STANFORD SYNCHROTRON RADIATION LABORATORY

STANFORD LINEAR ACCELERATOR CENTER
P.O. Box 4349, Bin 69
Stanford, California 94305
Telephone: (415) 854-3300, Ext. 2874
TWX: 910-373-1162
Answer Back: STANFRD
STNU A TOREF0

April 2, 1986

Dr. Edward Rubenstein
Medical Center TC-129
Stanford University

Ed:
Dear D rnubPensteit:

The angiography proposal, 456B, 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 IV-2. This present commitment ends in
September 1986.

At the last meeting of the Proposal Review Panel a
specific recommendation was made that before this work
continue, a new proposal be submitted for peer review and
rating by the PRP. The next deadline for proposal submittal
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-.

Yours sincerely,

A. Bienenstock

- Director

cc: 456B File
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SSRL END OF RUN SUMMARY FORM

Spokesperson: dOQ-S‘&"Q.éQLQE_ Proposal #: ATe
) Experimental Station_4~ 2

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 all
the SSRL Group Leaders. Try and be legible! PLEASE TURN IT IN TO KATHERINE:
CANTWELL upon departure.
1. Beam Time Received: Assigned Shifts__ 327 Scheduled Dates =\ R
Your estimate of received usable shifts ,g fé

Explanation:

2.  Samples Run: (Please list all):

Py Hoot Fliotmo

3.  Did the research performed differ in any significant manner from the that proposed for this
experiment? No Yes (Please give details on back)

Wi TP Al sndl s o reand P £

4.  Was the experimental station ready for your run? Yes No l/ If no, give some /

s. Which software did you use: RT-11 EXAFS, RSX EXAFS, SPECTR, EXP OWN, OTHFR
Did it fail to work as described in the documentation? If so, where? )

R1- 1\

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

No

Would your run have been more successful if more heln had heen availahle fram any nf the
SSRL staff? If so, which type of staff in particular?

No
Please turn over



1

7.  Please describe any particular problems you had and suggest how these might have been

avoided: T&'M,.’,.gmmmmyzﬁsd‘r

By o Lo Ml inll ' HAl im0 5T Abmaprecd -
Fridyy oo oud wa £ Yo anit SH Hordly smorecs.

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

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

o

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

No

11. SSRL staff, SPEAR Operators and the DOE are extremely interested in experimental
results obtained at 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.

We M‘[é ,&MM Tl owr

Yow & r’j;; ’ a M A;:Qzelw ond no |
ikt

Name of Person Filling Out the Form:
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'EXPERIMENTAL RUN SUMM:  Spokesperson: ¥\o¥stoe . Proposal #: 456

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 all the SSRL Group
Leaders. Try and be legible! PLEASE TURN IT IN TO KATHERINE CANTWELL upon
departure.

1. Beam Time Received: Assigned Shifts___EEﬂ;_Scheduled Dates:&{&,—-EiEQ;

Your estimate of received usable shifts__ _____Experimental Station_:&jgg_

Explanation:

2. Samples Run: (Please list all):

3. Did the research performed differ in any significant manner from the
that proposed for this experiment? _+Kr_No _____ Yes (Please give
details on back of form).

4, Was the experimental station ready for your run? Yes ffk No
If no, give some details:

5. Would your run have been more successful if more help had been
available from any of the SSRL staff? If so, which type of staff in
particular?

No

6. Please describe any particular problems you had and_ suggest how_these
might have been avoided:

ND‘m@

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

/

\)(C TR }.M /[

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

002 1p2p. 7es; we ko brk oot £ dons Tty




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

10. Did you obtain significant results during this run that should be

‘ reported to the DOE? (DOE program officers find this information
useful in their efforts to obtain more funding for SSRL? If yes,
please describe on back.

.o
HAa $ cuA;'/V;{' CLL/{X/ wl,u,x:\‘
’
? i 2n | 05 EEU 20

v

Name of Person Filling Out the Form:
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CHANGE IN SPOKESPERSON

Proposal Number 445/
From Azj/jj/iﬂg , To /40{5%45//@/2..

Method of Communication - éﬁ%WdZﬁX/ M‘{ @L&W/agé‘
Lo A&M«/

Check off list:

Master List (KC & CB)
Word 11 Proposal Labels (XC)
Proposal List on Computer (CB)
CUA File (BP)
Mail List Changes (if any) (SP)
cc: BP

SP

0021628
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November 13, 1985

TO: K. Cantwell ,
FROM: A. Bienenstock C})
SUBJECT: 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 456.

0021529,



SSRL MEMORANDUM
Date: 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.

S erel
<§£§E:_,L_—~f"
7~ John A. Cerino
///, Operations Manager
cc:
A. BIENENSTOCK
G. BROWN
H. DESTAEBLER
H. WINICK
file
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BIOLOGY SUB<PANEL RATINGS <~ JANUARY 1985
4Ls56Bp Hughes

The Biology panel is concerned that this program is going on
without any apparent external review. Although it looks promising,
we would hope that there is some mechanism for periodic external
feedback and evaluation. Perhaps our PRT procedures should be
applied here; perhaps some other mechanism is appropriate.

0021631



JFFICE MEMORANDUM o STANFORD UNIVERSITY e OFFICE MEMORANDUM o STANFORD UNIVERSITY ¢ OFFICE MEMORAN

Date: November 30, 1984

To ,‘ Katherine Cantwell
. . RECEIVED
From - E. B . sAf)/ :
. E. Barrie Hugke CAcn i~
o - LeL 0 51984
SusiECT:  Extension of Proposal 4568 SS=EL

Enclosed are four copies of a progress report on Program Proposal 456B.
You needed this summary of our progress by December 1, 1984, as a
requirement for the extension of this proposal.

EBH:gh

Shifts Used/Date _ BeamLine Running Conditions
24 3/84 4-2 DED

12 3/84 4-2 PAR

22 4/83 . 4-2 PAR

31 2/83 4-2 . DED

20 12/82 4-3 : PAR

10 11/82 4-2 PAR

13 3/82 4-3 DED

17 3/82 4-2 DED

19 1/82 4-3 DED
14 12/81 4-3 DED

15 6/81 4-3 DED

10 4/81 4-2 PAR

14 3/81 T 4=-2 PAR

2 4/80 4-2 AR
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EXPERIMENT 4568

PROGRESS REPORT YO 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 vivo canine imaging. In vivo
studies were first carried out in March 1982, at SSRL, and were continued in
February 1983, and most recently in March 1984.

These studies are prompted by the need for a non-invasive diagnostic test

for coronary artery disease 1in humans. No alternative test as yet has
demonstrated an ability to provide images of sufficient quality to supplant
the standard invasive procedure. To accommodate human subjects it is

necessary to create a synchrotron X-ray beam of 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 underuay. A uwiggler-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, 1is being modified and expanded to accommodate human
subjects. Follouwing the test and successful operation of this apparatus,

starting in early 1985, a clinical evaluation with human subjects will 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 belou.

1. X-RAY BEAM

Engineering studies on the beam-widening ‘operation were completed at
SSRL and the changes called for were made in the summer of 1984. All the
new high-vacuum equipment (including the beam pipe, larger valves and
wider Be windous) were instalied 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 Dr. 6. S. Brown. A design
review in December 1983, indicated that the required suitching time (less
than 1 ms) might be difficult to achieve without mechanical complexity.
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Instead, an alternative design was conceived that avoided fast motions of
the diffracting crystals to achieve energy suitching. This latest design
incorporates tuwo curved crystals, each intercepting one half of the
vertical beam profile, with independent adjustment in angle. This system
will provide tuo focussed beams, with energies centered respectively above
and below the iodine K-edge, but with a vertical separation at the patient
position of 0.25 mm. Vertical focussing in this new monochromator will
make maximal use of the availahle X-ray flux, permitting the acquisition
of each image frame in-the minimum possible time. The vertical separation
betueen the tuwo beams compensates for the vertical patient motion and
assures registration betueen each related pair of line exposures. Rapid
suitching betuween the two beams will be accomplished by a rotating drum
suitcher that will admit either one or the other of the two beams with
very high duty factor. Prototype testing of this monochromator concept
will initially use flat diffracting crystals, and is planned for February
1985.

FAST BEAM-SNITCHER

A detailed design of a mechanism to achieve rapid suitching betueen
the two beams has been developed. The preferred beam-suwitching mechanism
consists of tuo 12 inch diameter rotating steel drums, each of which has
four lobes for alternately stopping and transmitting an incident X-ray
beam. For the fastest anticipated scanning rate, corresponding to 2 ms
per image line, these drums will vrotate at 7200 RPM in synchronization
with the 60 Hz line. This will be accomplished with an 1800 RPM
synchronous motor, a system of toothed pulleys, and a double-sided toothed
rubber belt. The system will also be capable of operating at four slower
speeds, hamely: 3600, 1800, 900 and 450 RPM. Tuo 512 1line optical
encoders Will be wused to allow the computer to determine the exact
position of each drum at all +times while they are rotating. Data-
acquisition will be synchronized to the drum rotation, as was the case
with the rotating slit system used in the preliminary studies. The drums
Wwill be dynamically balanced and will ride on ultra-high-precision ball
bearings to minimize friction, vibration and noise. In addition, a noise-
insulating wooden box will surround the drum system. Fabrication uas
begun early enough to assure completion by January 1985.

EXAMINATION ROOM

SSRL developed a design for a room capable of accommodating angiography
studies in the uwide X-ray beam and proceeded with the fabrication. This
room is installed in the beam and available for wuse in February 1985.
Patient occupation, houever, is not anticipated until late 1985.

The room design, and a related operating procedure, have been developed
to provide for the radiation safety of the patient and operating
personnel, and to permit physician control of the imaging sequence and
easy access to the patient at all times.

SIGNAL-PROCESSING ELECTRONICS

Minor cijrcuit and connector modifications. have been made to the signal-
processing electronic modules, based upon experience with the 15 modules
(60 channels) built earlier. The frequency of 5 MHz for the voltage-to-
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trequency (V/F) converters was reaffirmed after review of the present
linearity limitations on V/F circuits at 10 and 20 MHz.

6. DATA ACQUISITION SYSTEM

The design of an expanded control and data-acquisition system required
for human subject studies has been specified. A high-performance data-
acquisition computer has been received from First Computer Corp. The
computer contains an LSI 11/73 CPU, 256 Kbytes of memory, a Fujitsu Eagle
470 Mbyte Winchester disk drive, and a Cipher 3200 BPI 75 IPS magnetic
tape drive. Because the Fujitsu drive is so fast, it should be possible
to urite imaging data to disk either between images or even during image
acquisition. Hence, only enough RAM memory uill be necessary to buffer
one image (512 Kbytes).

7. PATIENT POSITIONING APPARATUS

A detailed specification for the conceptual design of a patient-
positioning and scanning apparatus uwas uritten based on the concept of
patient examination in the sitting position (in a chair). Circulation of
this specification to industry, folloued by visits to clarify the
requirements and to inspect conceptual designs, led to the selection of
Engineering Dynamics Corp. of Louwell, Massachusetts, to +fabricate the
chair. This company has extensive experience in the manufacture of
patient-moving equipment and is capable of meeting all FDA requirements.

Design studies of the patient-positioning and scanning apparatus began
in September 1984, at Engineering Dynamics Corporation. Delivery is
expected early in 1985.

8. SifLi) DETECTOR DEVELOPMENT

A contract with the Laurence Berkeley Laboratory for the fabrication of
a Si(Li) detector 15 cm in active wuwidth was released in June 1983. A
Si(Li) detector 15 ¢m in active width has been fabricated. This detector
has 300 sensitive regions 0.4 mm in width and a center-to-center spacing
betueen adjacent regions of 0.5 mm. The active height is 4 mm and the
thickness 5 mm. A 7-inch long crystal of high-quality silicon uas sliced
lengthuise to provide -four wafers of the correct detector dimensions.
These wafers uere then lapped, etched, and lithium~-drifted for
approximately six weeks. A contact mask was laid over each of the drifted
waters and a gold evaporation done to produce the 300 isclated contacts on
one side of each detector.

