i n  la te  1972 and are respons ib le  f o r  t h e  prec is ion  

tests of quantum electrodynamics t h a t  have been conducted a t  SPEAR, as  well 

as several o the r  i nves t iga t ions  i n  t h e  physics of e e 

energies . 

They have a l s o  developed a n  e l ec t ron ic  i n t e g r a t i o n  

These indiv idua ls  a l s o  have extensive experience i n  experimental par- 

+ -  c o l l i s i o n s  a t  high 

The i od ine  c o n t r a s t  media and standard medical phantoms are r ead i ly  

a v a i l a b l e  t o  o t h e r  members of t h e  experiment team, while spec ia l ized  phan- 

toms can e a s i l y  be  constructed a t  HEPL. 

E 
li 

-8- 



E. Safety Concerns 

There are no hazardous ma te r i a l s  associated with this study. It may 

be necessary t o  use  a low energy r ad ioac t ive  source i n  t h e  test o r  cal i -  

b r a t i o n  of our apparatus,  bu t  t hese  are r e a d i l y  a v a i l a b l e  at both SLAC and 

HEPL . 

F. Beam Time Required 

There are four  separable  questions of i n t e r e s t  i n  t h i s  study; t h e s e  are 

l i s t e d  i n  Section A. Af te r  t h e  i n i t i a l  check-out of t h e  apparatus and pro- 

cedures i n  t h e  x-ray beam, which may r equ i r e  four s h i f t s ,  w e  estimate t h a t  

t he  explora t ion  of each of t h e  four questions of i n t e r e s t  may a l s o  occupy 

about four  s h i f t s .  The t o t a l  time estimate is, therefore ,  20 s h i f t s ,  t o  

which w e  should add a contingency of 10 s h i f t s  f o r  t h e  usua l  unpredictable 

problems. The o v e r a l l  t i m e  estimate is t he re fo re  30 s h i f t s ,  whfch should be 

de l ivered  i n  blocks of between 3 - 4 s h i f t s  a t  a t i m e .  

G .  Data Analysis Requirements 

W e  intend t o  analyze t h e  d a t a  from t h i s  study with t h e  minicomputer 

t h a t  w i l l  be used t o  acqui re  t h e  da ta .  

t e m  wi th  a f o r t r a n  compiler and a memory capac i ty  of 30 k i l o b i t s .  

a n a l y s i s  t h a t  w e  f i nd  t o  be more appropr ia te  f o r  a l a r g e r  computer w i l l  

be done e i t h e r  on the  SLAC o r  campus computers a t  our own expense. 

This computer is a DEC LS1-11 sys- 

Any 

0 0 2  11821 
-9- 



.-  . 

REFERENCES 

(3) 

( 4 )  

(5) 

(7) 

Jacobson, B., "Dichromatic Absorption Radiography: Dichromography," 

Acta Radiologica 2, 437 (1953). 

M i s t r e t t a ,  C.A., O r t ,  M.G., Kelcz, F. ,  Cameron, J.R., Sieband, M.P. 

and Crummy, A.B., "Absorption Edge Fluoroscopy Using Quasi- 

Monoenergetic X-ray Beams , "  Inves t .  Radiol. - 8, 402 (1973). 

Kelcz, F. and Mistretta, C.A., "Absorption Edge Fluoroscopy Using a 

Three-Spectrum Technique," Medical Physics - 3, 159 (1976). 

Kelcz, F., M i s t r e t t a ,  C.A. and Riederer, S.J., "Spectral  Considerations 

for Absorption Edge Fluoroscopy," Medical Physics 5, 26 (1977). 

Kruger, R.A., Mistretta, C.A., Crummy, A.B., Sacke t t ,  J.F., Goodsi t t ,  M.M 

Riederer ,  S.J.,  Houk, T.L., Shaw, C-G and Fleming, D., 

"Dig i ta l  K edge Subt rac t ion  Radiography," Radiology - 125, 242 (1977). 

Chu, G . ,  Doniach, S., Hastings,  J., Marshall ,  B., Salsburg, B. and 

Freeman, W.,  "Dichromography: An Applicat ion of Synchrotron 

Radiat ion t o  Medical Diagnostic Radiology," Stanford Synchrotron 

Radiat ion Laboratory: Proposal No. 82, 1976. 

Doniach, S, and Pierce ,  D., "The Uses of Synchrotron Radiation f o r  

Medical Diagnostics," Stanford-SLAC Synchrotron Radiat ion Labora- 

t o r y  Report No. 1 (unpublished), 1971. 

Ter-Pogossian, M., "Monochromatic Roentgen Rays i n  Contrast  Media 

Roentgenography," Acta Radiol. - 45, 313 (1956). 

0 0 2  1 1 8 3 )  i 
-10- 



( 9 )  Jacobson, B., %-ray Spectrophometry in Vivo," Am. J. Roentgenol., 

Rad. Therapy and Nuclear Med. - 91, 202 (1964). 

(10) Alvarez, R.E. and MacovsM, A., "Energy-selective Reconstructions in 

X-ray Computerized Tomography," Phys. Med. and Biol. 21, 733 (1976). 
(11) Riederer, S . J .  and Mistretta, C.A., "Selective Iodine Imaging Using 

K Edge Energies in Computerized X-ray Tomography," Medical Physics 5, 
464 (1977). 

0 0 2  11841 -11- 



ADDENDUM I1 TO PROPOSAL 456B 

"A STUDY OF IODINE DICHROMOGRAPHY 

WITH MONOCHROMATIC X-RAY BEAMS FOR ANGIOGRAPHY" 

Co-fnves tigators : E. Barrie Hughes 

Edward Rubenstein 

Robert Hof s tad ter 

W i l l i a m  R .  Brody 

Albert Macovski 

W .  W .  Hansen Laboratories of Physics 
and 

School of Medicine 
Stanford University 

Stanford, California 94305 

0 0 2  11858 I 

March 1980 

I 



The prepara t ion  of t h i s  document w a s  prompted by our r e c e i p t  of the  

exper t  review requested by the  SSRL Program Review Panel  i n  January 1980. 

We w i l l  g ive our  response t o  each of t he  items r a i s e d ,  but  w e  wish f i r s t  to 

remark t h a t  t he  scope of t h i s  latest  review seems to  go considerably beyond 

t h a t  of t he  s i x  earlier reviews conducted i n  the  per iod J u l y  - August 1979. 

The proposal  under review was w r i t t e n ,  upon the  advice of t h e  Di rec to ra t e  

of SSRL, n o t  f o r  the  immediate purpose of secur ing  s u f f i c i e n t  beam time and 

f a c i l i t i e s  t o  take coronary ar ter iograms i n  p a t i e n t s ,  bu t  on ly  to conduct 

the  f i r s t  s t a g e s  of such a program. 

of our Proposal,  as i s  our i n t e n t i o n  to  employ only inanimate phantoms a t  

t h i s  time. 

understood by the  e a r l i e r  reviewers,  four  of whom gave us t h e i r  unqual i f ied  

endorsement. 

not f i nd  a complete t echn ica l  d i scuss ion  of exac t ly  how w e  i n t end  t o  acqu i re  

coronary images i n  p a t i e n t s  a t  SSRL.. 

f o r  f u t u r e  proposals .  A t  t he  time w e  wrote our cu r ren t  Proposal  w e  had iden- 

t i f i e d  s o l u t i o n s  to  some of the  technica l  problems r e l a t e d  to t he  r e a l i z a t i o n  

of a d i agnos t i c  c l i n i c  f o r  coronary angiography a t  SSRL, bu t  not  to a l l  of 

them. Since t h a t  t i m e  w e  have continued t o  study these  problems, o f t e n  i n  

consu l t a t ion  with the  SSRL s t a f f ,  and a t  the  present  t i m e  w e  f e e l  t h a t  ve have 

p r a c t i c a l  s o l u t i o n s  t o  a l l  of t he  major problems. 

p r o j e c t  has  been i n  a dynamic state of development f o r  the  p a s t  n i n e  months, 

and w e  expect t o  communicate t h e  r e s u l t s  of t hese  e f f o r t s  t o  t h e  Program Re-  

view Panel a t  the  appropr ia te  t i m e  in the  context  of new proposa ls .  

ncz fee l  i t  wise t o  delay the  execut ion of the  s p e c i f i c  fundamental tests 

c a l l e d  f o r  i n  our  f i r s t  proposal u n t i l  our t o t a l  development e f f o r t  was con- 

cer,rl;slly complete and w e  hope the re fo re  t h a t  the  Program R e v i e w  Panel,  and 

t he  3 i r e c t o r a t e  of SSRL, w i l l  continue to  review our f i r s t  p roposa l  with t h e s e  

thoughts i n  mind, o r  i n s t r u c t  us otherwise.  

This i s  s p e c i f i c a l l y  s t a t e d  on page 5 

The l imi t ed  scope of our f i r s t  proposal seems t o  have been well-  

W e  are no t  a t  a l l  su rp r i sed  t h a t  the  r ecen t  e x p e r t  reviewer d i d  

We regarded these  de t a i l s  as appropr i a t e  

Not s u r p r i s i n g l y ,  our  

We d i d  

0 0 2  t 1 8 b i  
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Clearly,  w e  agree with the  opinion of the  exper t  reviewer t h a t  coronary 

a r te r iography cannot be done using the  quasi-monoenergetic x-ray beams pro- 
vided by standard x-ray sources. 

Addendum t o  our Proposal t h a t  w e  submitted t o  SSRL on August 30, 1979. 

This i s  e x p l i c i t l y  s t a t e d  on page 7 of t h e  

Contrary t o  t h e  claim of t h e  expert  reviewer, t h e  instrumentation t h a t  

w e  propose t o  use t o  ob ta in  our i n i t i a l  one-dimestional radiographs is f u l l y  

described on page 5 of our Proposal. 

r epor t  w e  submitted t o  SSRL on December 20, 1979 descr ib ing  t h e  r e s u l t s  of our  

f i r s t  informal tests a t  SSRL, which were obtained with exac t ly  t h i s  instrumen- 

t a t i o n .  Obviously, f o r  the  reasons spe l led  out  i n  t h e  in t roductory  paragraph 

of t h i s  document, w e  d i d  not  inc lude  a s p e c i f i c  desc r ip t ion  of t h e  instrumen- 

t a t i o n  t h a t  w e  w i l l  need i n  due course t o  accumulate d i g i t a l  images r a p i d l y  

i n  p a t i e n t s  without t he  need f c r  ho r i zon ta l  scanning. 

It is a l s o  described on page 1 of t h e  

We do agree with t h e  claim of the  exper t  reviewer t h a t  i n  order  t o  vis- 

u a l i z e  iod ine  wi th in  the  coronary a r t e r i e s  i t  w i l l  be necessary to  record each 

p a i r  of d i g i t a l  images, i.e., above and below the  K-edge, i n  a t i m e  s h o r t  com- 

pared t o  the  pe r iod ic  motion of these  s t ruc tu res .  

msec f o r  t h i s  t i m e  is q u i t e  co r rec t .  This i s  p rec i se ly  why coronary a r t e r i o -  

graphy cannot be done using quasi-monoenergetic sources derived from s tandard  

x-ray sources, which are i n s u f f i c i e n t l y  intense.  We f u l l y  recognize t h i s  

s p e c i f i c  problem and have discussed i t  s e v e r a l  t i m e s  wi th  t h e  S S K  s t a f f .  

poses no fundamental p r a c t i c a l  d i f f i c u l t y ,  bu t  its s o l u t i o n  is also t o t a l l y  

i r r e l e v a n t  t o  the  r e a l i z a t i o n  of t h e  objec t ives  of our  c u r r e n t  proposal, a l l  

of which involve phantoms t h a t  are inanimate and static.  Our  eventual so lu-  

t i o n  is t o  r o t a t e ,  o r  t o  o s c i l l a t e ,  the  c r y s t a l  monochromator a t  t h e  requi- 

s i t e  frequency ($ 30 Hz) by the  small  angular amount (%O.OOlo) necessary t o  

s t e p  the  transmitted beam back and f o r t h  through t h e  iod ine  K-edge. 

Another fundmen ta l  misconception held by t h e  expe r t  reviewer is t h a t  he 

H i s  estimate of about 30 

It 

e:?? = t e d  we would eventually scan line-by-line through t h e  complete coronary 
fi=.ld of i n t e r e s t  e n t i r e l y  a t  one x-ray energy before switching t h e  energy and 

re>=at ing  the  scan. 

t h i s  zsthod. 

manner. W 2  intend, a t  the  proper t i m e ,  t o  propose t h e  use  of an e f f i c i e n t  

l i n e a r  a r r ay  of de t ec t ion  elements encompassing t h e  f u l l  width of the  f i e l d  

of i n t e r e s t .  This is the  n a t u r a l  de t ec to r  conf igura t ion  f o r  use  a t  SSRL and, 

i n  addi t ion ,  e l imina tes  t h e  f ami l i a r  scatter background of s tandard  radiology. 

I n  conjunction with D r .  George Brown of SSRL, we have conceived a method by 

which the  ho r i zon ta l ly  p lanar  x-ray beam may be scanned v e r t i c a l l y  through 

H e  is co r rec t  i n  poin t ing  out  t h e  severe l i m i t a t i o n s  of 

However, w e  have never had any i n t e n t i o n  of opera t ing  i n  t h i s  
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t he  f i e l d  of i n t e r e s t  ( i n  c o n t r a s t  t o  moving t h e  p a t i e n t  v e r t i c a l l y  through 

the  h o r i z o n t a l  x-ray beam). 

than t h e  card iac  cycle, bu t  i t  must be emphasized t h a t  t h i s  r e l a t i v e l y  long 

scanning t i m e  w i l l  no t  r e s u l t  i n  a b lur red  image. 

t he  high x-ray i n t e n s i t y ,  w i l l  occupy only a few mi l l i seconds .  The x-ray 

energy is then switched, w i th in  about 30 msec, and t h e  second exposure is 
made. Each p a i r  of l i n e  exposures occurs wi th in  30 msec, a per iod  wi th in  

which the  h e a r t  i s  e s s e n t i a l l y  s t a t i o n a r y .  

p a i r ,  t he  beam (or t h e  p a t i e n t )  is  moved v e r t i c a l l y  by t h e  r equ i r ed  s p a t i a l  

element and the  procedure repeated.  

l i n e - p a i r  exposure t i m e  and no t  by t h e  t o t a l  frame t i m e .  This is  a d i r e c t  

analog of photographic cameras with f o c a l  plane s h u t t e r s  which a r e  f r e e  of 

b l u r r i n g  d e s p i t e  r e l a t i v e l y  long exposure t i m e s  of t h e  scanning slit. The 

p r i c e  paid f o r  t h i s  e f f e c t  i s  t h a t  a l l  por t ions  of the image do no t  r ep resen t  

t h e  same time i n t e r v a l .  

ca rd i ac  cyc le ) ,  bu t  t h i s  does no t  represent  b lur r ing .  

zon ta l ly  moving v e s s e l ,  which would otherwise be  b lu r r ed ,  i s  reproduced i n  
good focus a t  a s l i g h t  i n c l i n a t i o n  s i n c e  t h e  top and bottom are scanned a t  

d i f f e r e n t  times. 

We in tend ,  however, t o  use  a scanning t i m e  longer  

Each l i n e  exposure, due to 

Upon completion of each exposure 

The l a c k  of b l u r r i n g  i s  governed by t h e  

A s u b t l e  d i s t o r t i o n  i s  generated due t o  motion ( t h e  

For example, a hor i -  

The photographs reproduced below i n  Figs.  1 and 2 provide a convincing il- 

l u s t r a t i o n  of t h e  v i a b i l i t y  of the  f o c a l  plane s h u t t e r  e f f e c t  i n  coronary ar- 
ter iography.  These photographs were taken i n  the  l a b o r a t o r i e s  of D r s .  Brody 
and Macovski, who are a l s o  co-authors of SSRL Proposal 456B. Fig. 1 shows an 

ar te r iogram of a dog h e a r t  which requi red  f i v e  seconds t o  record  d e s p i t e  t h e  

f a c t  t h a t  t he  h e a r t  w a s  bea t ing  a t  a rate of 120 b e a t s  p e r  minute. 

a r t e r i a l  iod ine ,  which c l e a r l y  r evea l s  the  coronary arteries, w a s  introduced 

invas ive ly  by means of a c a t h e t e r ,  which i s  a l s o  v i s i b l e .  This p i c t u r e  w a s  

recorded wi th  an instrument normally used f o r  imaging by computerized tomo- 

graphy. 
one p lane  a t  a time, and the  a x i a l  pos i t i on  of the  dog i s  incremented between 

succsss ive  exposures. The coronary arteries a r e  c l e a r l y  def ined ,  d e s p i t e  t h e  

motion introduced by the  many ca rd iac  cyc les  (% 10) involved. 

The i n t r a -  

It employs a fan-shaped x-ray beam de tec to r .  The image is accumulated 

The same p r i n c i p l e  i s  a l s o  i l l u s t r a t e d  by the  series of photographs i n  
Fig.  2. The f i r s t  frame (a )  is  a s tandard coronary a r t e r iog ram obtained i n  

p r o j e c t i o n  wi th  a normal exposure t i m e  (Q 0.01 sec). The s u b j e c t  is aga in  a 
dog and t h e  i o d i n e  i s  again introduced invasively.  The second frame (b) re- 

p resen t s  an i n t e g r a t i o n  over four  seconds, with the  r e s u l t a n t  severe  b l u r r i n g  
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and almost t o t a l  l o s s  of arterial. d e t a i l .  

over t h e  same four seconds, where a l i n e  scan has  been simulated by a v e r t i c a l l y  

scanned ho r i zon ta l  slit. 

t h e  motion. 

u a l l y  scanned s l i t .  

The t h i r d  frame (c) is also taken 

As is  shown, the  o r i g i n a l  d e t a i l  is  r e s to red  d e s p i t e  

me s t r e a k  a r t i f a c t s  are due eo the  non-uniform motion of t h e  man- 

The misunderstanding by t h e  exper t  reviewer of our  x-ray de tec t ion  e f f i -  

ciency i s  1% is hard t o  a n t i c i p a t e  b u t  easy t o  c o r r e c t ,  

t h a t  we  have proposed, o r  w i l l  propose, fo r  use  a t  SSKL w i l l  have an  e f f i c i e n c y  

of e s s e n t i a l l y  100%. The cu r ren t  proposal calls  for the u s e  of a bismuth ger- 

manate (BG3) c r y s t a l  3 mm i n  thickness,  which corresponds t o  approximately 38 

x-ray mean free r>aths a t  30 KeV. 

c r y s t a l  i s  spec i f i ed  on page 1 of our Informal T e s t  Report t o  SSRL, i t  is t r u e  

t h a t  i t  i s  not e x p l i c i t l y  s t a t e d  i n  OUT Proposal. 

s ion  mus t  be  our awareness of t h e  exce l l en t  stopping power of BGO f o r  30 KeV 

x-rays and our i m p l i c i t  assumption t h a t  j u s t  the  s t a t e d  u s e  of BGO would, by 

i t s e l f ,  c l e a r l y  s i g n a l  an exce l l en t  de t ec to r  e f f i c i e n c y  t o  t h e  thoughtful 

reader.  I n  fact ,  a BGO c r y s t a l  t h i n  enough (Q 0.01 m) t o  have low de tec t ion  

e f f i c i ency  (< 10%) f o r  30 KeV x-rays would b e  about 30 t i m e s  th inner  than the  

minimum thickness (% 0.25 mm) presen t ly  ava i lab le .  

Any x-ray d e t e c t o r  
\ 

Although t h e  p rec i se  th ickness  of our  BGO 

Our excuse f o r  t h i s  omis- 

Our  mention of a 1% de tec t ion  e f f i c i ency  on page 5 of our Proposal occurs 

before w e  a r r i v e  a t  a desc r ip t ion  of our intended appara tus  and arose  only t o  

i l l u s t r a t e  how quickly d a t a  of exce l l en t  s t a t i s t i c a l  q u a l i t y  can be  acquired 

a t  SSRL due t o  the  outstanding i n t e n s i t y  of t h e  x-ray beam. 

occur to  u s ,  o r  t o  our knowledge t o  anyone else, t h a t  this remark could be 

in t e rp re t ed  as a j u s t i f i c a t i o n  of the  use by us of such an i n e f f i c i e n t  de- 

t e c t o r .  Clear ly  t h i s  is impossible i n  radiology because of t h e  consequent 

r a d i a t i o n  dose. 

Never d id  i t  

We agree with the  expert  reviewer 's  remark t h a t  i f  t h e  t i m e  occupied by 

a coinplete set of l i n e  scans a t  one energy followed by a second complete set  

of l i n e  scans a t  a second energy should c o l l e c t i v e l y  occupy more than about 

30 msec, t h a t  a temporal sub t r ac t ion  methodology, us ing  s tandard  x-ray tubes, 

will produce ca rd iac  images of comparable qua l i ty .  Having s a i d  t h i s  however, 

w e  can r epea t  t h a t  w e  do not in tend  t o  acqui re  our c a r d i a c  images in t h i s  way. 

Images acquired by e i t h e r  of t he  two methods j u s t  ou t l i ned  w i l l  be hopelessly 

b lur red  due t o  card iac  motion and be use l e s s  from t h e  s t andpo in t  of v i sua l -  

i z i n g  t h e  coronaries.  
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W e  a l s o  ag ree  wi th  t h e  second academic po in t  r a i s e d  by t h e  expe r t  reviewer 

t h a t ,  i n  t h e  absence of motion (obviously impossible  i n  coronary  a r t e r i o g r a p h y ) ,  

t h e  i o d i n e  s e n s i t i v i t y  provided by t i m e  s u b t r a c t i o n  exceeds t h a t  provided by 

K-edge s u b t r a c t i o n .  This  occurs  because t h e  small  r educ t ion  i n  i o d i n e  c o n t r a s t  

due t o  t h e  s u b t r a c t i o n  of t h e  image taken below t h e  K-edge i s  avoided. C lea r ly ,  

t h e  s i t u a t i o n s  of v i t a l  c l i n i c a l  i n t e r e s t  i n  which p a t i e n t  motion can b e  so 

t o t a l l y  suspended as t o  r e a l i z e  t h i s  smal l  b e n e f i t  must be few i n  number, and 

are obviously t o t a l l y  disconnected t o  our area of i n t e r e s t  where motion i s  ever- 

p r e s e n t  and unavoidable.  