The total leakage current for each detector was measured at room
temperature and found to be in the range 18-30 uA. Preliminary
measurement of the leakage current in a 20-pad section of one uafer
indicated leakage currents of about 2-5 nA at room temperature. A method
of making spring contacts for the wide detector was developed at the
Laurence Berkeley Laboratory. This method, shoun in Figure 7, wuses 300
spring~loaded fingers. A major advantage of this method is that detectors
can be removed easily from the cryostat for surface cleaning or exchange.
The fingers couple the detector channels to a circuit board. Tuo 15-cm
long Mylar c¢ircuit strips (to reduce thermal loading), each with 150
separate lines, are soldered onto each side of this board. At the remote
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end of the Mylar strips four 75-pin connectors are attached. These
connectors mate with similar connectors on the inside of the cryostat. A
circuit card then carries the signals through the vacuum wall of the
cryostat to tuelve 25-pin coaxial connectors.

The support structure and cooling attachment _in the c¢ryostat assure
that no intolerable mechanical stress 1is applied to the crystal from
ambient to operating temperature (-30° C). Cooling is provided by three
thermoelectric coolers which are soldered to the wuater-cooled back plate
of the cryostat.

9. N VIVO IMAGING

In vivo canine studies were conducted most recently at SSRL in March
1984, at which time the hearts of seven anesthetized dogs uWwere examined.
The lateral projection (6 hearts) or right anterior oblique projection (1
heart) was used to avoid overlap betuween the left anterior descending
(LAD) coronary artery and the chambers of the left heart.

The major branches of the LAD are clearly revealed in reference images
obtained by power injection of the iodinated contrast agent
(Renografin-76) at the aortic root using an R-wave trigger. Using this
technique, closure of the aortic valve preceding the injection prevents
the contrast agent from entering the 1left ventricle. The contrast agent
was injected through a 5 French pigtail catheter into the right femoral
artery, at a rate of 25 ml s-! for 0.6 s. Ventilation of the animal was
suspended during the image acquisition.

Non-invasive images were obtained by injection of the contrast agent at
the junction of the superior vena cava and the right atrium. Pouer-
injection through a 7 French catheter introduced into the right jugular
vein was used, also with an R-wave trigger, at a rate of 12 ml s-!' for 1
s. Both the LAD and the much smaller right coronary artery are visible in
these images. In the edge-enhanced versions of these images the ostia of
both the left and right coronary arteries are visible.

A report on these studies was presented at the Meeting of the American
Heart Association in Miami Beach, Florida in November 1985.

10. INSTRUMENTATION STUDIES

Instrumentation studies were also conducted with the X-ray beam in
March-April 1984, +to assess: 1) the sensitivity of soft tissue and bone
artifacts to the energy separation between the high and louw X-ray energies
adjacent to the iodine K-edge, and 2) the lack of crosstalk, or otheruise,
betwueen adjacent channels in the Si(Li) detectors used 1in this work.
Initial results of these studies were presented at the Conference on the
Applications of Accelerators in Research and Industry at Denton, Texas in
November 1985. ‘

SUMMARY
The are no major changes in the program plan (schedule) submitted to the

NIH in December 1983. In particular, the widening of the beam at SSRL is
complete, and the construction of the examination room is well advanced.
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Testing of the wide beam and new monochromator uill begin as soon as SSRL
resumes operations in 1985. In vitro testing of the expanded imaging system
will begin immediately follouwing the commissioning of the beanm. The neu
Si(Li) detector and extra channels of 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.

0021637



August 17, 1984

To: Barrie Hughes
From: Katherine Cantwell %
Subject: EXTENSION OF PROPOSAL 456

I have discussed the extension of Program Proposal 456 with Art
Bienenstock. Since this ptoposal has been granted priority time
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. This summary should be
received at SSRL by December 1, 1984.

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
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STANFORD SYNCHROTRON RADIATION LABORATORY

STANFORD IINEAR ACCELERATOR CENTER
PO Bax 1319 Bin 69
Stanford, Califoraia 94305
Telephone: ¢i15) 85:4-3300, Ext. 2874
TWX: 910-373.1162
Answer Back: STANFRD
STNU A

July 3, 1984

E.B. Hughes
Hansen Labs
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 proposal has already received one extension and
will now terminate in 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-Pebruary 1985 run, Beam time request forms for
this period will be send out in September.

Please give me a call if you have any gquestions.
Sincerely, _
Katherine Cantwell
Assistant to the Director
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EXPERIMENTAL RUN SUMM™ ™Y Spokesperson: ROGHSs Proposal #: &5¢,

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 TURN IT IN TO RATHERINE CANTWELL upon departure.

1. Beam Time Received: Assigned Shifts |3 Scheduled Dates B—H'I 2—-13

Your estimate of received usable shifts [:3 Experimental Station 4-2
Explanation: ‘ '

2. Samples Run: (Please list all):

Sr Pravtony

3. Was the experimental station ready for your run? Yes CX; No
If no, give some details:

4, Would your run have been more successful if more help had been
available from any of the SSRL staff? If so, which type of staff in
particular?

T
—

s

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?

Nc; AARS  SPERAT o

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:

OUZIbHQé' | : Z? C)\}%mef
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W.W. HANSEN LABORATORIES OF PHYSICS

STANFORD UNIVERSITY Ssryp
STANEORD, CALIFORNIA 94305-2184 el

£

Edward L. Ginzton Laboratory Telephone (415) 497-
High Energy Physics Laboratory

December 27, 1983

Claire L. Burke

Stanford Linear Accelerator Center
P.0. Box 4349, Bin 69

Stanford CA 94305

Dear Claire:

Enclosed are the materials necessary for our program proposal renewal.

Extension request form.
Bibliography

Recent activity report
Recent publications

S~ W=
« o e

Sincerely yours,

B Y.

E. Barrie Hughes
gh

Encls.
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PROGRAM PROPOSAL EXTENSION REQUEST

Proposal Number  456B Spokesperson_E.B. Hughes

- s w . - ws e L W s U eh ey m ow - - e e S Gm e M EE SE e AP e M G M e S R G e W M e G e e e

I do not w1sh to extend this program
Reason:

For Extension:

1. List current collaborators if different from original proposal.

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

2. Briefly describe where you are in the outlined work for this
proposal.
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.

3. Briefly describe the next step you plan to pursue.

The human subject studies will begin as scon 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. If no activity report (March 1983) is available attach a one page
description of progress to date.

5. If activity report is attached is there any new information which

you feel the panel should have (describe on separate sheet of

paper).

Funding for a clinical evaluation has been provided by the National Institues of Health.
6. List Publications resulting from work:

See attached bibliography

***f*************************For SSRL uSe*****************************
Shifts Used/Date Beam Line Running Conditions

ol Page
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Proposal No., 456B

EVALUATION OF SYNCHROTRON X-RAYS FOR DIGITAL SUBTRACTION COROMARY ANGIOGRAPHY

£.B. Hughes, H. D.

Zeman,
J. N. Otis and J.

C. Finman, R. Hofstadter

Rol fe

Hansen Laboratories of Physics and

Department of Physics,

E. Rubenstein,

p.C. Harrison,

Stanford University

R.S. Kernoff

Department of Medicine, Stanford University School of Medicine

A.C. Thompson,

Lawrence Berkeley Lahoratory

6.S. Brown, Stanford Synchrotron Radiation Laboratory

The results of the most recent in vivo canine
studies uwere summarized in the preceding report. These
tests took place in the period February 7-21, 1983 in

Relative to earlier in vivo studies,
upgraded in three significant
detector with improved spatial
Second, a special rotating
slit was constructed to define and to move the beam
vertically at the speed of the animal during the
zcquisition of each related pair of line exposures,
thereby assuring registration betueen each image pair.
Third, all tine scans uere started at the same phase
relative to the cardiac cycle to assure matching at the
borders of adjacent vertical frames. (The narrou beam
didth, 2 ¢m, necessitates multiple injections at
appropriate intervals to cover the desired field.

beam line IV-2.
the imaging system was
W3ys. First, a Si(Li)}
resolution was introduced.

The image quality in February 1983, was found to be
impaired by 60 Hz line-frequency electrical. noise.
This, 1n general, resuited in an unuanted modulation of
the reconstructed image, and prompted the adoption of
an operating procedure designed to minimze its effect.

This procedure uas successfully tested in the period
April 1-13, 1983, under parasitic conditions.
After reduction of line-frequency signal noise by

a means ot compensating
noise was developed

standard electronic techniques,
exactly for the residual 60 Hz
based on synchronizing the operation of the rotating
slit accurately to the line fregquency. A controller
uas introduced for this purpose, by means of which the
rotation speed of the ©D0C servo-motor driving the
rotating slit could be set either at the line frequency

or at a multiple thereof. By synchronizing the data
acquisition with the rotating slit, all the necessary
moasurcnents could then be taken at selected phases
relative to the line. 1f the amplitude of the
interfering noise itself is stable with tinme, it is
reasonable to expect +that at each phase the signal
ascociated with the line-frequency noise will be
constant. For excmple, if the rotating slit 1is

operated at the line frequency, the exposure time for

each high and lou energy line image will be 4.17 ms and
one measurement of each type ual] be made, at knoun
phases (separated by 180 degrees), during each full

rotation period of the slit.
measurements can be made,
each of the tuo
intercepted by an

Corresponding pedestal
for each detector channel, at
relevant phases wuith the X-ray beam

independent solenoid-driven shutter,
both before and after each vertical line scan. When
these pedestal determinations are interpolated in time
and subtracted from the scan data, the effects of
pedestal drift and, in particular, line-frequency noise
are very strongly suppressed.

The canine images acquired in February 1983, do not
reflect the suppression of the line-frequency noise by

0021buy:

the method of synchronizing the acquisition of the
image data to specific phases relative to the Jline.
The need for this synchronization only became f{fully

evident after the introduction of the rotating siit and
the Si(Li) detector with improved spatial resolution
into the imaging system. In addition to the beneficial
aspects of these additions, the system became more-
susceptible to a residual line-frequency noise signal
because for each pixel in the 1image the true signal
level is reduced. In contrast to the earlier reported
canine studies, the true signal-to-line-frequency noise

ratio uas reduced by an overall factor of 16 for the
more recent studies. The reduced pixel size
contributed a factor of 4 to this reduction, and an

slit transmission efficiency of 504
contributed another factor of 2. The extra factor of 2
is attributable to a temporary mode of data readout
uhereby the noise was integrated over twice the X-ray
exposure time of 4.17 ms. The enhanced sensitivity to
line-{requency noise prompted the introduction of phase
synchronization into the data acquisition procedure.
The effectiveness of this technique was subsequently
demonstrated with phantom studies (in April 1983, under
parasitic conditions), but an opportunity to repeat the
canine studies has not yet occured.

average rotating

To accommodate human subject studies an X-ray beam
width of at least 15 cm is required. - -In the immediate
tuture a wiggler-itiuminated beam 1ine at SSRL will be
reconfigured to provide a beam 12.3 c¢m in width and it
is expected that initial human subject studies will be
conducted in this beam. Subsequently, a beam of width
15 ecm can be vprovided by relocating the examination
room dounstream. These studies will also require a
monochromator of matching width. The design presently
preferred incorpoarates two curved crystals, each
intercepting one half of the vertical beam profile,
with independent adjustment in angle and longitudinal
position. This system will provide two focussed beams,
with energies respectively above and below the iodine
K-edge, but with a vertical separation at the patient
position of 0.25 mm. Vertical focussing in this neu
monochromator will make maximal use of the available X-
ray flux, permitting the acquisition of each image
frame in the minimum possible time. The vertical
separation betucen the tuo beams compensates for the
vertical patient motion and assures registration
between each related pair of line exposures. Rapid
switching between the tuo beams will be accomplished by
a rotating blade shutter that will admit one or the
other of the two beams with very high duty factor.
Also required is the fabrication of a Si(Li)
multichannel detector 15 c¢cm in width, and an
appropriate exransion of the data acquisition system.
These changes to the imaging system are nouw in the
design and fabrication stage, and will be ready for use
at the time the wide beam is available.
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STANFORD sYNCHROTRON RADIATION LABORATORY

SUANFORPD LINVAR ACCDPERAT S

0 Bin

January 17, 1984

Dr. E. B. Hughes
Hansen Labs
Stanford University
Stanford, CA 94305

Dear Barrie:

At the January, 1984 meeting of the PRP your Program Proposal No.
456 was extended until January, 1985. At that date you will be
required to have a new proposal submitted for rating.

The PRP has decided that program proposals should only have one
two year extension, This reflects their feeling that proposals that
run too long often do not reflect the work described in the original
proposal,

We look forward to having you continue your research at SSRL.