W e  b e l i e v e  w e  have adequate ly  expla ined  i n  t h e  i n t r o d u c t o r y  paragraph t o  

t h i s  s ta tement  t he  reason why t h e  expe r t  reviewer f i n d s  ou r  c u r r e n t  Proposal  

t o  b e  incomplete.  I n  summary, he i s  judging the  f u l l  program of development 

from t h e  pe r spec t ive  of an  i n i t i a l  proposed i n v e s t i g a t i o n  w i t h  l i m i t e d  objec-  

t ives .  I t  should b e  clear from t h e  con ten t s  of t h i s  document t h a t  we could  

now w r i t e  a much more convincing j u s t i f i c a t i o n  of our  even tua l  goa l  than can  

be gleaned from our  c u r r e n t  Proposal .  A t  t he  proper  t i m e  w e  w i l l  w r i t e  such 

a proposa l .  F i r s t ,  however, we wish t o  demonstrate ou r  a b i l i t y  t o  i s o l a t e  

s u b t l e  amounts of i o d i n e  wi th  t h e  x-rays a v a i l a b l e  a t  SSRL b e f o r e  w e  addres s ,  

i n  proposa ls ,  such problems as motion and image f i e l d .  

We have adequately responded i n  our  f i r s t  Proposal  Addendum t o  t h e  cri- 

t i c i s m  t h a t  our  non-invasive s tudy  can p r e s e n t l y  be made avai lable  a t  only 

s t o r a g e  r i n g  l a b o r a t o r i e s .  

l i e r  Addendum, our  b e l i e f  t h a t  a s u c c e s s f u l  demonstrat ion of o u r  i d e a s  a t  

SSRL would r e s u l t  i n  t he  s t i m u l a t i o n  of a cons ide rab le  t e c h n i c a l  e f f o r t  t o  

develop a compact source  of monochromatic x-rays expres s ly  for medical  pur- 

poses .  

by t h e  combination of an argon-ion ZnT laser  and a s m a l l  (% 25 MeV) b e t a t r o n .  

Such a development would of course  be of tremendous v a l u e  t o  many s c i e n t i s t s  

51 o t h e r  f i e l d s ,  Gjho would thereby a l s o  be l i b e r a t e d  from t h e  s t o r a g e  r i n g  

1 2 3 o r a t o r i e s .  

W e  wish t o  emphasize, as we a l s o  d i d  i n  our  ear- 

We i n d i c a t e d  t h a t  t h e  most l i k e l y  way i n  which t h i s  could be  done was 

We do no t  accept  the  view t h a t  t he  p o s s i b l e  r e s t r i c t i o n  of  ou r  in tended  

proce2ure t o  l a b o r a t o r i e s  such a s  SSRL i s  a s u f f i c i e n t  reason  t o  deny ou r  pro- 

posa l  2 high  p r i o r i t y  a t  t h i s  very e a r l y  s t a g e .  

posa l  Addendum of August 30, 1979  the  s p e c i f i c  d i a g n o s t i c  and r e sea rch  oppor- 

t u n i t i e s  t h a t  can be  r e a l i z e d  f o r  the  f i r s t  t i m e  a t  SSRL, and independent 

W e  have l i s t e d  i n  our  Pro- 
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statements attesting to the medical value of our projected procedure have been 

provided to SSRL by Drs. N. E. Shumay and J. W. Hanbery of the Departments of 
Cardiovascular Surgery and Surgery (Division of Neurosurgery) respectively at 
Stanford. 
monochromatic x-rays for medicine may be developed and we believe that a sue- 
cessful demonstration of K-edge dichromography where it is now possible, namely 

at SSRL, is the best possible way to encourage the eventual development of such 

independent sources. 

how medicine at large may benefit from the development effort we now envisage 
at SSRL, but we do believe that the potential rewards are so inviting that the 
present opportunity should not be missed. 

We have pointed to one possible means by which compact sources of 

As always in science it is impossible to predict exactly 

We hope that this communication, together with the existing documents, 
reviews and recommendations relating to Proposal 456B, will persuade the Pro- 

gram Review Panel and the Directorate at SSRL to maintain, or to upgrade, 
their original rating of our Proposal and to defer consideration of later 

phases of our investigation to the proper time. 
that we have discussed our current proposal and our future ideas on several 

occasions with members of the SSRL staff and we suggest that this resource 
be used for expert technical interpretation if there are residual unclear as- 
pects of our Proposal. 

We also wish to point out 
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The p repa ra t ion  of t h i s  document was prompted by ou r  r e c e i p t  of t h e  

expe r t  review requested by t h e  SSRL Program Review Panel  i n  January 1980. 

We w i l l  g ive  our  response t o  each of t h e  i t e m s  r a i s e d ,  bu t  w e  wish f i r s t  t o  

remark t h a t  t h e  scope of t h i s  la tes t  review seems t o  go cons ide rab ly  beyond 

t h a t  of t h e  s i x  ear l ie r  reviews conducted i n  t h e  pe r iod  July - August 1979. 

The proposal  under review w a s  w r i t t e n ,  upon t h e  advice  of t h e  D i r e c t o r a t e  

of SSRL, n o t  f o r  t h e  immediate purpose of secu r ing  s u f f i c i e n t  beam t i m e  and 

f a c i l i t i e s  t o  take  coronary a r te r iograms i n  p a t i e n t s ,  b u t  on ly  t o  conduct 

t h e  f i r s t  s t a g e s  of such a program. 

of ou r  Proposal ,  as i s  our  i n t e n t i o n  t o  employ only inanimate  phantoms a t  

t h i s  time. 

understood by t h e  ear l ie r  reviewers ,  four  of whom gave u s  t h e i r  unqua l i f i ed  

endorsement. 

n o t  f i n d  a complete t e c h n i c a l  d i scuss ion  of exac t ly  how we i n t e n d  t o  a c q u i r e  

coronary images i n  p a t i e n t s  a t  SSRL. 

f o r  f u t u r e  proposa ls .  A t  t h e  time w e  wrote  our  c u r r e n t  P roposa l  w e  had iden- 

t i f i e d  s o l u t i o n s  t o  some of t h e  t e c h n i c a l  problems r e l a t e d  to t h e  r e a l i z a t i o n  

of a d i a g n o s t i c  c l i n i c  f o r  coronary angiography a t  SSRL, b u t  n o t  t o  a l l  of 

them. S ince  t h a t  t i m e  w e  have continued t o  s tudy  t h e s e  problems, o f t e n  i n  

c o n s u l t a t i o n  wi th  t h e  SSRL s t a f f ,  and a t  t h e  p r e s e n t  time we f e e l  t h a t  w e  have 

p r a c t i c a l  s o l u t i o n s  t o  a l l  of t h e  major problems. Not s u r p r i s i n g l y ,  our  

p r o j e c t  has  been i n  a dynamic s t a t e  of development f o r  t h e  p a s t  nine months, 

and w e  expect  to communicate t h e  r e s u l t s  of t h e s e  e f f o r t s  to the Program Re- 

view Panel  a t  t h e  appropr i a t e  t i m e  i n  t he  con tex t  of new p roposa l s .  

noi f e e l  i t  w i s e  t o  de lay  t h e  execut ion  of t he  s p e c i f i c  fundamental  t e s t s  

c a l l e d  f o r  i n  our  f i r s t  p roposa l  u n t i l  our  t o t a l  development e f f o r t  w a s  con- 

c e ? t u s l l y  complete and w e  hope t h e r e f o r e  t h a t  t h e  Program Rev iew Panel ,  and 

t h e  D i r e c t o r a t e  of SSRL, w i l l  cont inue  t o  review our  f irst  p roposa l  w i t h  t h e s e  

thoughts  i n  mind, o r  i n s t r u c t  us o therwise .  

This  is s p e c i f i c a l l y  s t a t e d  on page 5 

The l i m i t e d  scope of our  f i r s t  proposal  seems to  have been w e l l -  

We are no t  a t  a l l  s u r p r i s e d  t h a t  t h e  r e c e n t  e x p e r t  reviewer d i d  

We regarded t h e s e  d e t a i l s  as  a p p r o p r i a t e  

We d i d  
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Clearly,  w e  agree  with the opinion of the  exper t  reviewer t h a t  coronary 

a r te r iography cannot be done using the  quasi-monoenergetic x-ray beams pro- 

vided by s tandard x-ray sources.  

Addendum t o  our  Proposal t h a t  w e  submitted t o  SSRL on August 30, 1979. 

This is  e x p l i c i t l y  s t a t e d  o n  page 7 of t h e  

Contrary t o  the  claim of t he  exper t  reviewer, the  instrumentat ion t h a t  

w e  propose t o  use  t o  obta in  our i n i t i a l  one-dimentional radiographs is f u l l y  

described on page 5 of our Proposal.  

r epor t  w e  submitted t o  SSRL on December 20, 1979 desc r ib ing  t h e  results of our 

f i r s t  informal tests a t  SSRL, which were obtained wi th  exac t ly  t h i s  instrumen- 

t a t i o n .  Obviously, f o r  the  reasons spe l l ed  out  i n  the  in t roduc to ry  paragraph 

of t h i s  document, w e  d id  n o t  inc lude  a s p e c i f i c  d e s c r i p t i o n  of t h e  instrumen- 

t a t i o n  t h a t  w e  w i l l  need i n  due course t o  accumulate d i g i t a l  images r a p i d l y  

i n  p a t i e n t s  without t he  need f o r  ho r i zon ta l  scanning. 

It is a l s o  descr ibed on page 1 of t h e  

We do agree with t h e  claim of the  exper t  reviewer t h a t  i n  order  t o  vis- 

u a l i z e  iod ine  wi th in  the  coronary a r t e r i e s  i t  w i l l  be  necessary t o  record each 

p a i r  of d i g i t a l  images, i .e.,  above and below the  K-edge, i n  a t i m e  s h o r t  com- 

pared t o  the  pe r iod ic  motion of these  s t ruc tu res .  

msec f o r  t h i s  time is  q u i t e  c o r r e c t .  This is  p rec i se ly  why coronary a r t e r i o -  

graphy cannot be  done using quasi-monoenergetic sources  der ived from s tandard  

x-ray sources ,  which are i n s u f f i c i e n t l y  in tense .  W e  f u l l y  recognize t h i s  

s p e c i f i c  problem and have discussed i t  s e v e r a l  times wi th  the SSRL s t a f f .  

poses no fundamental p r a c t i c a l  d i f f i c u l t y ,  bu t  i t s  s o l u t i o n  is also t o t a l l y  

i r r e l e v a n t  t o  the  r e a l i z a t i o n  of t he  ob jec t ives  of our  c u r r e n t  proposal ,  a l l  

of which involve phantoms t h a t  a r e  inanimate and s ta t ic .  Our eventual  solu-  

t i o n  is  t o  r o t a t e ,  o r  t o  o s c i l l a t e ,  the  c r y s t a l  monochromator at t h e  requi-  

s i t e  frequency ($ 30 Hz) by the  small  angular amount (QO.O0lo) necessary t o  

s t e p  the  t ransmit ted beam back and f o r t h  through t h e  i o d i n e  K-edge. 

H i s  estimate of about 30 

It 

Another fundamental misconception held by the  expe r t  reviewer is  that  h e  

expected we would eventual ly  scan l ine-by-line through t h e  complete coronary 

f i e l d  of i n t e r e s t  e n t i r e l y  a t  one x-ray energy before  switching t h e  energy and 

repea t ing  the  scan. 

t h i s  cethod. 

h 
0 
p 3 -  - 

H e  i s  c o r r e c t  i n  poin t ing  out  t h e  severe l i m i t a t i o n s  of  

However, w e  have never had any i n t e n t i o n  of ope ra t ing  i n  t h i s  
d manner. We in tend ,  a t  t he  proper t i m e ,  t o  propose t h e  use  of an e f f i c i e n t  

u- l i n e a r  a r r ay  of de t ec t ion  elements encompassing the  f u l l  width of the  f i e l d  

of i n t e r e s t .  

i n  addi t ion ,  e l imina tes  t h e  f a m i l i a r  s c a t t e r  background of s tandard  radiology.  