Sincerely,
-~
@Lu

Claire L. Burke
Proposal Administrator
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STANFORD SYNCHROTRON RADIATION LABORATORY

STANFORD LINEAR ACCELERATOR CENTER
P.O. Box 4349, Bin 6Y
Stanford, California 94305
Telephone: (1151 834-3300, Ext. 2874
TWX: G10-375-1162
Answer Back: STANFRD

STNU A

November 1, 1983

Re: Proposal No. 456

Dear Spokesperson:

The termination date on your program proposal is 1/84, Program
proposals may be extended on the basis of a report of activity.
Please complete the enclosed program extension request form and attach
a copy of your activity report to it along with any new information
which you feel should be presented to the panel. If no activity
report is available, please attach a one page description of progress
on the proposal to date. This material should be sent to me by Decem-~
ber 15th.

Thank you for giving this matter your attention.
With best regards,
Claire L. Burke
Proposal Administrator
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WASHINGTON [25]] UNIVERSITY

8T. LOUIB, MISSOURI 83130

DEPARTMENT OF CHEMISTRY July 19, 1982

Dr. Herman Winick

Deputy Director

Stanford Synchrotron Radiation Laboratory
P.0. Box 4349, Bin 69

Stanford, CA 94305

Dear Herman:

Thank you for the material on the angiography project. I was quite
impressed with the approach and initial results when they were presented
at the SPB Meeting May 27-28, 1982.

I took the liberty of dicussing this material with radiologists of
the Washington University School of Medicine to ascertain if, in their view,
there was clinical potential here. The response was that these initial
results at SSRL were very exciting and that by all means further effort
should be encouraged and supported. There are many reasons why radiologists
would like to obtain images of the arteries from venous injection-primarily
ease and safety to the patient. Digital subtraction techniques and dual
energy subtraction are approaches being pursued avidly today to facilitate
this approach. Digital subtraction techniques are being pursued here at
Washington University and a group headed up by W.R. Brody of Stanford is
pursuing the dual energy subtraction approach. Both these approaches are
suffering from the motional artifacts not present in the angiography based
on synchrotron radiation.

In other words, radiologists with competitive approaches to arterial
imaging from venous injection are enthusiastic about the work being conducted
by Rubenstein et al at SSRL. It would appear that the potential of the
work is considerable and that it definitely should be continued.

Sincerely,

n

/7fo
///{
William D. Phillips

Professor of Chemistry
and Department Chairman

WDP/jm

cc: Dr. G.E. Pake
Dr. K.0. Hodgson
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Tor 45 3 L

College of Physicians & Surgeons of Columbia University | New York,N.Y. 10032

DEPARTMENT OF MEDICINE 630 West 168th Street

January 8, 1982

Dr, Charles Cantor
Department of Human Genetics
and Development

Dear Dr. Cantor:

The aim of this proposal, to be able to perform coronary
angiograms, non-invasively by intravenous injection of iodinated
contrast material is very worthwhile. The approach outlined
here appears to be quite sound i.e. to use two monochromatic
x-ray beams and to perform iodine k-edge digital subtraction
angiography. The investigators have made good progress in
their initial work. Unique features are the degree to which
the x-ray beam is rendered monochromatic and the speed with
which scanning with 2 beams can be performed. Problems of
cardiac motion and in vivo imaging will require construction
of a larger detector which is planned.

A negative feature of this work related to the fact that
this technique could only be used at the very few facilities
in the country with electron storage ¥ings and wiggler magnets.
Hence its impact on clinical medicine will be reduced. Also
the approach of k-~edge digital subtraction angiography with
‘ less monoenergetic beams is currently under development com-
merically by companies such as General Electric.

Sincerely,

PJC:rh Paul J. Cannon, M.D.
.Professor of Medicine
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STANFORD SYNCHROTRON RADIATION LABORATORY

STANFORD LINEAR ACCELERATOR CENTER
P.O. Box 4349, Bin 69
Stanford, California 94305
Telephone: (415) 854-3300, Ext. 2874
TWX: 910-373-1162
Answer Back: STANFRD
STNU A

January 29, 1982

Dr. E.Barrie Hughes

W.W. Hansen Laboratories
of Physics

Stanford University
Stanford, CA 94305

Dear Dr. Hughes:

The SSRL Proposal Review Panel met on January 15th and
16th. Your requests concerning Proposal 456 were considered.
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.

Best wishes for continued success with your research.
Sincerely,

Claire L. Burke
Proposal Administrator
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December 28, 1981

To: E. B. Hughes
From: Katherine Cantwell‘bﬁ/
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: U56B file
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STAN:i LRD SYNCHROTRON RADHYHuN LABORATORY
g\

(AL STANFORD LINEAR ACCELERATOR CENTER
o\ P.O. Box 4349, Bin 69
~ N 0/2 Stanford, California 94305
Qx," ,{f» Telephone: (415) 834-3300. Ext. 2874
O TWX: 910-373-1162
Answer Back: STANFRD
STNU A

July 25, 1980

Robert J. Glaser, M. D.

President

Henry J. Kaiser Family Foundation
Two Palo Alto Square

Palo Alto, 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.).

| 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.R.L. experiment shifts from 1 January 1981 (the
) expected start date) through 31 July 1982 on one of our new experimental
stations. In order for research to be performed on the station, however, fund-

ing for the fabrication of the required monochromator will. have to be obtain-
ed.

In view of the above, | am happy to formally guarantee the Hughes/
Rubenstein program up to 25% of the scheduled shifts on the appropriate ex-
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 (primarily the monochromator) and manpower support
during the installation of the beam line experiment station.

Sincerely,

G foenaidodd

A. Bienenstock
Director

AB/]

cc: E. B. Hughes
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November 30, 1981

TO: Biology Sub-Panel
FROM: Katherine Cantwell#ya/

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. As 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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PROPOSAL
to the
STANFORD SYNCHROTRON RADIATION LABORATORY
for‘a continued study of
IODINE DICHROMOGRAPHY WITH MONOCHROMATIC X-RAY BEAMS

FOR ANGIOGRAPHY

Co-Investigators: E.B. Hughes

E. Rubenstein

R. Hofstadter

D.C. Harrison

H.D. Zeman
(Stanford University)

A.C. Thompson
(Lawrence Berkeley

Laboratory)

W.W. Hansen Laboratories of Physics
and
School of Medicine
Stanford University
Stanford, California 94305

November 1981

0021b5b



TABLE OF CONTENTS

SSRL PROPOSAL SUBMITTAL FORM........ Chermrecsaane et eerensaana
A, bESCRIPTION OF EXPERIMENT...cee.n. cesrecrtsannn Ceeereresceneaa
B. EXPERIMENTAL EQUIPMENT.....0.0eecnvocns tetercstsereaans ceenes
C. EQUIPMENT DELIVERY SCHEDULE.......... Ceecernaenan Ceseeeteaann
D. PREVIQOUS EXPERIENCE WITH TECHNIQUES AT FACILITY.....ocoeee.e .
E. GSAFETY CONCERNS..:.cevvvenenen S et it eecerecennesesasestrnoan
F. END STATION AND BEAM TIME REQUIRED...v:oveeccccscacacas tecean
G. DATA ANALYSIS REQUIREMENTS...u.:eterecenososocscscocnanaosaans
ATTACHMENTS (4)
i

0021b57:

i

10



Proposal Number
. SSRL PROPOSAL SUBMITTAL FORM

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

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

CHECK MOST APPROPRIATE REVIEW PANEL: x-RAy/narsaans & CHEMISTRY vuv X X-RAY/BIOLOGY

1. TITLE: (10 words are less, type in capitals)

CONTINUED STUDY OF IODINE DICHROMOGRAPHY WITH MONOCHROMATIC X-RAY BEAMS
FOR ANGIOGRAPHY

2, LIST OF COLLABORATORS (Underline Spokesperson)

Telephone Numbers

Name Full Address Office Home
E. Barrie Hughes W.W. Hansen Laboratories of Physics -0I35 368-2771
-

Edward Rubenstein  Stanford University Medical Center;

Department of Medicine 497-7188 342-1888
Robert Hofstadter Department of Physics 497-4235 326-6711
Donald C. Harrison Stanford University Medical Center;

Department of Cardiology 497-5935 968-5848
Herbert D. Zeman W.W. Hansen Laboratories of Physics 497-0114 493-5788
Albert C. Thompson Lawrence Berkeley Laboratory 486-6444 527-9922

3. EXPERIMENTAL STATIONS REQUIKED FOR EXPERIMENT (If two stations are required list both under
first choice. Note number of shifts required for each line in section 4.)
First Choice: , Alternates:

IV-2 (WIGGLER)
4. ESTIMATED DEDICATED BEAM TIME REQUIRED IN 8 HOUR SHIFTS: (3 GeV, 50 mA)

75

5. WILL IT BE POSSIBLE TO SCHEDULE THE EXPERIMENT FOR PARASITIC TIME? IF SO, WHAT WOULD
BE THE THE MINIMUM BEAM ENERGY?
UP TO 507% OF THE EXPERIMENT, BUT NOT MORE, COULD BE ON PARASITIC TIME WITH A
MINIMUM BEAM ENERGY OF 2.5 GeV.

6. For Experiments on Vacuum Beam Lines: Please list all samples you expect to insert into

the vacuum system (and also lead time needed for preparation) and also any construction mater-
ials and components not generally considered to be UHV materials or components. Details must
be given in proposal.

NONE

ii
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LIST ALL POTENTIAL HAZAR including all toxic, radicactive, + explosive materials,
hazardous procedures and =quipment. Furnish detailed safety r:‘:ocedur'es in the proposal.
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.

NONE

What equipment or materials do iou expect to be provided by SSRL?

NONE

PLEASE GIVE A BRIEF ABSTRACT OF THE PROPOSAL:
ABSTRACT

The purpose of this proposal is to continue studies related to the implementation
of digital subtréction (non-invasive) angiography with synchrotron X-ray beams at
SSRL. Initial studies have been conducted under Proposal 456B and are fully reported
in attachments I-IV to this proposal.

The intense X~radiation produced by wiggler magnets at SSRL is highly suited to
iodine K-edge digital subtraction angiography. The monochromaticity and tunability
provide maximum sensitivity to intra-arterial iodine and virtually eliminate image
contrast due to non-vascular body structures. The sensitivity of the method to
iodine offers the prospect of visualizing arteries by peripheral venous injection.

Confirmation of the principle of iodine dichromography has been provided by
the work already done under Proposal 456B. The present proposal extends the earlier
studies and concentrates on the problems of imaging moving structures, such as the
coronary arteries, and of separating iodine images of the coronary arteries from
residual iodine in the left ventricle. These questions will Be addressed first
with inanimate phantéms and excised animal hearts and then with animal subjects.

It is expected that these studies will be preparatory to later studies on human

subjects.

iii

0021059



PAGE 2

A. DESCRIPTION OF EXPERIMENT

The purpose of this proposal is to continue studies
related to the implementation of digital subtraction
angiography with synchrot;on X-ray beams at SSRL. The
intense synchrotron radiation produced by wiggler magnets at
SSﬁL 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 ot arteries, in particular the
coronary arteries., by peripheral venous injection is
possible. If realized, the current need for 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 0f 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 {for the implementation of digital subtraction
(non-invasive) angiography on human subjects. A prototype
30-channel Si(Li) 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 -
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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 shoun to
be desirable and sufficient for <clinical work. - These
studies are fully described in attachments I-IV to this

proposal.

/

Attachments I-1V are as follous:

L. NON-INVASIVE ANGIOGRAPHY USING SYNCHROTRON
RADIATION.

E.B.Hughes, L.E.Campbell, k.Hofstadter. R.L.KirRk,
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, Lawrence Berkeley Laboratory, University
of California.

SSRL Activity Report 4,71,80 - 3)31/81, Proposal No.

4568, page VII-62, May 1981.

11. SYNCHROTRON RADIATION AND ITS APPLICATION TO

0021bb1:
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DIGITAL SUBTRACTION ANGIOGRAPHY.

E.Rubenstein, Department of Medicine, Stanford
University.

E.é.Hughes. L.E.Campbell, R.Hoistadter, R.L.Kirk,
T.J.Krolicki, J.P.Stone and H.D.Zenman. Hansen
Laboratories of 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 the SPIE Conference on Digital
Radiography, September 14-16, 1981, Stanford

University.

ITI. IMPLEMENTATION OF DIGITAL SUBTRACTION ANGIOGRAPHY

WITH A SYNCHROTRON X-RAY BEAM.

H.D.Zeman, E.B.Hughes, L.E.Campbell, R.Hofstadter,
R.L.Rirk, T.J. Krolicki, J.Rolfe.f J.P.Stone and
S.Wilson. Hansen L aboratories ot Physics and
Department of Physics. ‘
E.Rubenstein. Department of Medicine, Stanford
University.

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

Laboratory, University of California.

Proceedings of the IEEE Nuclear Science Symposium,

0021bb2:
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October 21-23, 1981, San Francisco.

IV. A MULTI-ELEMENT SILICON DETECTOR FOR X=-RAY FLUX

MEASUREMENTS.

A.C.Thompson, F.S.Goulding, H.A.Sommer 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 Symposiunm,

October 21-23, 1981, San Francisco.

Beam access through 4,/30,/81 under proposal Uu45%56B is

summarized in attachment I (SSRL Activity Report 4,s1,/80 -

3/31)81. VII-62). For convenience, these access times and
related information through 4,/31/81, together with one

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

a) I-5 non-wiggler beam, 11726780 - 11,27/80, 2 GeV,
parasitic mode, 3 shifts.

b) I-5 non-wiggler beanm, 12,5780 - 1276780, 3 GeV,
dedicated mode, 3 shifts.

c) IV-2 wiggler beam, 3711/781 - 3720781, 1.8 GeVv,
parasitic mode, 2% shifts.

d) 1IvV-2 wiggler beam, Hd,/7/81 - 4,/14s81, 2.5-3.0 GeV,
parasitic mode, 17 shiifts.

e) IV-3 wiggler side-port beam, 6,-37/781 - 676781,

6s/12781 - 6,s15/81, and 6,22s/8% - 6726781, 3.0 GeV,

0021bb3
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dedicated mode, 25 shifts.

0f accesses al-d) in the above list, only d) was
scheduled under operating conditions approximating those
requested in proposal u456B. Access e) was obtained in
partial recognition of a substantial financial contribution
made by the 456B investigators to the commissioning of beam

line IV-3.

The objective 0of the present proposal is to demonstrate,
as soon as possible, the feasibility of in-vivo non-invasive
arterial imaging in animals using synchrotron X-rays. This
is preparatory to the subsequent step of demonstration tests
in human subjects. Specifically the studies we propose are
as follous:

a) continued development of the X-ray detector and
signal-processing electronics to achieve quantum-
limited signal-to-noise ratios.

b) studies with inanimate phantoms +to explore the
visibility of iodinated channels in the presence of
extra-channel background concentrations of iodine.

c) studies with excised animal hearts with iodinated
contrast agent simultaneously iﬁ both the coraonary
arteries and the left wventricle to demonstrate the
existence of projections in which the coronaries may be

observed without overlap by the 1left verticle and to

0021bbl
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study the wvisibility 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 1image 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. (We estimate that the
X-ray  energy transmitted by the existing SSRL
monochromator in beam line 1V-2 <c¢an be oscillated with
a period of about 50 msec. To the extent that this is
not sufficient, or cannot be easily decreased, the

animal pulse rate c¢an be reduced temporarily with

drugs).

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. The 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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brder that we may proceed with human subject studies with
minimum delay and thereafter with the development of a beam

line at SSRL dedicated to angiography.

B. EXPERIMENTAL EQUIPMENT

The experimental apparatus and c¢ontrol equipment will be
supplied by the Hansen Laboratories of Physics at Stanford
University and will be similar to that already used 1in
Experiment 456B. This apparatus is being improved
continually and its evolution since June 1979 is described
in attachments I-1V. This evolution will continue as
outlined in attachment IV. For example, the Si(Li) X-ray
detector will in future be operated at -20 degrees C instead
of at room temperture, the 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 wused. In mid-1982 the pfototype
"30-channel Si(Li) detector with 1 mm postion resolution will
be replaced with a 256-channel detector with 0.6 mnm

resolution.
The animal subjects will be provided by the School of

Medicine at Stanford University, together with persohnel

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 u456B.

D. PREVIOUS EXPERIENCE WITH TECHNIQUES AT FACILITY

Familiarity with the relevent techniques and the X-ray
beam line has been established by the work carried out as

Experiment U456B.
E. SAFETY CONCERNS

There are no hazardous materials associated with this

study.
F. END STATION AND BEAM TIME REQUIRED

The preferred beam line and station for the proposed
study is the rapidly-tunable wiggler-illuminated hard X-ray
beam designated IV-2. Oonly in this beam, at electron
energies 3 GeV or higher, is the intensity adequate for
image acquisition in animal subjects for tissue thickness up
to 20 cnm. Also, only in this beam, or the equivalent V1il1-2,
is adequate transverse space available for the positioning

of large phantoms or animal subjécts.
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There are five separate gquestions of interest in this
study; these are listed‘as items al)-e) in Section A. We
estimate that the exploration of a) -c), associated with the
development of a quantum-noise limited detection system,
with the detectability of iodine in the presence of extra-
channel iodine, and with the visibility of the coronaries in
hearts with iodinated left wventricles, 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. The total time
estimate is therefore 60 shifts, to which should be added a
contingency of 15 shifts. The overall time estimate 1is

therefore 75 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.

G. DATA ANALYSIS REQUIREMENTS

We intend to analyze the data from this study with a DEC
LSI 11703 minicomputer. Eventually we expect to transter rau
image data over a high—-speed serial link., for analysis, to

the SSRL VAX 11,/780.
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Proposal No. 456

NON-INVASIVE ANGIOGRAPHY USING SYNCHROTRON RADIATION

E.B. Hughes, L.E. Campbell, R. Hofstadter, R.L. Kirk, T.J. Krolicki, J.P. Stone, 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, Lawrence Berkeley Laboratory

Angiography, the radiologic visualization of blood
vessels and heart chambers containing contrast media,
has become a powerful method of examining the struc-
ture of the heart and the coronary arteries and of
diagnosing disorders involving the circulation of the
heart, of the brain, and of other vascular beds. How-
ever, the techniques currently in widespread clinical
use involve invasive procedures which carry signifi-
cant risks of morbidity and mortality. These risks
are far too high to permit the routine use of angiog-
raphy to detect the presence of dangerous obstructing
lesions in, for example, the coronary arteries of the
many persons known to be at risk. Angilographic
studies are limited therefore to symptomatic patients
and are not conducted on asymptomatic patients even
if they are at high risk because of hypercholesterol-
emia, hypertension, family history, etc. There is an
urgent need to reduce the risk of these procedures.

The eventual purpose of the studies begun by proposal
456B is to bring into existence at Stanford a facility
capable of conducting safe and non-invasive angiogra-
phic examinations on patients. Angiographic examina-
. tions of the coronary arteries will be emphasized.
The acquisition of digital radiographs at X-ray ener-
gles slightly above and below the K absorption edge
in iodine at 33.2 KeV and the subsequent differencing
of these two images provides an exquisite sensitivity
to intra-arterial iodine. This procedure promises
the prospect of coronary arteriography with reduced
concentration of iodinated compounds in the coronary
arteries administered non-invasively by peripheral
venous injection. This will eliminate the need for
catheterization and substantially reduce the risk of
the procedure.

Proposal 456B was submitted to SSRL in June 1979 and
received its final rating in June 1980. This proposal
called for the performance of certain basic tests on
inanimate phantoms with minimum delay and with simple
equipment already in hand.
proposal was submitted, solutions had been identified
to some of the technical problems related to the real-
ization of a diagnostic facility at Stanford, but not
to all of them. Since that time studies of the out-
standing questions continued, often in consultation
with the SSRL staff, and practical solutions to all

of the major problems have now been identified. These
include the realization of a one-dimensional position-
sensitive X-ray detector of satisfactory width and
close to 1002 efficiency, and the definition of a
technique by means of which ehe motion of the heart
muscle cannot degrade the image quality. For example,
figure 1 shows a prototype silicon semiconductor de-
tector fabricated to our specifications at the Lawrence
Berkeley Laboratory. This detector is essentially one-
dimensional (30 mm in width and 5 mm in height), its

0021bby:

. and structures of eventual interest.

At the time this first ¢

detection efficiencv for 33 KeV X ravs is close to 70%,
it incorporates 30 independent contiguous sensitive
regions each 0.9 mm in width with a center-to-center
spacing of 1.0 mm, and it operates at room temperature.
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Figure 1. A prototype position~sensitive Si detector.

In the time made available to proposal 456B in this re-
porting period (through 4/14/81) the basic tests on in-
animate phantoms with simple detection apparatus have
progressed considerably. A start has also been made in
the use of the prototype silicon detector for more
efficient imaging, and in the preparation and use of
animal hearts for more realistic imaging of the vessels
Initial short
opportunities to start work at SSRL occurred in the I-5
beam on 11/26/80 and on 12/5/80. Given the extremely
low X-ray flux at 33.2 KeV and 2 GeV in the parasitic
mode in a non~wiggler line, the first of these occasions
was used to test the apparatus in the region of the K-
edge in copper at 8.9 KeV. Clear difference signals
were observed with the expected magnitudes for copper
concentrations of 0.45, 0.9 and 1.8 mg en? in inanimate
phantoms. On the second occasion, at 3 GeV in the
dedicated mode, the X~ray flux at 33.2 KeV as 400 times
more intense and a useable beam at 33.2 KeV was.obtained
from the (440 ) plane in Si (~0.8 photons/pulse/mm?).
The contamination of 16.6 KeV X rays, from the (220)
plane in Si, was reduced to about 50% with a 0.125 inch
aluminum filter. Clear difference signals were observed
with this ngm for an iodine phantom concentration

of 16 mg cm ~. : 7

The first access to beam line IV-2 for more than 24
hours occurred in the period 3/6/81 to 3/20/81 at 1.8
GeV in the parasitic mode. Despite the low flux at
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33.2 Rev, -1 ohoton/pulse/mm2 from the (220) plane

of Si, good two-dimensional images of inanimate phan-
toms were obtained. One of these is revroduced in
figure 2. The vertical iodinated channel, in a lucite
block. is 1 cm in diameter at both ends and 1.5 mm in
diameter in the central constricted region. The iodine
concentration in the latter region is 5.5 mg co~2,
Also in the field-of-view was a vertical wedge of lu-
cite with an empty horizontal channel, also with a
constriction. The images in figure 2 at the top left
and right are of this composite phantom at X-ray ener-
gles just below and just above the iodine K-edge re-
spectively. The lower images in figure 2 are, on the
left, the difference between the two upper images, and
on the right, the ratio of the two upper images. In
both of the lower images, as expected, only the iodine

content of the phantom is reproduced and image contrast

due to the other structures is eliminated. These and
other data obtained at this time were acquired by
collimating the X~-ray beam to a cross sectional size
of 1 mm x | mm and scanning the phantoms, in raster
fashion, in front of a single X-ray detector consist-
ing of a Can(Eu) scintillator and a 0.75" diameter
BMI 9826A photomultiplier tube. Preliminary attempts
were also made to image iodinated arteries in animal
hearts (pig and calf) but this proved to be impractical
since the time needed to acquire an image (several
hours due to the low X~-ray flux and the single X-ray
detector) exceeded the durability of the iodine in the
arteries for the heart preparation technique then used.

H
H
£

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

The first, and to this date, the only access to beam
line IV-2 under operating conditions approximating
those requested in the proposal took place in the per-
iod 4/8/81 to 4/14/8l. At this time, in parasitic
mode*, the operating conditions were 2.5-3.0 GeV and
about 25 mA, which correspond to a 33.2 KeV flux of
~320 photons/pulse/mmz. For these tests the increased
flux and the use of the prototype position-sensitive
silicon X-ray detector (actually only 8 of the 80 1 mm
wide channels were used due to limited availability,
at that time, of electronics) combined to permit the
acquisition of images with substantially reduced ob-
serving times (several minutes). Excellent images of

a variety of iodinated inanimate phantoms were obtained

and, in addition, due to a substantial improvement in
heart preparation technique, a variety of animal heart
images with iodinated coronary arteries were also ob~-
tained. The kev to retention of jodine in the animal:

*wggler fietd 17k 021 b 70 1

'is shown in figure 3.

vessels was the use of a dental impression paste
(CutterSil t®) in which the appropriate concentration
of Nal powder was thoroughly mixed, and to which a
curing compound was added immediately before insertion
into the arterial system with a catheter and syringe.
A typical set of images of calf heart coronary arteries
At the top are the separate
images obtained above and below the iodine K-edge and
at the bottom is their ratio. In the latter image all
contrast due to non-iodinated heart structures is
eliminated.