I n  conjunction with D r .  George Brown of SSRL, w e  have conceived a method by 

which the  ho r i zon ta l ly  p lanar  x-ray beam may be scanned v e r t i c a l l y  through 

This i s  the  n a t u r a l  de t ec to r  conf igura t ion  f o r  use  a t  SSRL and, 

I. .. 
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t he  f i e l d  of interest ( i n  c o n t r a s t  t o  moving t h e  p a t i e n t  v e r t i c a l l y  through 

the  h o r i z o n t a l  x-ray beam). 

than t h e  ca rd iac  cyc le ,  bu t  i t  must  be  emphasized t h a t  t h i s  r e l a t i v e l y  long  

scanning t i m e  w i l l  no t  r e s u l t  i n  a b lur red  image. 

the high x-ray i n t e n s i t y ,  w i l l  occupy only a few mi l l i s econds .  The x-ray 

energy is then switched, w i th in  about 30 msec, and the second exposure is 

made. Each p a i r  of l i n e  exposures occurs  wi th in  30 msec, a per iod  wi th in  

which the  h e a r t  i s  e s s e n t i a l l y  s t a t i o n a r y .  

p a i r ,  t h e  beam (or  t h e  p a t i e n t )  is moved v e r t i c a l l y  by t h e  requi red  s p a t i a l  

element and the  procedure repeated.  

l i ne -pa i r  exposure t i m e  and not  by the  t o t a l  frame t i m e ,  This is  a d i r e c t  

analog of photographic cameras with f o c a l  plane s h u t t e r s  which a r e  f r e e  of 

b l u r r i n g  d e s p i t e  r e l a t i v e l y  long exposure times of the scanning slit. The 

p r i c e  paid f o r  t h i s  e f f e c t  i s  t h a t  a l l  po r t ions  of t h e  image do no t  r ep resen t  

t h e  same time i n t e r v a l .  

card iac  cyc le ) ,  b u t  t h i s  does n o t  r ep resen t  b lu r r ing .  
zon ta l ly  moving vesse l ,  which would otherwise be b lu r r ed ,  is reproduced i n  

good focus a t  a s l i g h t  i n c l i n a t i o n  s ince  t h e  top and bottom are scanned a t  

d i f f e r e n t  t i m e s .  

We in tend ,  however, t o  u se  a scanning t i m e  longer 

Each l i n e  exposure, due t o  

Upon completion of each exposure 

The l a c k  of b l u r r i n g  is governed by t h e  

A s u b t l e  d i s t o r t i o n  i s  generated due t o  motion ( t h e  

For example, a hor i -  

The photographs reproduced below i n  Figs.  1 and 2 provide a convincing il- 

l u s t r a t i o n  of t h e  v i a b i l i t y  of t he  f o c a l  plane s h u t t e r  e f f e c t  i n  coronary ar- 

ter iography.  

and Macovski, who are a l s o  co-authors of SSRL Proposal 456B. Fig. 1 shows an 

ar te r iogram of a dog h e a r t  which required f i v e  seconds t o  record  d e s p i t e  t h e  

f a c t  t h a t  t he  h e a r t  w a s  bea t ing  a t  a r a t e  of 120 b e a t s  p e r  minute. 

These photographs w e r e  taken i n  t h e  l a b o r a t o r i e s  of D r s .  Brody 

The i n t r a -  

a r t e r i a l  iod ine ,  which c l e a r l y  reveals the  coronary arteries, was  introduced 

invas ive ly  by means of a ca the te r ,  which i s  a l s o  v i s i b l e .  This p i c t u r e  was 
rezorded with an instrument normally used f o r  imaging by computerized tomo- 

gr~?.fi.y. 
one ? lane  a t  a t ime, and the  a x i a l  pos i t i on  of the  dog is incremented between 

suc iz s s ive  exposures. The coronary arteries a r e  c l e a r l y  def ined ,  d e s p i t e  t h e  

notioa int roduced by the  many ca rd iac  cyc les  (Q 10) involved.  

It  employs a fan-shaped x-ray beam de tec to r .  The image i s  accumulated 

m- 
i h e  same p r i n c i p l e  i s  a l s o  i l l u s t r a t e d  by t h e  series of photographs i n  . 

Fig. 2. The f i r s t  frame (a) is  a s tandard coronary arteriogram obtained i n  

p ro jec t ion  with a normal exposure time (% 0.01 sec ) .  The s u b j e c t  i s  again a 
dog and the  iod ine  i s  again introduced invasively.  The second frame (b) re- 

p resen t s  an i n t e g r a t i o n  over four  seconds, with the r e s u l t a n t  severe b l u r r i n g  
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and almost t o t a l  l o s s  of arterial  d e t a i l .  The t h i r d  frame (c) is a lso  taken 

over  t h e  same four  seconds, where a l i n e  scan has  been s imulated by a vert ical ly  
scanned h o r i z o n t a l  slit. 

t h e  motion. 

u a l l y  scanned sl i t .  

As is  shown, the o r i g i n a l  d e t a i l  is  r e s to red  d e s p i t e  

The s t r e a k  a r t i f a c t s  are due to t h e  non-uniform motion of t h e  man- 

The misunderstanding by the expe r t  reviewer of ou r  x-ray d e t e c t i o n  e f f i -  

c iency i s  1% is hard t o  a n t i c i p a t e  bu t  easy t o  co r rec t .  

that  w e  have proposed, or w i l l  propose, f o r  use  a t  SSRL w i l l  have an  e f f i c i e n c y  

of e s s e n t i a l l y  100%. The cu r ren t  proposal cal ls  f o r  the u s e  of a bismuth ger- 

manate (BGO) c r y s t a l  3 m i n  thickness ,  which corresponds t o  approximately 38 

x-ray mean f r e e  pa ths  a t  30 KeV. 

c r y s t a l  is spec i f i ed  on page 1 of our  Informal T e s t  Report t o  SSRL, i t  i s  t r u e  

t h a t  

s i o n  must be our  awareness of t h e  e x c e l l e n t  s topping power of BGO f o r  30 KeV 

x-rays and our i m p l i c i t  assumption t h a t  j u s t  the  s t a t e d  use of BGO would, by 
i t s e l f ,  c l e a r l y  s i g n a l  an  e x c e l l e n t  de t ec to r  e f f i c i e n c y  to the thought fu l  

reader .  I n  f a c t ,  a BGO c r y s t a l  t h i n  enough (G 0.01 rum) t o  have low d e t e c t i o n  

e f f i c i e n c y  (< 10%) f o r  30 KeV x-rays would be  about 30 t i m e s  t h inne r  than the  

minimum th ickness  ($ 0.25 mm) p re sen t ly  ava i l ab le .  

Any x-ray d e t e c t o r  

Although t h e  p rec i se  th ickness  of our  BGO 

it i s  not  e x p l i c i t l y  s ta ted  i n  our Proposal.  Our excuse fo r  th i s  omis- 

Our mention of a 1% d e t e c t i o n  e f f i c i e n c y  on page 5 of o u r  Proposal occurs  

before  w e  arrive a t  a d e s c r i p t i o n  of our intended appara tus  and a r o s e  only t o  

i l l u s t r a t e  how quickly d a t a  of exce l l en t  s ta t i s t ica l  q u a l i t y  can b e  acquired 

a t  SSRL due t o  t h e  outs tanding i n t e n s i t y  of t he  x-ray beam. 

occur t o  us ,  o r  t o  our  knowledge t o  anyone else, t h a t  t h i s  remark could be 

i n t e r p r e t e d  as a j u s t i f i c a t i o n  of the u s e  by us  of such an i n e f f i c i e n t  de- 

t e c t o r .  Clear ly  t h i s  i s  impossible i n  radiology because of t h e  consequent 

r a d i a t i o n  dose. 

Never d i d  i t  

We agree  wi th  the  expe r t  reviewer's remark t h a t  i f  t h e  t i m e  occupied by 

a complete set of l i n e  scans a t  one energy followed by a second complete set  

of l i n e  scans a t  a second energy should c o l l e c t i v e l y  occupy more than about 

30 zsec, t h a t  a temporal sub t r ac t ion  methodology, u s ing  s tandard  x-ray tubes,  

will produce ca rd iac  images of comparable qua l i t y .  Having s a i d  t h i s  however, 

w e  can r epea t  t h a t  w e  do no t  in tend  t o  acqui re  our  ca rd iac  images i n  t h i s  way. 

Images acquired by e i t h e r  of t h e  two methods j u s t  ou t l i ned  w i l l  be hopeless ly  

b lur red  due t o  card iac  motion and be  u s e l e s s  from t h e  s t andpo in t  of v i sua l -  

i z i n g  t h e  coronar ies .  

0 0 2  f 1 9 8  
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We a l s o  agree with t h e  second academic po in t  r a i s e d  by the expert  reviewer 

that, i n  the  absence of motion (obviously impossible i n  coronary a r te r iography) ,  

t h e  iod ine  s e n s i t i v i t y  provided by t i m e  sub t r ac t ion  exceeds t h a t  provided by 

K-edge subt rac t ion .  

due t o  the  sub t r ac t ion  of the  image taken below t h e  K-edge i s  avoided. 

t h e  s i t u a t i o n s  of v i t a l  c l i n i c a l  i n t e r e s t  i n  which p a t i e n t  motion can be so 

t o t a l l y  suspended as  t o  r e a l i z e  t h i s  small b e n e f i t  must be f e w  i n  number, and 

are obviously t o t a l l y  disconnected t o  our area of i n t e r e s t  where motion is ever- . 

present  and unavoidable. 

This occurs because t h e  s m a l l  r educ t ion  i n  iod ine  contrast 

Clear ly ,  

We be l i eve  w e  have adequately explained i n  t h e  in t roduc to ry  paragraph t o  

t h i s  statement the  reason why the  exper t  reviewer f i n d s  our  cu r ren t  Proposal 

t o  be  incomplete. I n  summary, he  i s  judging t h e  f u l l  program of development 

from the  perspec t ive  of a n  i n i t i a l  proposed i n v e s t i g a t i o n  wi th  l imi t ed  objec- 

tives. It should be  clear from t h e  conten ts  of t h i s  document t h a t  we could 

now w r i t e  a much more convincing j u s t i f i c a t i o n  of ou r  eventua l  goa l  than can 

b e  gleaned from our cur ren t  Proposal. A t  the  proper t i m e  w e  w i l l  w r i t e  such 

a proposal. F i r s t ,  however, we wish t o  demonstrate our a b i l i t y  t o  i s o l a t e  

s u b t l e  amounts of iod ine  with the  x-rays a v a i l a b l e  at SSRL befo re  w e  address, 

i n  proposals, such problems as motion and image f i e l d .  

W e  have adequately responded i n  our f i r s t  Proposal Addendum t o  t h e  cri- 

ticism t h a t  our non-invasive study can p resen t ly  be made available a t  only 

s to rage  r i n g  l abora to r i e s .  

l i e r  Addendum, our b e l i e f  t h a t  a successfu l  demonstration of our ideas  a t  

SSRL would r e s u l t  i n  t h e  s t imula t ion  of a cons iderable  t e c h n i c a l  e f f o r t  t o  

develop a compact source of monochromatic x-rays express ly  for medical pur- 

poses. 

by t h e  combination of an argon-ion W laser and a s m a l l  (% 25 MeV) be ta t ron .  

Such a development would of course be of tremendous va lue  t o  many s c i e n t i s t s  

in o the r  f i e l d s ,  who would thereby a l s o  be  l i b e r a t e d  from t h e  s to rage  r i n g  

l abora to r i e s .  

W e  wish t o  emphasize, as w e  a l s o  d i d  i n  our ear- 

W e  ind ica ted  t h a t  t h e  most l i k e l y  way i n  which t h i s  could be done w a s  

We do not accept t he  v i e w  t h a t  the  poss ib l e  restriction of our intended 

procedure t o  l abora to r i e s  such as SSRL is a s u f f i c i e n t  reason  t o  deny our pro- 

posa l  a high p r i o r i t y  a t  t h i s  very e a r l y  s tage .  

posa l  Addendum of August 30, 1979 the  s p e c i f i c  d i agnos t i c  and research  oppor- 

t u n i t i e s  t h a t  can b e  r e a l i z e d  f o r  the  f i r s t  t i m e  a t  SSRL, and independent 

W e  have l i s t e d  i n  our Pro- 
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statements a t t e s t i n g  t o  the  medical value of our pro jec ted  procedure have been 

provided t o  SSRL by D r s .  N. E. Shumway and J. W. Hanbery of t he  Departments of 

Cardiovascular Surgery and Surgery (Division of Neurosurgery) r e spec t ive ly  a t  

Stanford. 

monochromatic x-rays f o r  medicine may be developed and we believe t h a t  a SUC- 

c e s s f u l  demonstration of K-edge dichrornography where i t  i s  now poss ib le ,  namely 

a t  SSRL, i s  the  b e s t  poss ib l e  way t o  encourage t h e  eventua l  development of such 

independent sources.  

how medicine a t  l a r g e  may b e n e f i t  from t h e  development e f f o r t  w e  now envisage 

a t  SSRL, but  w e  do be l i eve  t h a t  t h e  p o t e n t i a l  rewards  are so i n v i t i n g  t h a t  t h e  

present  opportunity should not  be missed. 

W e  have pointed t o  one poss ib le  means by which compact sources  of 

As always i n  sc ience  i t  i s  impossible t o  p r e d i c t  exac t ly  

W e  hope t h a t  t h i s  communication, together with t h e  e x i s t i n g  documents, 

reviews and recommendations r e l a t i n g  t o  Proposal 456B, w i l l  persuade t h e  Pro- 

gram Review Panel and t h e  Di rec to ra t e  a t  SSRL to maintain, or t o  upgrade, 

t h e i r  o r i g i n a l  r a t i n g  of our Proposal and t o  de fe r  cons idera t ion  of la ter  

phases of our inves t iga t ion  t o  the  proper t i m e .  We a l s o  wish t o  po in t  o u t  

t h a t  we have discussed our cu r ren t  proposal and our f u t u r e  i d e a s  on s e v e r a l  

occasions with members of t h e  SSRL s t a f f  and w e  suggest t h a t  t h i s  resource 
be  used f o r  expert  t echnica l  i n t e r p r e t a t i o n  i f  there  are r e s i d u a l  unc lear  as- 

pec t s  of our Proposal. 
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, 

The p r e p a r a t i o n  of t h i s  document w a s  prompted by o u r  r e c e i p t  of t h e  

expert review reques ted  by t h e  SSRL Program Review Panel  in January 1980. 

We w i l l  g ive  ou r  response t o  each of t h e  i t e m s  r a i s e d ,  b u t  w e  wish f i r s t  t o  

remark t h a t  t h e  scope of t h i s  la tes t  review seems to go cons ide rab ly  beyond 

t h a t  of t h e  s i x  earlier reviews conducted i n  t h e  pe r iod  J u l y  - August 1979. 

The proposa l  under review w a s  w r i t t e n ,  upon t h e  adv ice  of t h e  D i r e c t o r a t e  

of SSRL, n o t  f o r  t h e  immediate purpose of secu r ing  s u f f i c i e n t  beam t i m e  and 

f a c i l i t i e s  t o  t ake  coronary a r te r iograms i n  p a t i e n t s ,  b u t  on ly  t o  conduct 

t h e  f i r s t  s t a g e s  of such a program. 

of our  Proposal ,  as is our  i n t e n t i o n  t o  employ only inanimate  phantoms a t  

t h i s  t i m e .  

understood by t h e  ea r l i e r  reviewers, fou r  of whom gave u s  t h e i r  u n q u a l i f i e d  

endorsement. 

no t  f i n d  a complete t e c h n i c a l  d i scuss ion  of e x a c t l y  how we i n t e n d  t o  a c q u i r e  

coronary images i n  p a t i e n t s  a t  SSRL. 

f o r  f u t u r e  proposa ls .  A t  t h e  t i m e  w e  wrote  our  c u r r e n t  P roposa l  w e  had iden-  

t i f i e d  s o l u t i o n s  t o  some of t h e  t e c h n i c a l  problems r e l a t e d  t o  t h e  r e a l i z a t i o n  

of a d i a g n o s t i c  c l i n i c  f o r  coronary angiography a t  SSRL, b u t  n o t  t o  a l l  of 

them. S ince  t h a t  t i m e  w e  have cont inued t o  s tudy t h e s e  problems, o f t e n  i n  

c o n s u l t a t i o n  wi th  t h e  SSRL s t a f f ,  and a t  t h e  p r e s e n t  t i m e  w e  feel t h a t  w e  have 

p r a c t i c a l  s o l u t i o n s  t o  a l l  of t h e  major problems. N o t  s u r p r i s i n g l y ,  o u r  

p r o j e c t  has  been i n  a dynamic s t a t e  of development fo r  the p a s t  n i n e  months, 

and w e  expect  t o  comnunicate t h e  r e s u l t s  of t h e s e  e f f o r t s  t o  t h e  Program Re- 

view Panel  a t  t h e  zppropr i a t e  t i m e  i n  t h e  contex t  of new p roposa l s .  

RC: f 2 e l  i t  w i s e  t o  de lay  t h e  execut ion  of t h e  s p e c i f i c  fundamental  tests 

c2il.114 f o r  i n  our  f i r s t  p roposa l  u n t i l  our  t o t a l  development e f f o r t  was con- 

c q r - a l l y  complete and w e  hope t h e r e f o r e  t h a t  t h e  Program Rev iew Panel ,  and 

t h 2  ? % r e c t o r a t e  of SSRL, w i l l  cont inue  t o  review o u r  first proposa l  w i th  t h e s e  

thougkcs i n  mind, o r  i n s t r u c t  u s  o therwise .  

This  is  s p e c i f i c a l l y  s t a t e d  on page 5 

The l i m i t e d  scope of our  f i r s t  p roposa l  seems to have been w e l l -  

We are n o t  a t  a l l  s u r p r i s e d  t h a t  t h e  r e c e n t  e x p e r t  reviewer d i d  

We regarded t h e s e  d e t a i l s  as a p p r o p r i a t e  

We d i d  
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Clearly,  w e  agree with the opinion of the  exper t  reviewer t h a t  coronary 

arteriography cannot be done using the  quasi-monoenergetic x-ray beams pro- 

vided by standard x-ray sources. 

Addendum t o  our Proposal t h a t  w e  submitted t o  SSRL on August 30, 1979. 

This i s  e x p l i c i t l y  s t a t e d  on page 7 of t h e  

Contrary t o  the  claim of t h e  exper t  reviewer, the  ins t rumenta t ion  t h a t  

w e  propose t o  use t o  obta in  our i n i t i a l  one-dimentional radiographs is f u l l y  

described on page 5 of our Proposal. 

r epor t  w e  submitted t o  SSRL on December 20, 1979 desc r ib ing  t h e  r e s u l t s  of our 

f i r s t  informal tests a t  SSRL, which w e r e  obtained with e x a c t l y  t h i s  instrumen- 

t a t ion .  Obviously, f o r  the  reasons spe l led  out i n  the  in t roductory  paragraph 

of t h i s  document, we d id  not  inc lude  a s p e c i f i c  d e s c r i p t i o n  of t h e  instrumen- 

t a t i o n  t h a t  w e  w i l l  need i n  due course t o  accumulate d i g i t a l  images r ap id ly  

i n  p a t i e n t s  without t h e  need f o r  ho r i zon ta l  scanning. 

It is  a l s o  described on page 1 of t h e  

We do agree with t h e  claim of the  expert  reviewer t h a t  i n  order  t o  v i s -  

u a l i z e  iod ine  wi th in  the  coronary a r t e r i e s  i t  w i l l  be necessary t o  record each 

p a i r  of d i g i t a l  images, i.e., above and below the  K-edge, i n  a t i m e  s h o r t  com- 

pared t o  the  pe r iod ic  motion of t hese  s t ruc tu res .  

msec f o r  t h i s  time i s  q u i t e  co r rec t .  This is  p rec i se ly  why coronary a r t e r i o -  

graphy cannot be  done using quasi-monoenergetic sources derived from s tandard  

x-ray sources, which are i n s u f f i c i e n t l y  in tense .  W e  f u l l y  recognize t h i s  

s p e c i f i c  problem and have discussed i t  several t i m e s  wi th  t h e  SSRL s t a f f .  

poses no fundamental p r a c t i c a l  d i f f i c u l t y ,  but i t s  s o l u t i o n  is also t o t a l l y  

i r r e l e v a n t  t o  t h e  r e a l i z a t i o n  of t h e  objec t ives  of our c u r r e n t  proposal, a l l  

of which involve phantoms t h a t  are inanimate and s ta t ic .  Our eventua l  solu- 

t i o n  i s  t o  r o t a t e ,  o r  t o  o s c i l l a t e ,  the c r y s t a l  monochromator a t  t h e  requi- 

s i t e  frequency (‘L 30 Hz) by the  small  angular amount (‘~0.001 ) necessary to 

s t e p  the  transmitted beam back and f o r t h  through t h e  iod ine  K-edge. 

H i s  estimate of about 30 

It 

0 

Another fundamental misconception held by t h e  exper t  reviewer is  t h a t  h e  

e x ~ e c t e d  we would  eventually scan line-by-line through t h e  coaple te  coronary 

f i e l d  of i n t e r e s t  e n t i r e l y  a t  one x-ray energy before  switching t h e  energy and 

r e p a t i n g  the  scan. H e  i s  co r rec t  i n  pointing out  t h e  severe l i m i t a t i o n s  of 

t h i s  ;;lethod. 

manner. We intend, a t  the  proper time, t o  propose t h e  u s e  of an e f f i c i e n t  

l i n e a r  a r r ay  of de t ec t ion  elements encompassing t h e  f u l l  width of the  f i e l d  

of i n t e r e s t .  This i s  the  n a t u r a l  de tec tor  conf igura t ion  f o r  use  a t  SSRL and, 

i n  addi t ion ,  e l imina tes  t h e  f ami l i a r  scatter background of standard radiology. 