CONTRASY
EURAKCED
s ARAGE FROM
MOHILHRONRT[(
" K-kaY SCan
f::;?"tf . - ~FTAREN BELDV
THE b E3GE
oF 10618t

COLF
CORONARY
ARTERIES

FRON SLANS
. 22,

SART TaETa
@EseE THE
<k EDLE W

BELo6 & EUGE
A LTS

Figure 3 Raw and processed images of calf heart
coronary arteries.

In future tests phantom images for the full range of
parameters outlined in proposal 456B will be obtained.
Also, following instrumentation of all 30 channels of
the Si detector, animal heart images will be obtained
for a wider range of iodine concentrations. Most im-
portantly, animal hearts will be prepared with iodine
concentrations typical of venous administration in the
left ventricle as well as in the coronary arteries, and
images will be obtained with some of the coronary ar-
terial system projected against the filled ventricle.
In this way the isolation of the coronary artery from
the ventricular background by image analysis can be
explored and developed. Also in preparation are real-
istic phantoms of animal hearts prepared from impres-
sions taken from real hearts. These phantoms will per-
mit arbitrary and adjustable iodine concentrations to
be placed in coronary arteries and ventricular chambers
and will eliminate, to some degree, the need for real
hearts. Under discussion also is a phantom system

that will permit tests to be made on beating hearts.
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Synchrotron radiation and its application to digital subtraction angiography

E. Rubenstein -
Department of Medicine, Stanford University School of Medicine
Stanford University, Stanford, California 94305

E. B. Hughes, L. E. Campbell, R. Hofstadter, R. L. Kirk
T. J. Krolicki. J. P. Stone, S. Wilson, H. D. Zeman
Department of Physics and Hansen Laboratories of Physics
Stanford University, Stanford, California 94305
W. R. Brody, A. Macovski
Department of Radiology. Stanford University School of Medicine
Stanford University, Stanford, California 94305
A. C. Thompson
Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720

Abstract

The intense synchrotron radiation produced at eleclron storage vings provides a new

source of X-rays highly suited to ioaine K-edge digital subtraction sngiopraphy. The
high dintensIty and emall angalar divergence permit the radiation to be monochromatized by
Bragg diffraction and made available in beams of small vertical size, of arbitrary

horizontal width, and of tunable cnergy. The use of such beams provides maximum sensitivity
to intra-arterial iodine and virtuallv eliminates image contrast due to non-vascular body
structures. The sensitivity of Lthis method to iodine offers the prospect of visualizing
arteries by peripheral venous injcction.

Introduction

Digital subtraction angiographv, based either upon images acquired at different times or
at different X-ray energies, offers the prospect of imaging the small iodine thicknesses
typical of intravenous arteriography. Both methods, as presently practised, encounter
particular performance-limiting problems. Specifically, time-subtraction angiography is
limited by patient motion between component images, and energy subtraction, when based upon
the iodine K-edge and quasi-monocnerpetic beams obtained by filtration, is limited by the
available X-ray flux and by residual contrast due to superimposed soft tissue and bone.
Both methods also face the need to suppress system noise to achieve a quantum~limited
contrast sensitivity. In this paper we identify a new approach to K-edge subtraction
angiography made possible by the properties of an X-ray source newly available to clinical
radiology. This source is the synchrotron radiation produced at an appropriate electron
storage ring. ’

Conventional X-ray sources provide & broad spectrum of X-ray energies. However, iodine
preferentially absorbs at energies in the immediate vicinity of its K-absorption edge at
33.16 KeV. 1In addition, other hody structures, such as soft tissue and bone are reproduced
in the conventional image and subtract from the contrast due to the iodine itself. If the
X-rays from a conventional source are filtered to select the energies specific to iodine
and thereby enhance the {odine contrast, there is fnsufficient fntensity in the beam to
produce a gencrally useful image.

The properties of the X-rays that can be produced at electron storage rings by synchro-
tron emission substantially relieve both of the problems with energy subtraction identified
above. First, the enormous intensity and inherent collimation permit the radiation to be
Bragg-diffracted so that only a narrow hand of energies remains, Second, because the
selected energy of X-rays is subject to fine adjustment, by a small alteration of the Bragg
angle in a crystal monochromator, digital radiographs may be acquired at X-ray energies
slightly above and slightly below that of the iodine K-cdge at 33.16 KeV and then logarith-
mically subtracted. This subtraction substantially eliminates all the image contrast due
to non-vascular body structurecs and thereby achieves maximum contrast in the visualization
of the intra-arterial iodine. The method is referred to as dichromography. 1f this sensi-
tivity is realized, it offers the prospect of visualizing arteries by peripheral venous
injection and, as explained helow, withont motion artifacts. This would achleve the goal of
eliminating the necd for arterial catheterization and thereby grecatly reduce both the risk
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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 of matter
in a novel and penetrating way. Fortunately for other branches of science, the electron
storage ring also created a new and enormously powerful source of electromagnetic radiation,
including hard X-rays. This circumstance occurs becausc charged particles of low mass, such
as electrons, readily and continuously lose energy in the form of electromagnetic radiation
when accelerated, as in a storage-ring orbit. This radiation is called synchrotron radia-
tion and, due to the extreme relativistic speed of 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. At equilibrium, the rate of production of synchrotron radiation by the orbit-
ing electrons is equal to the amount of energy returned to them by the oscillator, and this
is large. In effect, the electron storage ring serves as a device for the conversion of
radio-frequency electromagnetic power into synchrotron radiation. This is an inconvenient
but unavoidable fact of life for investigators of particle physics, who employ counter-
rotating currents of electrons and positrons in identical orbits to generate electron-
positron collisions, but it 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
storage rings are now under design and construction world-wide solely for the synchrotron
radiation they produce.

Despite the intensity of the synchrotron radiation emitted by electrons traversing simple
dipole bending magnets, which are mandatory for storage ring operation, laboratories such
as the Stanford Synchrotron Radiation Laboratory (SSRL) now rely upon special magnets, known
as 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 of the closed
orbit where the electron curvature is usually zero. A wiggler magnet is designed with a
periodic transverse magnetic field to enhance deliberately the emission of synchrotron
radiation, but to transmit the electron beam with no net deflection. The synchrotron beam
lJines available at SSRL and those available for future development are indicated in
Figure 1.
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Figure 1. A schematic drawing of the Figure 2. The synchrotron intensity
storage ring and facjilities at SSRL. distributions presently available at SSRL
Existing beam lines are 1, 2, 3, 4 and 7, for both dipole and wiggler-illuminated
all of which are subdivided into two or more lines. The curves are labeled with the
lines. Beam lines 4 and 7 are wiggler- stored electron energy in GeV.at positions
illuminated. Available for future develop- corresponding to the critical energy in KeV
ment are the dipole-illuminated lines 5 and of the radiated spectra. Fifty percent of
6 and the eight wiggler-illuminated lines the radiated power occurs at energies higher
K and R. than the critical energy.

The intensity of the synchrotron radiation presently available at SSRL is indicated in
Figure 2 as a function of stored electron energy for both dipole and wiggler magnets. The
intensities possible with new wiggler magnets presently under design are indicated in
Figure 3 for an electron energy of 3 GeV. These future wipglers will be permanent magnets
assembled from blocks of rare-earth cobalt magnetic materials (eg. SmCog) that make the
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Figure 3. A comparisod of 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 SSRL.

and those expected for future permanent
magnet wigglers with higher pole densities.

All these wiggler magnets are 2 meters in i
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 of
7 KeV, whereas the 24-pole wiggler is designed to produce the maximum flux at 33 KeV (for

an electron energy of 3 GeV) with an angular width (9.5 mr) compatible with the requirements
of clinical radiclogy.

The method by which a tunable beam of X-rays can be produced at SSRL for medical purposes
is indicated in Figure 4. The radiation emitted by the electron beam during transit through
a2 wiggler magnet 1s 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 energlies. The second crystal, which 1s in accurate
alignment parallel with the first, serves only to assure that the emergent X-ray beam exits
from the monochromator in a direction parallel to the direction of the incident beam. After
passage through a vertical aperture, the beam in delivered to the examination room, The
bandwidth AE of the transmitted X-ray beam 1is given by the relation

AE/E = Cnt(eB) -ABB
where E is the X-ray energy, GB is the Bragg angle and ABg is the vertical angular width of
the synchrotron beam. For the $i(220) plane, for example, the Bragg angle is 5.6 degrees.
If the X-ray energy is 33.2 KeV and the vertical aperture ! mm in height at a distance of

20 meters from the source (the wiggler magnet), then the bandwidth is 17 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. 1In particular, to change the X-ray energy by an
amount equal to the bandwidth (17 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.

Application to Digital Subtraction Angiography

The principle of dichromography was first mentioned by Jacobson in 19533 and in recent
years has received most attention from Mistretta et al% and Macovski et al.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 of intense, monochraomatic and tunable X-ray beams, for example at SSRL, the
opportunity now exists for the direct application of this technique. This is the objective
of the studies reported here.

Attempts to implement the principle of dichromography have used heavy filtration (90-95%)

of beams from standard X-ray generators to obtain guasi-monoenergetic beams of substantial
linewidth (6-8 KeV) and limited intensity. 1In this way, a sensitivity to iodine thicknesses
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as small as 1 mg cm-2 has been demonstrated. The principal problem, due to the large line-
width and the resultant large separation (8 KeV) between the peak energies of the two quasi-
monoenergetic beams, is the background difference signals due to variations in the soft
tissue and bone thicknesses along possible trajectories through the specimen. If only two
quasi-monoenergetic beams are used, the method is limited to essentially bone-free regions.
I1f three quasi-monoenergetic beams are used, this restriction is removed.’ Each of the
three quasi-monoenergetic beams, however, requires a different filter and at least one of
them a different terminal voltage.

The ideal approach to iodine dichromography is to use two monoenergetic X-ray beams, both
immediately adjacent to the K-absorption edpe but one with encrgy above and one with cnergy
below this edge. In this way the difference signals due to soft tissue and bone thickness
varliations are strongly suppressed. For a beam linewidth of 17 eV and a spacing of 17 eV
between the two beam energies, the soft tissue and bone difference signal sensitivities are
1.8 x 1074%/gm em=2 and 7.7 x }0"2%/gm cm~2 respectively, whereas the iodine difference

signal sensitivity is 3%Z/mg em=2,

At a convenient distance from the orbiting electrons, the wiggler-illuminated beam out-
lined in Figure 4 has a horizontal profile that approximates a line. If, for example, the
angular width selected by the horizontal collimator is 7.5 mr (well within the 12 mr angular
width of the radiation emitted by an existing 8-pole 18 Kgauss SSRL wiggler) and the opera-
ting distance is 20 meters, the X-ray beam will be 15 c¢cm in width and, if uncollimated and
unfocussed, only 0.3 cm (FWHM) in height. This beam may be collimated vertically to provide
the desired vertical spatial resolution (0.5-1 mm), or it may be focussed in the vertical
direction by reflection at grazing incidence from a curved X-ray mirror. After the beam,
essentially one-dimensional, passes through the patient under examination, it is intercepted
by a matching one-dimensional highly efficient X-ray detector. This detector is segmented
along its length and provides a one-dimensional projected image of the planar segment of the
patient intercepted by the beam. At each of these planar segments the image is recorded
first at an X-ray energy just above the iodine K-edge and then, immediately following, at an
energy just below the K-edge. A complete two-dimensional image of the body structure under
examination is made by scanning the patient vertically relative to a stationary beam and
detector and recording pairs of one-dimensional images at each adjacent vertical position.

In order, in particular, to visualize iodine within the coronary arteries, it is neces-
sary to record each pair of one-dimensional images, i.e. above and below the K-edge, in a
time short compared to the periodic mution of these structures. An appropriate time interval
is approximately 15 msec or less. The total time to scan the heart is longer than the
cardiac cycle, but this relatively long scanning time will not result in a blurred image.
Each line exposurce, due to the high X-ray intensity, will cccupy only about 5 milllscceonds.
The X-ray energy is then switched, within a few (~5) msec, and the sccond exposure is made.
Each pair of line exposures occurs within 15 msec, a period within which the coronary
arteries are essentially stationary. Upon completion of cach exposure pair, the patient is

moved vertically by the required positional increment and the procedure repeated. The lack
of blurring is governed by the line-pair exposure time and not hy the total frame time.
This is a direct analog of photographic-cameras with Tocal plane shutters which are frece of

blurring despite relatively long exposure times of the scanning slit. The price paid for
this effect is that all portions of the imapge do not represent the same time dinterval. A
subtle distortion is generated due to motion, but this does not represent blurring. For
example, a horizontally moving vessel, which would otherwise be blurred, is reproduced in
good focus at a slight inclination since the top and bottom are scanned at different times.
The rapid changes in X-ray energy required by this method of image acquisition puse no
fundamental difficulty for synchrotron beams. This may be achicved by synchronously rota-
ting, or oscillating, the crystals in Lhe monochromator at the required frequency (67 liz)
by the small angular amount necessary to step the transmitted beam back and forth through
the iodine K-edge.

A major attribute of the synchrotron X-ray beam is that it is capable of providing, after
monochromatization, an X~ray intensity entirely adequate Lo record precise projected images
even after transmission through thick body sections, Under standard operating conditions of
the storage ring at SSRL (a circulating electron current ol 100 mA at an energy of 3 GeV)
the existing wiggler-illuminated X-ray beam, without vertical focussing, has an intensity of
6.2 x 105 photons/second/mm? of aperture at 20 meters from the storage ring. The bandwidth,
at energies close to 33 KeV, is 17 eV, for the $i(220) planc. For compariscn, a powerful
modern X-ray generator of conventional design, dissipating 50 kilowatts of power, can
provide 5.0 x 109 X-ray phutons/second/mm2 at 1 meter distance, but these photons are
distributed over an energy range {rom 20-100 KeV. 1f this latter beam werce to be mono-
chromatized by the same method used with the synchrotron beam, its intensity would be
reduced by a factor of approximately 2000.

Even after transmission through a soft tissue thicknoess ot 20 gm Lhe inlcnsi}y of the ex-
isting SSRL synchrotron beam fs 7.2 x 10° X-rayv photons/sceond/mm”, or 3.6 x 10% photons in
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the nominal time exposure of 5 msec¢ required for coronary arterjopraphy. The statistical
noise contributed by this beam intensity to the X-ray image in a pixel size 0.5 mm x 0.5 mm
is only 1.1%Z (for 100% X-ray detection eff{iciency), which, in principle, permits fodine
thicknesses as small as l.lgm cm‘Z to be detected with a signal-to-noise ratio of 3.0.

This is much smaller than the thickness typically used in current practice and is, in
essence, the reason why non-invasive arteriography is possible with synchrotron X-ray beams.

1f, in a dichromographic study, Rencgrafin 76 (iodine concentration 370 mgz m1-l) i
introduced by peripheral venous administration and undergoes dilution by a factor of 30,
the iodine thickness in an artery 2 mm in diameter will be 2.5 mg em—2. Upon the logarith-
mic subtraction of two 5 msec digital images, for a tissue thickness of 20 cm and the X-ray
intensity stated above, this iodine thickness will generate a signal-to-noise ratio of 7.5
for a pixel size of 0.5 mm x 0.5 mm. The patient exposure for this study will be 308 mR.
The total time occupied in the acquisition of the image in a line-by-line scan with 0.5 mm
vertical resolution over a 15 c¢cm range will be 4.5 seconds. This is a good match to the
time required for the iodine bolus to transit the coronary arteries.

The description of the imaging procedure given immediately above is based on the specific
X-ray intensity provided at SSRL from an existing 8-pole 18 Kgauss wiggler with no vertical
focussing. This beam was not designed with the needs of a future medical imaging facility
in mind. In particular, the wiggler output is split horizontally into three parts, each of
which is delivered to a separate user. None of these component beams is wide enough for
medical purposes. The typical SSRL uscr does not require a wide beam, but instead wishes
to concenirate the available radiation onto a target of relatively small width. A ncew beam,
especially designed for clinical applications, will include a wiggler magnet designed to
maximize the X-ray intensity within a horizontal aperture of 7.5 mr. In this way an in-
crease in specific X-ray intensity by a factor of at least 5 relative to the existing beam
can be achieved. Further increases, should they be necessary, can be obtained through the
use of vertical focussing (for efficient use of all the radiation available) by raising the

storced electron cnergy closer to the maximum value of 3.9 GeV at SSRL, by increasing the
storcd clectron current, and throuph the use of a 81 diffraction plane with a smaller Brageg
angle than 5.6 degrees. By these means, should it be necessary, the line exposure time
can be rcduced correspondingly to well below 5 msec and the image-acquisition time to much

less than 4.5 seconds.

In addition to the basic attributes of monochromaticity and high intensity, which collec-
tively make true dichromography possible and permit snapshots to be taken of structures in
motion, the one-dimensional character of the synchrotron X-ray beam is also well-suited to
high-quality radiologic imaging. This latter property, in particular, substantially elim-
inates the scatter problem encountered in conventional radiology due to the use of two-dimen-
sional, or area, X-ray beams. Another benefit of monochromaticity is that beam-hardening
artifacts are also eliminated,.

initial Studies at the Stanford Synchrotron Radiation Laboratory

Experimental studies of dichromuwgraphy with moncenergetic X-rays began in December 1979
at SSRL. An early phantom imapge is reproduced in Figure 5. The vertical iodinated channel,
in a lucite block, is ! cm in diameter at both ends and !.5 mm in diameter in the central
constricted region. The iodine thickness in the latter region is 5.5 mg cm—-2. Also in the
field-of-view is a vertical wedpe of lucite whose thickness, from top to bottom of the
phantom, varies from 1.0 to 4.0 gm em™2.  This wedge is penetrated horizontally by an empty

channel, also with a canstriction. The images in Figure 5 at the top left and right are of
this composite phantum at X-ray cnergies conservatively chosen to be 200 eV below and 200 eV
above the iodine K-edge respectively. The lower images in Figure 5 are, on the left, the

ratio of the two upper images, and on the right, the difference between the two upper
images. In both of the images, as expected, only the iodine content of the phantom is re-
produced and image contrast duc to the other structures is eliminated. These early data
were acquired by collimating the X-ray beam to a cross-sectional size of | mm x | mm and
scanning the phantom, in raster fashion, in front of a single X-ray detector consisting of
a CaFy(Eu) scintillator and a 1.91 cm diameter EM1 9825A photomultiplier tube.

In subsequent tests at S$SRL, images were acquired with considerably improved efficiency
through the use of a one-dimensional position-sensitive X-ray detector with efficiency
close to 70% at 33 KeV. A photograph of this prototype silicon semiconductor detector,
fabricated to our specifications at the Lawrence Berkeley Laboratory, is shown in Figure vo.
The sensitive arca is 30 mm in width and 5 mm in height and incorporates 30 independent
adjacent scnsitive regions each 0.9 mm in width with a center-to-center spacing of 1.0 mm.
The silicon thickness is 5 mu. It is expected that the fabrication and testing of this
prototype detector will provide the cxperience necessary to produce similar detectors up to
at least 15 e¢m in width and with finer spatial resolution (~C.5 mm).
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Figure 5. Component and processed images Figure 6. A prototype position-sensitive
of an iodinated channel in a lucite phantom. Si{Li) detector.

Figure 7 is an early example of an excised calf heart image obtained with the prototype
silicon detector. The outputs of & channels of the detector were connected to 8 separate
commercial instruments (5 Keithley 424 current amplificrs and 3 Keithley 616 digital elec-
trometers). The voltage ovutputs of these fnstruments were read by a LeCroy model 22594
12 channel CAMAC ADC. The heart was scanned in 5 adjacent vertical swaths each 48 mm in
height. An object area 48 mm x 48 mm was scanned, with | mm x 1 mm resclution, first at an
X-ray energy 20 eV above the iodine K-edge and then 20 ¢V below the edge. Three such 48 mm
x 48 mm images of adjacent sections of the heart were combined to produce the overall image
in Figure 7. Because of the poor mateh between the r$ atively low cutput impedence {50 K
ohm) of the detector and the high doput impedance (1077 ohm) of the Keithlev electrometer,
a considerable drift in the signal reaching the ADC's was noled.  To correct for pedestal
drift and possible drift in gain of cach electronic channel, 3 mm lcad absorbing strips
were placed at the top and the bottom of each image and an unovbstructed strip was left
immediately above the Tower lead strip. The incident X-ray flux was monitored throughout
by an upstream ionization chamber whose output was digitized and recorded together with the
x-ray image data.

The iodine was retained in the arteries of
the calf heart used in Figure 7 by the use of
a dental impression paste (CutterSil) in which
;) the appropriate concentration of Nal powder
- was thoroughly mixed, and to which a curing
compound was added immediately before injec-
tion, with a catheter and syringe, into the
arterial system. At the top in Figure 7 are
the separate (logarithmic) images obtained
abuve and below the iodine K-edge and at the
bottom is their difference. In the latter
image all contrast due to non-iodinated heart
structures is eliminated. The iodine concen-
tration used for this study was 100 mg ml™".

S
l,“
{
|

Figure 7. Component and processed images
of calf heart coronary arteries. The component
images arce both logarithmic images.

A more complete set of phantom iwmages, desipgned to demonstrate the strong and simultan-
eous suppression of contrast due to soft tissue and bone made possible with monoenergetic
X~rays, is displayed in Figure 8. At the left is indicoted the structure of each phantom in
this set. The three images in cach row on the ripht are, respuctively, those obtained for
cach phantom. above the K-cdpe, below the K-cdpe, and from (heir fogarithmic subtraction.

For all four phantoms the resultant image, in the third row, is the same. unly contrast
du¢e to jodine remains. The djodine thickness tor all these studics was 2.5 mg em”? in the
L.S mm diameler constricted lucite channel. The lucite, or seft tissue, thickness varia-

tions, from left to right are 2.5, 2.5, 12,0 and Y200 emoem and the ranye ol bone
thicknesses, where a bone dis used, is 1.9 gm em™2. Theoe images were acquired with 8
channels of improved electronics incorporating low-noisc operational amplifiers well-matched
to the output impedence of the detector. The c¢lectronic drift was thereby greatly reduced

7
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Component images
coronary arteries taken with
0.5 mm spatial resolution.

is the image taken above the K-edge and

the

of calf heart
0.5 mm x
At the left

is the image taken below
Both images are logarithmic.

is
shown

Keithley electrometers
each

in a set of four complex
and the corresponding

of an iodinated channel
indicated at the left
at the right.

no longer necessary. Also
line exposure (8 channels wide) was made
raster
does suppress system-
as the arterial

For moving structures, such

Figure 10. The logarithmically subtracted
images corresponding to Figure 9 for resolu-
tions of 0.5 mm x 0.5 mm (at the right) and

1 mm x 1 mm (at the left). In the middle

of the horizontal vessel there is a region,
about 1 cm in length, with unexpectedly low
iodine thickness. Dissection of this region
revealed an air bubble in the CutterSil-Nal
paste. Other smaller bubbles are evident in
the descending vessel and were also confirmed
by dissection. These bubbles are easily pre-
ventable (see Figure 7), but their accidental
occurrence here was useful from the stand-
point of detecting disease-like arterial
structure.
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Figures 9 and 10 show the arterial system of an excised calf heart. This heart was
imaged for detector spatial resolutions of both | mm and 0.5 mm to help select the position
resolution in a much wider future detcctor. A detector resolution of 0.5 mm was achieved by
placing a mask, with 0.5 mm aperatures spaced by | mm and centered on the 0.9 mm wide con-
tacts, in front of the present detector and by acquiring two interlaced component images for
each scan. A matching vertical resolution of 0.5 mw was achiceved by collimation. The
images in Figure 9 are those taken 50 eV above and 50 eV below the K-edge with the masked
detector, or 0.5 mm resolution. Figure 10 shows the difference images for I mm and 0.5 mm
resolutions respectively. It is apparent that 1 mm is marginally acceptable for clinical
evaluation and that a resolution close tv 0.5 mm is preferable for clinical work. The
iodine concentration used in this study is 67 mg ml™ .

Summary

The studies and initial tests outlined above suggcest that synchrotron X-ray beams can be
applied successfully to digital subtraction angiographv for the arterial iodine thicknesses
typical of venous administration.