In  conjunction w i t h  D r .  George Brown of SSRL, w e  have conceived a method by 

which the  hor izonta l ly  p lanar  x-ray beam may be scanned v e r t i c a l l y  through 

However, w e  have never had any i n t e n t i o n  of ope ra t ing  i n  t h i s  
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t h e  f i e l d  of interest ( i n  c o n t r a s t  t o  moving t h e  p a t i e n t  v e r t i c a l l y  through 

the  ho r i zon ta l  x-ray beam). We in tend ,  however, to  use  a scanning t i m e  longer  

than t h e  card iac  cyc le ,  b u t  i t  must be emphasized t h a t  t h i s  r e l a t i v e l y  long 

scanning t i m e  w i l l  no t  r e s u l t  i n  a b lur red  image. 

the  high x-ray i n t e n s i t y ,  w i l l  occupy only a few mi l l i seconds .  The x-ray 

energy is then switched, w i th in  about 30 msec, and the second exposure is 

made. Each p a i r  of l i n e  exposures occurs wi th in  30 msec, a period w i t h i n  

which t h e  h e a r t  i s  e s s e n t i a l l y  s t a t i o n a r y .  

p a i r ,  t he  beam (or  the  p a t i e n t )  is moved v e r t i c a l l y  by t h e  requi red  s p a t i a l  

element and the  procedure repeated.  

l i ne -pa i r  exposure time and not  by the  t o t a l  frame t i m e .  This  is a d i r e c t  

analog of photographic cameras with f o c a l  plane s h u t t e r s  which a r e  f r e e  of 

b l u r r i n g  d e s p i t e  r e l a t i v e l y  long exposure t i m e s  of the scanning slit.. The 

p r i c e  paid f o r  t h i s  e f f e c t  is  t h a t  a l l  po r t ions  of the image do n o t  r ep resen t  

t h e  same time i n t e r v a l .  

card iac  cyc le ) ,  b u t  t h i s  does n o t  represent  b lur r ing .  

zon ta l ly  moving v e s s e l ,  which would otherwise be  b lu r r ed ,  is reproduced i n  

good focus a t  a s l i g h t  i n c l i n a t i o n  s ince  t h e  top  and bottom are scanned a t  

d i f f e r e n t  t i m e s .  

Each l i n e  exposure, due to  

Upon completion of  each exposure 

The l ack  of b l u r r i n g  is governed by t h e  

A s u b t l e  d i s t o r t i o n  i s  generated due to  motion ( t h e  

For example, a hor i -  

The photographs reproduced below i n  Figs. 1 and 2 provide a convincing il- 

l u s t r a t i o n  of t h e  v i a b i l i t y  of the  f o c a l  plane s h u t t e r  e f f e c t  i n  coronary ar- 

ter iography.  These photographs were taken i n  the  l a b o r a t o r i e s  of D r s .  Brody 

and Macovski, who a r e  a l s o  co-authors of SSRL Proposal 456B. Fig. 1 shows an 

ar te r iogram of a dog h e a r t  which required f i v e  seconds t o  record d e s p i t e  the 

f a c t  t h a t  t he  h e a r t  was bea t ing  a t  a ra te  of 120 beats p e r  minute. 

a r t e r i a l  iod ine ,  which c l e a r l y  reveals the  coronary arteries, w a s  introduced 

invas ive ly  by means of a ca the te r ,  which i s  a l s o  v i s i b l e .  This p i c t u r e  was 
recorded with an instrument normally used f o r  imaging by computerized tomo- 

graphy. 

one plane a t  a t i m e ,  and t h e  a x i a l  pos i t i on  of the  dog is incremented between 

successive exposures. The coronary a r t e r i e s  are c l e a r l y  def ined ,  d e s p i t e  t h e  

rnotisr! introduced by t h e  many ca rd iac  cyc les  (% 10) involved.  

The intra- 

I t  ernploys a fan-shaped x-ray beam de tec to r .  The image is accumulated 

Tine same p r i n c i p l e  is a l s o  i l l u s t r a t e d  by the  series of photographs i n  
Fig. 2 .  The f i r s t  frame (a) i s  a s tandard coronary arteriogram obtained i n  

p r o j e c t i o n  with a normal exposure t i m e  (% 0.01 sec). The s u b j e c t  is aga in  a 
dog and the  iod ine  i s  again introduced invas ive ly .  The second frame (b) re- 

p resen t s  an i n t e g r a t i o n  over four  seconds, wi th  t h e  r e s u l t a n t  severe b l u r r i n g  

I 
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and almost t o t a l  l o s s  of arterial d e t a i l .  The t h i r d  frame (c) is a l s o  taken 

over t h e  same four  seconds, where a l i n e  scan has  been s imulated by a v e r t i c a l l y  

scanned h o r i z o n t a l  slit .  

the motion. 

u a l l y  scanned slit. 

As is shown, the  o r i g i n a l  d e t a i l  is r e s to red  d e s p i t e  

The s t r e a k  a r t i f a c t s  are due t o  the  non-uniform motion of t h e  man- 

The misunderstanding by the  exper t  reviewer of ou r  x-ray de tec t ion  e f f i -  

ciency is 1% is hard t o  a n t i c i p a t e  b u t  easy  to  co r rec t .  

t h a t  w e  have proposed, o r  w i l l  propose, f o r  use a t  SSRL w i l l  have an e f f i c i e n c y  

of e s s e n t i a l l y  100%. The current proposal  cal ls  f o r  t h e  u s e  of a bismuth ger- 

manate ( B O )  c r y s t a l  3 m i n  thickness ,  which corresponds t o  approximately 38 

x-ray mean f r e e  Fa ths  a t  30 KeV. 

c r y s t a l  i s  spec i f i ed  on page 1 of our Informal Test Report to SSRL, i t  is t r u e  

t h a t  

s i o n  must be  our  awareness of t h e  exce l l en t  s topping power of BGO f o r  30 KeV 

x-rays and our i m p l i c i t  assumption t h a t  j u s t  the  s t a t e d  use  of BGO would, by 

i t s e l f ,  c l e a r l y  s i g n a l  an e x c e l l e n t  de t ec to r  e f f i c i e n c y  to  the thoughtful  

reader .  I n  f a c t ,  a BGO c r y s t a l  t h i n  enough (Q 0.01 mm) t o  have low d e t e c t i o n  

e f f i c i e n c y  (< 10%) f o r  30 KeV x-rays would be  about 30 t i m e s  t h inne r  than t h e  

minimum th ickness  (Q 0.25 mm) p re sen t ly  ava i l ab le .  

Any x-ray d e t e c t o r  

Although t h e  p r e c i s e  th i ckness  of our  BGO 

i t  i s  not  e x p l i c i t l y  s t a t e d  i n  our Proposal.  Our excuse f o r  t h i s  o m i s -  

Our mention of a 1% d e t e c t i o n  e f f i c i ency  on page 5 of our  Proposal occurs  

before  w e  a r r i v e  a t  a desc r ip t ion  of our intended apparatus  and a rose  only t o  

i l l u s t r a t e  how quickly d a t a  of exce l l en t  s t a t i s t i c a l  q u a l i t y  can be acquired 

a t  SSRL due t o  the  outs tanding i n t e n s i t y  of the  x-ray beam. 

occur t o  us ,  o r  t o  our knowledge t o  anyone e l s e ,  t h a t  t h i s  remark could be  

i n t e r p r e t e d  as a j u s t i f i c a t i o n  of the  use  by u s  of such an i n e f f i c i e n t  de- 

t e c t o r .  Clear ly  t h i s  i s  impossible i n  radiology because of t h e  consequent 

r a d i a t i o n  dose. 

Never d id  i t  

W e  agree  with the  exper t  reviewer's remark t h a t  i f  t h e  time occupied by 

B cornglete set  of l i n e  scans a t  one energy followed by a second complete set 

of l i n e  scans a t  a second energy should c o l l e c t i v e l y  occupy more than about 

30 asec ,  t h a t  a temporal sub t r ac t ion  methodology, us ing  s tandard  x-ray tubes,  

w i l l  produce ca rd iac  images of comparable qua l i t y .  Having s a i d  t h i s  however, 

w e  can r epea t  t h a t  w e  do no t  in tend  t o  acqui re  our ca rd iac  images i n  t h i s  way. 

Images acquired by e i t h e r  of t h e  two methods j u s t  ou t l i ned  w i l l  b e  hopeless ly  

b lur red  due t o  card iac  motion and be u s e l e s s  from the  s t andpo in t  of v i sua l -  

i z i n g  the  coronaries .  

0 0 2 1 8 0 1  
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We a l s o  agree with t h e  second academic po in t  r a i s e d  by the  expe r t  reviewer 

t h a t ,  i n  t h e  absence of motion (obviously impossible i n  coronary a r te r iography) ,  

t he  iod ine  s e n s i t i v i t y  provided by time sub t r ac t ion  exceeds t h a t  provided by 

IC-edge subt rac t ion .  This occurs because t h e  small reduct ion  in i o d i n e  c o n t r a s t  

due t o  t h e  sub t r ac t ion  of t h e  image taken below the  K-edge i s  avoided. 

t h e  s i t u a t i o n s  of v i t a l  c l in i ca l  interest i n  which p a t i e n t  motion can be so 

t o t a l l y  suspended as t o  r e a l i z e  t h i s  small b e n e f i t  must be few i n  number, and 

are obviously t o t a l l y  disconnected t o  our area of interest where motion is ever- 

present  and unavoidable. 

Clear ly ,  

We be l i eve  w e  have adequately explained i n  the  in t roduc to ry  paragraph t o  

t h i s  statement t he  reason why the  exper t  reviewer f i n d s  our  cu r ren t  Proposal 

t o  be  incomplete. I n  summary, he  i s  judging t h e  f u l l  program of development 

from t h e  perspec t ive  of  an  i n i t i a l  proposed i n v e s t i g a t i o n  wi th  l i m i t e d  objec- 

tives. It should be c l e a r  from t h e  contents of this document t h a t  we could 

now w r i t e  a much more convincing j u s t i f i c a t i o n  of our  eventua l  goal than can 

be  gleaned from our cu r ren t  Proposal. A t  the  proper t i m e  w e  w i l l  w r i t e  such 

a proposal. F i r s t ,  however, w e  wish t o  demonstrate our a b i l i t y  t o  i s o l a t e  

s u b t l e  amounts of i od ine  wi th  t h e  x-rays ava i l ab le  a t  SSRL befo re  w e  address,  

i n  proposals,  such problems as motion and image f i e l d .  

We have adequately responded i n  our f i r s t  Proposal Addendum t o  the  cri- 

t i c i s m  t h a t  our non-invasive study can p resen t ly  be made a v a i l a b l e  at only 

s to rage  r i n g  l abora to r i e s .  

l ier Addendum, our b e l i e f  t h a t  a successfu l  demonstration of our i d e a s  a t  

SSRL would r e s u l t  i n  t h e  s t imu la t ion  of a considerable t echn ica l  e f f o r t  t o  

develop a compact source of monochromatic x-rays express ly  f o r  medical pur- 

poses. 

by t h e  combination of an argon-ion W laser and a small (% 25 MeV) be ta t ron .  

Such a development would of course be of tremendous value t o  many s c i e n t i s t s  

i-, other  fields, who would thereby a l s o  be l i b e r a t e d  from t h e  s t o r a g e  r i n g  

l zbora to r i e s .  