The advantages that synchrotron X-ray beams bring to arteriography are as follows:

a) The intensity of the beams permits short exposure times and allows images to be recorded
in sharp focus despite arterial motions. b)) The monochreomaticity of the beams maximizes
the sensitivity to intra-arterial iodine and permits the use of peripheral venous injection.
¢) The monochromaticity of the two beams and their very small energy spacing strongly sup-
presses background signals due to tissue and bone thickness variations. d) The one-dimen-
sional character of the beams substantially eliminates the scatter problem encountered in
the use of conventional X-ray beams. ¢) The monochromaticity of the beams celiminates the
beum-hardening artifacts encountered with conventional X-ray beams.

The synchrotron X-ray beam potentially allows the principal difficulties associated with
time- and energy-subtraction angiography with conventional sources to be overcome. In par-
ticular, it offers a new approach to arteriography of the coronary arteries by non-invasive
means.

Synchrotron X-ray beams are now widely used in other, non-clinical, areas of research.
The rapidly developing technologies of electron storage rings and of emission-enhancement
devices, such as the wiggler and undulator magnets !s2, are making useful beams available
at more existing centers and reducing the potential size and cost of future facilities de-
signed expressly for medical work. The studies reported here will continue. An X-ray beam
of adequate width will be developed and in-vivo tests on animals and selected patients will
be made.

Acknowledgemceints

This work was supported, in part, by grants from the Willijam Randolph Hearst Foundation
and the Henry J. Kaiser Family Foundation. Invaluable support in detector fabrication and
electronic engineering respectively was provided by J. Walton ol the Lawrence Berkeley
Laboratory and J. Rolfe of the Hansen laboratories of Physics.

References

{1] Winick, H., and Spencer, J. E.: Wiggler Magnets at SS8RI. - Present Experience and
Future Plans. Nuclear Tonstruments and Methods 172: 45-53, 1980.

1-2]) Spencer, J. E., and Winick, 1, Wiggler Systems as Sources ol Electromagnetic
Radiation. Synchrotron Radiatjion Research, eods. H. Winick, and S. Doniach:
663-713. Plenum Press, New York, 1981.

[3] Jacobson, B., Dichromatic Absorption Radiography: Dichromography. Acta Radiolog-

ica 139 437-452, 1953.
141 Mistretta, C. A., Ort, M. ¢C., Kelcz, F., Camcron, J. R., Siedband, M. P., and

Crummy, A. B.: Absvorption Edge Fluoroscopy Using Quasi-Monoenergetic X-ray Beams.
Investigative Radiology 8: 402-412, 1973.

[5] Macovski, A., Harrel, G., Strul, B., Yeh, P. S., Chan, J. L., lsolated lodine
Images Using Spatial-Frequency Encoding. Mcdical Physics 6: 53-58, 1979.

[6] Kelecz, F., Mistretta, C. A., and Riederer, S. 1., Spcctral Considerations for
Absorption-Edge Fluoroscopy, Medical Physics 4: 206-35, 1977.

(7] Kelcz, F., and Mistretta, C. A., Absorption-Edge Fluoroscopy Using a Threc-Spectrum

Technique. Medical Physics 3: 159-168, 1976.

@0 2 ' b .‘ 8 i ‘ SPIE Vol 314 Digital Radiography (1981} / 48



IMPLEMENTATION Or DIGITAL SUBTRACTION ANGIOGRAPHY WITH A SYNCHROTRON X-RAY BEAM

H. D. Zeman, E. B. Hughes, L. E. Campbell, R. Hofstadter, R. L. Kirk
T. J. Krolicki, J. Rolfe, J. P. Stone, S. Wilson,
Department of Physics and Hansen Laboratories of Physics
‘Stanford University, Stanford, California 94305

E. Rubenstein,
Department of Medicine, Stanford University School of Medicine
Stanford University, Stanford, California 94305

A. C. Thompson and J. T. Walton
Lawrence Berkeley Laboratory
University of California, Berkeley, California 94720

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 jodine 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. lodine-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, jodine preferentially absorbs
only at energies immediately 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 itselif. In
consequence, highly concentrated solutions of iodin-
ated compounds are introduced, by catheter, directly
into the orifice of the artery of interest. The risks
of this invasive procedure are far too high to permit
the use of angiography to detect the presence of 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. 1f 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 angiografhy has been summarized recently
by Rubenstein et al,* who also describe initial
studies at the Stanford Synchrotron Radiation Labor-
atory (SSRL). These studies are continuing, and in-
vivp tests on animals and human subjects are planned.
In this paper the properties of the electronic instru-
mentation developed from these tests is described,
together with the projected organization of the data
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acquisition and analysis system. A brief description
of the first test images is also presented.

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 is indicated in Figure 1.

LINE-SCAN K-EDGE IMAGING SYSTEM

e R
FINING
CEELT OBJECT
N
A

FAST-SWITCHING ONE-DIMENSIONAL
ﬁfﬁ#&? DOUBLE-CRYSTAL MULTi- CHANNEL
MONOCHROMATOR X-RAY DETECTOR
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 15c¢cm 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, of 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 of images taken for each
section before the patient is 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. A1l operations in the production of an
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
tink, 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.

For images of human subjects, a detector with 256
elements, each 0.5mm wide and spaced 0.lmm apart, is



planned. Hence, a 15cm x 15cm image, large enough to
encompass a human heart, will require 256 x 256
pixels. This size image can be accomodated by the
DeAnza ID-2000 display system.

Fig. 2.

Prototype 30-channel Si(Li) detector.

The existing prototype Si(Li) detector? has 30
elements, each 0.9mm wide and spaced 0.1lmm apart. The
detector is operated at positive high volitage and the
separate pads are used as negative electrodes. A pos-
itive current therefore flows out of each pad into the
input electronics. Because of surface conductivity,
the separate detector pads are not totally isolated
from each other. Each has a resistance of approxi-
mately 70Kq to all the other pads and the guard
electrode. This relatively low output resistance
combined with an output current of only a few nano-
amps (in diagnostic imaging), places severe demands
on the performance of the analog section of the input
electronics (see Fig. 4). The greatest demands are
placed on the input operational amplifier. The 0P-07
ultra-low offset voltage bipolar operational amplifier
is well suited to this application. The pertinent
specifications of the OP-07 are its input offset volt-
age drift of 0.3uV/°C, its input noise voltage of
0.4uV p-p (for a bandwidth of 30Hz) and its input
noise current of 15pA over the same bandwidth., These
specifications, when compared with the data in Table
1, indicate that the noise produced by the OP-07 will
be small compared with the photon statistical noise
unless the input current falls below the 1nA range.

In fact, no significant improvement in noise perform-
ance is possible, because the output noise level of
the OP-07, when connected to the detector, is only
3db above the theoretical level expected from thermal
noise in the 70K Q resistance of the detector itself
over the effective system bandwidth of 30Hz.

Figure 4 is a circuit diagram of the analog sec-
tion of the planned input electronics. The input op-
erational amplifier is used as a current-to-voltage
converter. The input offset current used to cancel
the leakage current of the detector is computer con-
trolled by means of an eight-bit digital-to-analog
converter (DAC). The effective feedback resistance
of the first amplifier is increased by connecting a
bridged-T network into the circuit by means of a reed
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relay, for a gain change of a factor of 4, A second
relay connects a factor of 2 attenuator between the
two operational amplifiers. The second amplifier has
a gain of 2 or 32 depending upon the switching state
of the third gain-adjusting relay. Three jumper con-
nections can be used to change from positive to nega-
tive input current if a different type of detector is
used. The output of the second amplifier goes to a
‘5MHz voltage-to-frequency converter which is used to
integrate the detector current during the desired
pixel exposure time. The output of the second ampli-
fier is permanently biased at -1V for no input, so
that the voltage-to-frequency converter always has a
non-zero output fregquency.

Table I.

Sensitivity and Resolution of Input Electronics
Full Scale |}Resolution |Photons in } Equivalent
Sensitivity | of Voltage/| 0.5mm x Input

(nA) Frequency [0.5mm Pixel} Current for
Converter |in 5S5msec at { Statistical
(pA/Count) {Full-Scale Counting

Current Error (pA)

5000 200.0 1.4 x 107 1340

2500 100.0 7.0 x 10° 940

1250 50.0 3.5 x 10° 670

625 25.0 1.8 x 10° 470
312 12.0 8.8 x 10° 330
156 6.0 4.4 x 10° 240
78 3.0 2.2 x 10° 170
39 1.5 1.1 x 10° 120

The combination of three independent gain adjust-
ments gives eight overall gain values in binary steps
from 1 to 128. Table I shows the full-scale current
sensitivities of these eight gain settings. Also
shown is the current resolution of the voltage-to-
frequency converter for each gain setting, assuming a
S5msec integration time and the photon statistical
noise at full-scale for each setting. As can be seen,
a considerably shorter integration time could be used
before the resolution of the voltage~-to-frequency
converters would 1limit the accuracy of the image data.

The input electronics is housed in single-width
NIM modules, with four channels in each module.
Digital data for the DAC's and the gain-switching
relays is transmitted from the CAMAC output register
to the first module and from module to module over
three daisy-chained lines (see Fig. 5). The serial-
to-parallel conversion is performed by means of 16—
bit latched shift registers. Two of these registers
supply data to the four DAC's and the third supplies
data to the 12 relays through high voitage power
inverter chips. The clock signal is divided by 16 so
that a new register is selected after 16 bits of data
have been transmitted. After all three registers have
been filled, the next module is selected and so on
until all modules have data. The clear line must be
raised high momentarily in order to prime the chain of
modules for a data transfer. This scheme allows data
to be transmitted over very few wires with relatively
simple hardware and software. However, about 100msec
may be needed to transfer data to 256 channels--a
delay that is acceptable since adjustments in gain
and offset should be required only occasionally.
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Fig. 3. System block diagram for K-edge digital subtraction angiography.
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Fig. 4. Circuit diagram of the analog section of the input electronics.
The output of the voltage-to-frequency converters the image lines to be performed without image arti-
is counted in 32-channel, 24-bit CAMAC scalers. A facts due to vessel motion.
precision timer gates the scalers on for 5msec, after
which the data is latched into the scalers, read into
the PDP11/34 computer memory, and then written onto Initial Studies at the
the SMbyte disk. The monochromator energy setting Stanford Synchrotron Radiation Laboratory
will be switched between readings so that each line of
the image is taken at two different energies within Initial line-scan K-edge images have been taken
15msec. This permits the 1ogari;hmic subtraction of at SSRL with the prototype 30-channel Si(Li) detector.
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Fig. 8. Component images of calf heart coronary
arteries taken wth 0.5mm x 0.5mm 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
-20°C in future work is expected to eliminate this
problem,

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.

Figure 6 is a drawing of four phantom objects con-
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 (2.5mg cm‘z) typical of that expected in
intravenous arteriography. The lucite wedge is l2cm
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 lmm resolution of 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
jodine remains in the difference images.

Figure 8 is a photograph of images taken at 0.5mm
x 0.5mm resolution above and below the K-edge of
iodine of an excised calf heart. The coronary arter-
ies were filled with a mixture of Nal powder and a
silicon-based dental impression paste. This resolu-
tion was achieved by placing a mask with 0.5mm wide
slits in front of the detector, by closing down the
vertical slit to 0.5mm, and by taking two interlaced
images separated 0.5mm from each other. Figure 9
shows the logarithmic difference image at 0.5mm x
0.5mm resolution on the right, and a separate image
taken at lmm x 1lmm resolution without the mask on the
left. The lower resolution image is marginally ade-
quate, while the higher resolution image is quite
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.Fig. 9. The logarithmically subtracted image cor-

responding to Fig. 8 for resolutions of
0.5mm x 0.5mm (at the right) and lmm x lmm
(at the left).

acceptable for diagnostic work. Owing to inhomogene-
jties in the preparation of the Nal-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
visible.

Conclusion

The intensity, monochromaticity 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. A data acquisition,
control and analysis system has been designed to
acquire images at high speed and to provide powerful
image processing capabilities.
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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. The device,
which is fabricated from a single 39mm x 15mm silicon
wafer, is a linear array of 0.9mm x 7mm elements with
a lmm center-to-center spacing. It is 5mm thick and
when operated at room temperature has an average leak-
age current of 10 nA/element. The x~ray flux in each
element is determined by measuring the current with a
high quality operational amplifier followed by a
current digitizer.

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 of 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 0.6mm element
spacing, will make a very effective detector for
high-speed medical imaging.

Introduction

Synchrotron radiation 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 of the heart contain-
ing contrast media, has become a powerful method of
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. For
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. The risks of this procedure are far
too high to permit the routine use of angiography to
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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
hypercholesterolemia, hypertension, family history,
etc. There is, therefore, an urgent need to reduce
both the risk and cost of these procedures.