W e  wish t o  emphasize, as w e  a l s o  d id  i n  our ear- 

We indica ted  t h a t  t h e  most l i k e l y  way i n  which t h i s  could b e  done w a s  

We do not accept t he  view t h a t  t he  poss ib l e  r e s t r i c t i o n  of our intended 

p r o c d u r e  to l abo ra to r i e s  such a s  SSRL i s  a s u f f i c i e n t  reason t o  deny our pro- 

posa l  a h igh  p r i o r i t y  a t  t h i s  very e a r l y  s tage .  

posa l  Addendum of August 30, 1979 the  s p e c i f i c  d i agnos t i c  and research  oppor- 

t u n i t i e s  t h a t  can be  r e a l i z e d  f o r  t h e  f i r s t  t i m e  a t  SSRL, and independent 

We have l i s t e d  i n  our  Pro- 
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statements a t t e s t i n g  t o  the  medical value of our pro jec ted  procedure have been 

provided t o  SSRL by D r s .  N. E. Shumway and J .  W. Hanbery of t h e  Departments Of 

Cardiovascular Surgery and Surgery (Division of Neurosurgery) r e spec t ive ly  a t  

Stanford. 

monochromatic x-rays f o r  medicine may be developed and w e  b e l i e v e  t h a t  a SUC- 

ces s fu l  demonstration of K-edge dichromography where i t  i s  now poss ib le ,  namely 

a t  SSRL, is the  b e s t  poss ib le  way to encourage the  eventua l  development of such 

independent sources. 

how medicine a t  l a r g e  may b e n e f i t  from the  development e f f o r t  we now envisage 

a t  SSRL, bu t  w e  do be l i eve  t h a t  t h e  p o t e n t i a l  rewards are so i n v i t i n g  t h a t  t h e  

present  opportunity should not be missed. 

We have pointed t o  one poss ib le  means by which compact sources Of 

As always i n  science i t  is  impossible t o  p r e d i c t  e x a c t l y  

We hope t h a t  t h i s  communication, together with t h e  e x i s t i n g  documents, 

reviews and recommendations r e l a t i n g  t o  Proposal 456B, w i l l  persuade t h e  Pro- 

gram R e v i e w  Panel and t h e  Direc tora te  a t  SSRL t o  maintain,  o r  to upgrade, 

t h e i r  o r i g i n a l  r a t i n g  of our Proposal and t o  defer  cons ide ra t ion  of la ter  

phases of our inves t iga t ion  t o  t h e  proper t i m e .  

t h a t  we have discussed our cu r ren t  proposal and our f u t u r e  i d e a s  on s e v e r a l  

occasions with members of t he  SSRL s t a f f  and we suggest t h a t  t h i s  resource 

b e  used f o r  expert  t echn ica l  i n t e r p r e t a t i o n  i f  t he re  are r e s i d u a l  unclear as- 

We also wish to po in t  o u t  

pec ts  of our Proposal. 

0 0 2  I 8 0 9  
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I INTRODUCTION 

This addendum was written after the receipt of six anonymous reviews of 

Proposal 456B. Four of these reviews were totally positive, one raised a 

minor objection and one was totally negative. 

answered: 

of extra-vascular iodine through diffusion in live specimens. 

this addendum is directed at the issues raised in the negative review. 

are (a) the utility of a medical facility f o r  coronary arteriography at SSRL 

alone, (b) the possibility of later providing similar treatment to patients 

elsewhere, (c) the feasibility (actually the infeasibility) of coronary 

arteriography by dichromography with existing quasi-monoenergetic x-ray 

sources and (d) the mistaken impression that the radiation dose to the patient 

in dichromography will be increased at SSEU relative to the use of quasi- 

monoenergetic beams. 

The minor objection is easily 

it relates to the use of only inanimate phantoms and the.effects 

The bulk of 

These 

I1 THE RESPONSE 

The principal purpose of the studies described in Proposal 456B is with- 

out question the development of a safe non-invasive method of coronary ar- 

teriography. 

arteries is highly invasive and carries too much risk, discomfort and expense 

to be used routinely to recognize significant arterial obstruction in asym- 

ptomatic patients at high risk for coronary artery disease. 

the invasive diagnostic procedure is practiced in only about 15% of all hos- 

pitals and even in these active centers the associated death and morbidity 

The current method of assessing the condition of the coronary 

For these reasons 
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rates are too high for the procedure to be used in a screening way. 

therefore restricted in its use to symptomatic patients already known, with 

high probability, to be suffering from severe coronary artery disease and in 

It is 

probable need of surgical intervention. 

fort of a non-invasive method of coronary arteriography resulted in the opera- 

tion of a diagnostic clinic for coronary artery studies only at SSRL, the im- 

pact on the management of this disease in the local area would be substantial. 

This clinic would be used in the following major ways: 

Even if a successful development ef- 

The treatment of patients in probable need of surgical intervention 

who would otherwise be subjected to the invasive diagnostic procedure. 

The examination of 20 such patients per day, or 

would prevent 25 deaths and 50 serious injuries each year that would 

otherwise result from the invasive diagnostic examination alone. 

The follow-up arteriographic examination of surgical patients in order 

to assess post-operative progress with no further risk of injury. 

The study of the natural history of coronary artery disease by serial 

examinations on patients with no previous evidence of this disease. 

% 5,000 per year, 

In fact, the studies identified in item c) above, if conducted only at 

SSRL, would provide clinical medicine with a truly unique research opportunity. 

The S S U  facility would, of course, also provide the opportunities identified 

in items a) - c) above to physicians and researchers in the other areas of an- 
giography. 

currently also carries major risks of stroke and death during invasive examina- 

tion, but as stated in Proposal 456B there are many arteries and veins whose 

angiographic examination is of clinical significance. 

This may be especially important in cerebral arteriography, which 
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If a development e f f o r t  a t  SSRL w e r e  t o  succeed, i t  i s  then reasonable 

t o  expect t h a t  t h i s  success would soon r e s u l t  i n  t h e  establishment of similar 

research  and d iagnos t ic  c l i n i c s  a t  the  o ther  sources of synchrotron radia- 

t i o n ,  both i n  t h e  United S t a t e s  and abroad. 

e r n  hemisphere p l u s  Japan, t h e r e  w e r e  t h i r t e e n  s to rage  r i n g s  e i t h e r  i n  opera- 

t i o n  (4), i n  cons t ruc t ion  (7) o r  proposed (2) with c i r c u l a t i n g  beam energies 

i n  excess of 1 GeV where such a medical f a c i l i t y  would be f eas ib l e .  

I n  February 1978, i n  t h e  West- 

Another r e s u l t  of an i t i a l  success a t  SSRL would undoubtedly be t h e  

s t imula t ion  of a considerable technica l  e f f o r t  by p h y s i c i s t s  and engineers 

t o  develop a compact source of monochromatic x-rays expressly f o r  medical 

purposes. 

of t h e  beam a t  SSRL. 

Present ly ,  w e  be l i eve  t h a t  t h e  most p r a c t i c a l  and least expensive method of 

Most c e r t a i n l y  t h i s  source would not  r e q u i r e  t h e  f u l l  i n t e n s i t y  

(This question is addressed b r i e f l y  i n  Proposal 456B.) 

providing an independent source of monochromatic x-rays f o r  medical purposes 

is  t o  back-scatter l a s e r  photons inooherently off t h e  e l ec t rons  i n  a small 

s to rage  ring. I f  a powerful carbon dioxide laser is used, t h e  s torage  r i n g  

energy required is only 200 MeV. The p r i n c i p l e  involved, namely inverse  

Compton s c a t t e r i n g ,  has  been used seve ra l  t i m e s  t o  ob ta in  monochromatic 

x-rays i n  high energy physics. A t  SLAC, f o r  example, beams of laser l i g h t  

are rou t ine ly  back-scattered off beams of ene rge t i c  e l ec t rons  (5 - 22 GeV) t o  

produce monochromatic Y-rays i n  t h e  range 2 - 1 0  GeV. 

Adone s to rage  r ing ,  f i r s t  b u i l t  i n  1967, i s  now used i n  conjunction with a 

powerful argon-ion laser t o  provide a s t rong  source of monochromatic p r a y s  i n  

the  range 10 - 100 MeV f o r  p a r t i c l e  physics. 

t h a t  an i n i t i a l  success i n  t h e  medical arena a t  SSRL would s t i m u l a t e  an ef- 

f o r t  t o  generate monochromatic x-rays f o r  medical purposes at minimum cos t  

A t  F ra sca t i ,  I t a l y ,  t h e  

It may be expected, therefore ,  
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by t h i s ,  o r  an a l t e r n a t i v e ,  method. 

specula t ive ,  method is  t o  back-scat ter  laser photons (from an argon-ion l a s e r )  

coherent ly  of f  an  e l ec t ron  beam bunched with a s p a t i a l  s t r u c t u r e  equal t o ,  o r  

a sub-harmonic of ,  t h e  wavelength of t h e  laser l i g h t .  

y i e l d  can be  g r e a t l y  increased  

e l e c t r o n s  so  t h a t  a 25 MeV e l e c t r o n  microtron can be used in s t ead  of a s t o r -  

age r ing .  

One a l t e r n a t i v e ,  bu t  a t  present  more 

In t h i s  way t h e  x-ray 

relative t o  incoherent  s c a t t e r i n g  off  unbunched 

A t  p resent  we are unable t o  guarantee t h a t  medical s t u d i e s  of t he  type w e  

p r o j e c t  f o r  SSRL w i l l  b e  poss ib l e  a t  loca t ions  o the r  than those  se l ec t ed  or ig-  

i n a l l y ,  f o r  o the r  reasons,  as t h e  sites f o r  e l ec t ron  s to rage  r ings .  

t h i s  be so, t h i s  l i m i t a t i o n  on t h e  geographical d i s t r i b u t i o n  of f a c i l i t i e s  

would not  be uncommon i n  medicine. 

ment of t h e  pos i t ron  a n n i h i l a t i o n  camera i n  nuclear  medicine, which must be 

loca ted  ad jacent  t o  a proton a c c e l e r a t o r  capable of providing t h e  required 

short- l ived r ad io i so topes  of %, 13N and 150. 

es tabl ishment  of rad io therapy  c l i n i c s  dependent upon beams of negat ive pi-mesons, 

heavy ions  and neutrons a t  t h e  l a r g e  p a r t i c l e  a c c e l e r a t o r s  loca ted  i n  Los Alamos, 

Berkeley o r  Chicago, r e spec t ive ly .  I n  f a c t ,  given t h e  cu r ren t  world-wide de- 

mand f o r  synchrotron r a d i a t i o n  f a c i l i t i e s  and t h e  secure  p o s i t i o n  occupied by 

e l e c t r o n  s to rage  r i n g s  i n  p a r t i c l e  physics  research ,  i t  appears  t h a t  t h e  oppor- 

t u n i t i e s  f o r  t h e  establ ishment  of medical f a c i l i t i e s  employing monochromatic 

x-rays, but dependent upon machines b u i l t  for other  purposes, w i l l  not  be near ly  

as r e s t r i c t e d  i n  geographical  d i s t r i b u t i o n  as they have been f o r  o ther  spe- 

c i a l i z e d  c e n t e r s  u t i l i z i n g  a unique resource.  

Should 

It has no t  prevented the recent  develop- 

Neither has  i t  prevented t h e  



The s t u d i e s  ou t l ined  i n  Proposal 456B comprise a l o g i c a l  f i r s t  s t e p  to- 

ward the  goal  of producing dichromagraphic radiographs of t h e  coronary arteries. 

The proposal ob jec t ives  have been d e l i b e r a t e l y  r e s t r i c t e d  t o  i n i t i a l  s t u d i e s  

wi th  s t a t i c  and inaminate phantoms, i n  accordance w i t h  the  s t a t e d  SSRL preference  

f o r  sho r t  i nves t iga t ions  with l imi t ed  ob jec t ives  i n s t e a d  of s i n g l e  reques ts  for 

the  s tudy of a l l  quest ions necessary t o  achieve a final goal.  

j e c t i v e  of Proposal 456B is t o  demonstrate t he  b a s i c  p r o p e r t i e s  of d i g i t a l  

iod ine  K edge dichromography us ing  in t ense  and t r u l y  monochromatic x-ray beams 

before  proceeding t o  t h e  use  of more complex phantoms and animate specimens. 

Ce r t a in ly ,  both of t h e  l a t te r  w i l l  be used i n  subsequent tests and are imed-  

i a t e l y  ava iab le  t o  t h e  experiment team. 

The l imi t ed  ob- 

Even t h e  l imi t ed  ob jec t ives  of Proposal 456B i nc lude  a s tudy  of the visi- 

b i l i t y  of iod ina ted  blood vessels i n  t h e  presence of extra-vessel background 

concent ra t ions  of iodine.  Such.backgrounds w i l l  indeed occur i n  animate spe- 

cimens, bu t  t h e r e  appears t o  be  no reason why t h i s  should preclude ar ter ia l  

examinations i f  t h e  pe r iphe ra l  venous i n j e c t i o n  and t h e  x-ray exposures are 

administered with t h e  proper relative timing. Typica l ly ,  the radiographs 

needed f o r  dichromography will be taken on t h e  f i r s t  o r  second t r a n s i t s  of 

t h e  i n j e c t e d  iod ine  through the  car iovascular  system, o r  w i t h i n  one minute 

a f t e r  i n j e c t i o n .  I n  c o n t r a s t ,  i od ine  d i f f u s i o n  i n t o  t h e  extra-vascular  space 

w i l l  occur wi th  a t i m e  scale on the  order  of several minutes and s o  w i l l  n o t  

present  a major problem. 

graphs below, which show the  r e s u l t  of a t i m e  s u b t r a c t i o n  s tudy,  by d i g i t a l  

This  f a c t  i s  c l e a r l y  demonstrated i n  t h e  photo- 

o d Z t 8 l l  
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radiography, of t h e  ches t  cav i ty  of a dog. The p i c t u r e  on t h e  l e f t ,  t h e  

f a s t - con t r a s t  image, w a s  obtained a f t e r  t he  in t roduct ion  of iodine by 

ca the te r ,  v ia  t h e  supe r io r  vena cava, i n t o  t h e  r i g h t  atrium of t he  hea r t .  

An earlier exposure of equal  dura t ion ,  t h e  so-called mask, w a s  a l s o  ob- 

tained before t h e  in t roduct ion  of t h e  iodine.  

is  what remains a f t e r  t h e  mask is subt rac ted  from t h e  post-contrast image. 

Idea l ly ,  i t  should r e v e a l  only t h e  d i s t r i b u t i o n  of t h e  con t ras t  agent. 

Indeed t h e  iod ine  wi th in  t h e  h e a r t ,  averaged over many ca rd iac  cycles,  is  

The p i c t u r e  on t h e  r i g h t  

c l e a r l y  seen. 

teries are c l e a r l y  v i sua l i zed ,  as are smaller arteries ( t o  t h e  l e f t )  t o  

t h e  forearm and shoulder and even ( t o  t h e  r i g h t )  iodinated veins.  These 

The c a r o t i d  (open arrow) and v e r t i b r a l  (closed arrow) ar- 

channels are v i s i b l e  d e s p i t e  t h e i r  motions during t h e i r  exposure and are 

d e f i n i t e l y  no t  obscured by any extra-arterial iodine.  

t r a c t i o n s  of t h e  o ther  anatomical s t r u c t u r e s  is  due t o  

movements dur ing  the  two exposures. 

The incomplete sub- 

t h e i r  non-identical 

0 0 2  t 8 18;  
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Photographs of t h e  c h e s t  c a v i t y  of a dog obtained dur ing  a t i m e  sub- 

t r a c t i o n  s tudy.  On the l e f t  i s  t h e  unsubt rac ted  pos t -cont ras t  image 

obta ined  a f t e r  t h e  i o d i n e  i n j e c t i o n .  On t h e  r i g h t  is  t h e  d i f f e r e n c e  

between t h e  pos t -cont ras t  image and an  ear l ier  exposure, t h e  mask, 

befo re  t h e  iod ine  i n j e c t i o n .  
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Whil;! it is true that the feasibility of iodine-dichromography using quasi- 

monoenergetic, or broad-band, beams has already been demonstrated, this does 

not mean that existing quasi-monoenergetic sources have been used, or indeed 

can be used, f o r  coronary arteriography. 

sources this is impossible. 

filtration, is totally inadequate. The coronary arteries are not stationary 

structures. 

fore in continuous motion. 

quasi-monoenergetic x-ray beams. 

SSRL is that it is possible to record images fast enough to visualize the 

coronary arteries in sharp focus. 

Xn fact, with conventional x-ray 

The source intensity, after the necessary severe 

They are in intimate contact with the heart muscle and are there- 

Only a blurred image would result from the use of 

A major advantage of the beam intensity at 

The major arteries, including those not 

intimately associated with the heart muscle, are involved in a motion of ex- 

pansion and contraction due to the cardiac cycle and therefore their internal 

structures are not visible in examinations with quasi-monoenergetic sources. 

It is likely that the clinical applications of non-invasive procedures with 

quasi-monoenergetic sources will be restricted t o  stationary structures, such 

as the kidneys, gall bladder and thyroid- 

The suggestion made by one reviewer of Proposal 456B that the radiation dose 

delivered to a patient in a dichromographic examination with the monoenergetic 

x-ray beams at SSRL would substantially exceed that received if quasi-mono- 

energetic beams are used is most definitely not correct. To the contrary, the 

radiation dose is minimized through the use of monoenergetic beams because the 

signal to noise ratio is maximized under these conditions. Moreover, the 

natural one-dimensional cross sectional profile of the SSRL beam, coupled 

with the eventual use of 9 one-dimensional x-ray detector, totally eliminates 

the problem of scattered radiation that is characteristic of the published 

1 technique using quasi-monochromatic x-ray beams. For example, Kelcz et al. has 

reported that the radiation dose delivered to a patient t o  achieve a specific 
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image con t r a s t  i s  increased by a f ac to r  of 25 r e l a t i v e  t o  t ha t  needed i n  t h e  

absence of scatter. I f  a s c a t t e r  g r id  i s  used, t h e  add i t iona l  dose can be re- 

duced t o  a f a c t o r  of about th ree ,  but a t  t h e  expense of a longer exposure time. 

I n  a l l  r e spec t s  t h e  use  of monoenergetic beams a t  ssm with a matching de tec to r  

geometry minimizes t h e  r a d i a t i o n  dose de l ivered  t o  a p a t i e n t  i n  order t o  achieve 

a s p e c i f i c  s i g n a l  t o  no i se  r a t i o  i n  t h e  f i n a l  image using iod ine  K edge dichro- 

mography. 

456B i n  question could be r e l a t e d  t o  the  references made t o  t he  work of Ter- 

Pogossian. 

could be obtained i f  a s i n g l e  quasi-monoenergetic beam a t  33 KeV was used 

ins tead  of a white spectrum of 70 Kvp of rad ia t ion .  

termined t h a t  t h e  use  of t h e  s o f t e r  r a d i a t i o n  would cause an increased radia- 

t i o n  dose, t h a t  t h i s  increase  w a s  no more than a f a c t o r  of t h r e e  f o r  t i s s u e  

The opposite impression received by the  one reviewer of Proposal 

I n  1956, t h i s  author showed t h a t  an increased s e n s i t i v i t y  t o  iod ine  

Ter-Pogossian a l so  de- 

-2 thicknesses up t o  20 gm c m  

l i m i t s .  

, and t h a t  t h i s  increase  w a s  w e l l  within safe 
.- .... "e.- - 

H i s  work i n  no way relates t o  t h e  relative r a d i a t i o n  dose received 

i n  iod ine  K edge dichromography using, on t h e  one hand, quasi-monoenergetic 

monochromatic beams with energ ies  immediately adjacent t o  t h e  iodine K edge. 

111 SUMMARY 

The major advantages t h a t  t h e  x-ray beams a t  SSRL br ing  t o  arteriography 

are as follows: 

a )  The monochromaticity of the  beams maximizes t h e  sens iv i ty  t o  in t r a -  

ar ter ia l  iod ine  and permits t h e  use of per iphera l  venous in jec t ion .  

The i n t e n s i t y  of t he  beams permits sho r t  exposure t i m e s  and allows 

images t o  be recorded i n  sharp focus desp i t e  t h e  arterial  motions 

b) 

assoc ia ted  with t h e  ca rd iac  cycle. 

-8- 



c) The monochromaticity of the two beams and their very small energy 

spacing virtually eliminates background signals due to tissue and 

bone thickness variations. 

The increased sensitivity to iodine allows the injected concentra- 

tion of iodine to be reduced, and permits multiple serial injections 

d) 

in a single patient examination. 
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pLoposal No. t I JUL 5 1979 . ' 
1 

' 1. TITLE (less than 10 k-ords) 

I O D I N E  DICHROMOGRAPHY WITH MONOCHROMATIC X-RAY BEAMS FOR ANGIOGRAPHY . 2. L i s t  of Collaborators (un2,erlins spokesperson) Telephone NurhKrz 
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3. E x p r i m  t i o n  (see list in Proposal Guidel ines ,  F i g u r e  2 )  
a) Y i r s t  Choice I V - 1  (wiggler)  Alternates___Z-5 - _ _  
X f  t h r e  are no altcrnates stste reatson i n  proposal, 

4. E t i m a t c d  R ~ x a  Tin?  Reouired i n  6 h x r  Shifts: - 
7- Stored 5exa Enersy (GeV) 1.5 2 b2.5 3 25.5 

. Mininum Lead Tittie Required: --days -- .weeks -- months Ready i n  1979 
Estimated Optimal Total S h i f t  Requirement 7-  30 - -A 

0 TOBER 
.S- Describe any special cond i t ions  w h i c h  nnke it desirable to run  the experiment  on 

' ded ica t ed t ime  (stored c u r r e n t  > 100 mA a t  any energy, reduced emi t tance) .  

6. 
the vacuum system (and also t h e  lead tine needed for prepa ra t ion )  and also any c o n s t r u c t i o n  
materials and components n o t  generally considered t o  be U W  materials or components. 

For experiments on Vacuun Beam Lines: Please  list all samples you e x p e c t  t o  i n s e r t  iRL-0 

D e t ~ u j l :  - 
must be given i n  the pro?osal. 

NONE 

7. List all p o t e n t i a l l y  hasarZo3s procedures and equipment, i nc lud ing  a l l  toxic, xadio- 
a c t i v e ,  or ex2los ive  nater ia is ,  and f u r n i s h  detailed safety procedures in t h e  proposal, 
Agreement to bring these m a t e r i a l s  to SSZL must be o b t a i n e d  from Y. Cerino, Opera t ions  I.lanrlgc 
l e a s t  one week prior to the d a t e  of a r r i v a l .  

NONE 
8. 

9. 
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spec i f  i y  g r a n t  or  c o n t r a c t  number. 
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