Conventional x-ray sources provide a broad spec-
trum of x-ray energies. However, jodine preferential-
1y absorbs at energies in the immediate 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.

The enormous intensity and inherent collimation of
synchrotron radiation permit it to be energy monochrom-
atized by Bragg diffraction to produce a fan beam of
excellent energy resolution (aE/E = 10-%), high
intensity and good collimation. Since the energy of
the x-rays can be varied precisely and easily by a
small rotation of 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 igdine.

The method is referred to as dichromography.® 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 of six at this edge
while the cross section of other elements remains
relatively unchanged. The subsequent subtraction of
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 a2 multi-element Si(Li) detector to produce

high resolution images of human arteries.

It is envisaged that in the final system the heart
will pe scanned using an x-ray beam which is 150mm
wide and 0.6mm high. A line-scan procedure will be
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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 0.6mm of
the beam will be individually measured using a 256-
element Si{Li) detector which will have an active
volume 150mm long, 4mm high and 5mm thick and an
element spacing of 0.6mm.

The imaging procedure will begin with the venous
injection of about 40m1 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. After each pair of
measurements, the patient will be translated vertically
by 0.6mm 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 150mm x 150mm area can be completed within
four seconds. The patient will receive a radiation
dose of around 300mrad during the scan.

A silicon detector was chosen as the flux detector
for this experiment for several reasons. A 5mm 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. In a silicon solid-state detector, a photo-
electric event produces one electron-hole pair for
each 3.6eV of incident energy. A 33KeV photon there-
fore creates approximately g,OOO electron-hole pairs
or a free charge 1.5 x 1 -15¢. At this photon
energy a flux of 10/sec™! produces a current of
15nA. By measuring the current in each element the
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flux profile can be conveniently determined. Also
fnherent in the operation of such semiconductor detec-
tors is 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 5mm device is less than lusec 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.

Before embarking on the development of this large
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 of this concept.

Detector Characteristics and Fabrication

The prototype detector consists of a linear array
of 30-elements which are 0.9mm x 7mm and have a center-
to-center spacing of 1 mm. The geometry of the device
and the electronics associated with each channel is
shown in Fig. 2.
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Fig. 2. Geometry of 30-element Si(Li) detector and
the elecronics associated with each element.

The device was first fabricated as a 15mm x 39mm,
5mm thick Si(Li) grooved detector using standard
procedures.? The rear contact of the detector is a
common Li-diffused contact with a 4mm deep groove
around the active area. Once the device had been
tested as a single detector, the continuous gold



contact was removed and the strip geometry of

0.9mm x 7mm pads with lmm genter-to—center spacing
surrounded by a guard ring’ was made by evaporating
gold through a metal mask. The thickness of the gold
contact is about 0.03um and that of the Li contact is
about 125um. The purpose of the guard ring is to
absorb the surface leakage current and to provide a
good electric field profile in the pad region. With
this geometry, the total device leakage current at
room temperature is 6.2uA at an operating voltage of
600 volts. The expected leakage current, Ip, of

each element at room temperature due to therma1 gener-
ation is given approximately by:

IDs qniV/th

where q is 1.6 x 10-19 ¢coulombs; n1. the intrinsic car-
rier concentration, is 1.6 x 101 carrlers/cm 'R

the depletion volume, is 0. 035¢cm-3 ; and Tps the
minority carrier lifetime, is 2 x 10‘ sec. Since

the calculated element leakage current is 22nA and

the average leakage current is 10nA, the leakage cur-
rent is primarily thermally generated and not surface
leakage. The thermally generated current can be ex-
pected to decrease by about a factor of two for every
10°C decrease of the device temperature. We are
currently fabricating a thermoelectrically cooled
cryostat for the device which will cool the detector
to -20°C and should reduce the leakage current to less
than 1nA/element.

The resistance in parallel from each element to
its neighboring elements and the guard ring was found
to be 70K ® 15K ohms. This resistance was determined
by measuring the leakage current of one element at the
operating voltage as a function of a small differen-
tial voltage applied to the surrounding elements and
the guard ring.

Electrical contact is made to each element using
an array of Be-Cu spring contacts mounted on a cir-
cuit card. Figure 3 shows the detector mounted on
the circuit card. The signals are carried from the
detector to the electronic readout modules outside
the x-ray beam enclosure using two 20-conductor rib-
bon coaxial cables with mass-terminated connectors.
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Fig. 3. Photograph of the 30-element Si(Li) detector
with spring contacts in place.
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The fabrication of the larger detector will be a
challenging project. We currently plan to fabricate
it from a single piece of silicon 170mm long, 12mm
wide and 5mm thick. The device will have a similar
groove and guard-ring structure as the initial detec-
tor. The element width, however, will be 0.5mm with
a center-to-center spacing of 0.6mm. A photographic
mask will be used to reduce the pad area and therefore
minimize the leakage current and increase the inter-
element resistance. Wire bonding to the detector
elements may be used instead of spring contacts to
improve the reliability of the 256 contacts.

Detector Electronics

The readout for this system requires the accurate
measurement of the cgrrent flowing in esch element.
At SSRL a flux of 10° per second per mm‘ is available
on the wiggler beam 1ines when the storage ring is
operating in a dedicated mode at 3GeV and 60mA.
Assuming that only 0.5% of the incident flux is trans-
mitted through the patient, gne estimates a photon
flux of approximately 5 x 10%sec~! in each mm¢ and
therefore a generated current of 7.5nA in each ele-
ment of the prototype detector.

Since the detector inter-element resistance is
relatively low (~70K ohms), it is important to use a
high quality operational amplifier (0P-07) in the
first stage of the electronics to keep the electronic
noise and drift small. Provision is made in the
electronics to change the gain and to bias off the
detector leakage current from the data acquisition
computer. A 5MHz voltage-to-frequency (V/f) con-
verter is used to produce a digital output which is
proportional to the input current. This digital out-
put has excellent linearity, high resolution and a
large dynamic range which complement the properties
of the Si(Li) detector very well. Gating the V/f
convertors with a common timing pulse of the desired
period provides a measurement of the total flux in
each element during the gating interval. The accur-
acy which can be achieved with this system with dif-
ferent fluxes has been presented elsewhere.® A
typical clinical iodine concentration obtained with
venous injection produces a fiux difference of more
than 2% and we estimate that an accuracy of better
than 0.5% can be achieved in Smsec with the available
flux from the the Stanford Synchrotron Radiation
Laboratory (SSRL) wiggler beam line when SSRL is
operating at 3GeV and 100mA.

The digita) outputs from the individual elements
are connected to separate CAMAC scalers which are
gated with a common programmable CAMAC timer. The
control of the sample position is done with stepping
motors through the same CAMAC crate. The overall data
acquisition and analysis system has been described
elsewhere,

Results

Initial studies with the prototype detector of
the feasibility of synchrotron radiation for digital
subtraction angiography were performed at SSRL in the
spring of 1981. ODetailed reports of the samples
studied and the of images gbga;ned in this experiment
have been given elsewhere.>» Very good initial
images were obtained which indicate that this is a
very promising technigue. Only a summary of these
results as they relate to the characteristics of the
multi-element detector will be given here.
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Cross-talk between detector ..ements can degrade
the spatial resolution of the image. This cross-talk
was measured by using a 0.5mm s1it which was moved
across the device in 0.05mm steps and then measuring
the current in pairs of adjacent pads. As can be seen
in Fig. 4, it is very low between elements which indi-
cates that both the charge collection in the detector
is well defined to the nearest pad and that the elec-
tronic feedthrough has been successfully minimized.
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Fig. 4. Signal measured in two pads as a 0.5mm slit

was scanned across the pads.

Images of both phantoms and excised animal hearts
were obtained with this prototype detector. Due to
tTimited availability at that stage of electronics, only
eight adjacent channels of the detector were used to
scan the heart in five adjacent vertical swaths each
48mm in height. A line-scan measurement (eight chan-
nels wide) was made, first 50eV above and then S50eV
below the iodine K-edge before the object was moved
vertically to the next raster position. An object
area 48mm x 48mm was scanned, with lmm x lmm pixel
size. The pedestals and gains of each electronic
channel were monitored respectively by including 3mm
lead absorbing strips at the top and bottom of each
image and an unobstructed horizontal strip immediately
above the lower lead strip. The total incident x-ray
flux was monitored throughout by an upstream ioniza-
tion chamber whose output was digitized and recorded
with the Si(Li) detector data. This data was used to
normalize each pixel to constant incident flux.

One of the set of phantom images, taken to demon-
strate the strong, simultaneous suppression of contrast
due to soft tissue and bone made possible with mono-
energetic x-rays, is displayed in Fig. 5.

The figure shows that the energy resolution and
dynamic range of the system are sufficient to elim-
inate the effects of bone and a variable amount of
tissue in the difference image.

Figure 6 shows the arterial system of an excised
calf heart obtained with two pixel sizes. lodine was
retained in the heart arteries by injecting into them
a dental impression paste (CutterS$il*) in which an
appropriate concentration of Nal powder had been mix-
ed. The_heart was gmaged for detector pixel sizes of
both 1mmZ and 0.5mmZ to help select the width of
the detector elements in the final detector. A pixel
size of 0.5cm was achieved by placing a mask, with
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0.5mm apertures spaced by lmm and centered on the
0.9mm wide contacts, in front of the present detector
and by acquiring two interlaced component images for
each scan. The beam was also collimated to a matching
0.5mm height and the vertical motion after each line-
scan was 0.5mm. Figure 6(a) and 6(b) show the differ-
ence images for lmm< and 0. 5mm? pixel size respective-
ly. 1t is apparent that lmm is marginally acceptable
for clinical evaluation and that a resolution close to
0.5mm2 js preferable for clinical work. An element
center-to-center spacing of 0.6mm has therefore been
selected for the larger detector. With this spacing,
a 15cm wide image can be obtained with 256 elements.
This detector will give excellent image quality with

a reasonable number of electronic readout channels.

20:1 DILUTED

RENOGRAFIN BONE

PHANTOM
SIDE VIEW

b.
Fig. 5. Phantom image obtained with prototype sys-
tem. 5(a) indicates the structure of the phantom.

The row of images in 5(b) are, respectively, those
obtained for the phantom above the K-edge, below the
K-edge, and from their logarithmic subtraction. The
jodine concentration was 2.5mg/cmé in the 1.5mm
diameter constricted lucite channel. The lucite wedge
simulates a large tissue thickness variation and the
bone is a human vertebral bone.

The images in Figure 6 inadvertently reveal arter-
ial structure that is not really present. Towards the
end of the circumflex artery (the major horizontal
vessel), there appears a region about lem in length
with lower than expected iodine concentration. Dis-
section of this region revealed an air bubble in the
CutterSil*-Nal paste. Other smaller bubbles are evi-
dent in the left main descending artery. These air
bubbles are easily preventable, but their occurrence
accidentally in these images was useful from the
standpoint of confirming that disease-like arterial
structure could be seen with this system.

Summary

Multi-element Si(Li) detectors provide a method
of making high precision x-ray flux measurements with
good spatial resolution. These devices have excel-
lent stablility, efficiency, linearity and dynamic
range. Techniques are available to fabricate them
with large areas and complex contact geometries.  They
are therefore very promising detectors for many exper-
iments using the intense x-ray fluxes which are avail-
able at synchrotron radiation facilities.

The electronic readout of the current in each ele-
ment using a high quality preamplifier and voltage-to-



frequency converter can provide an accurate flux mea-
surement for many elements at reasonable cost.

Development of a 15cm wide wiggler x-ray beam line
at a synchrotron radiation facility in combination
with a 256-element Si{Li) detector may make possible
the high-speed imaging of human arteries {especially
the coronary arteries) non-invasively. With such a
powerful instrument it may be possible to reduce the
mortality of the present invasive procedure and to
provide a diagnostic tool for the study and preven-
tion of arterial disease.
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Angiography, the radiologic visualization of blood
vessels and heart chambers containing contrast media,
has become a powerful method of examining the struc-
ture of the heart and the coronary arteries and of
diagnosing disorders involving the circulation of the
heart, of the brain, and of other vascular beds. How-
ever, the techniques currently in widespread clinical
use involve invasive procedures which carry signifi-
cant risks of morbidity and mortality. These risks
are far too high to permit the routine use of angiog-
raphy to detect the presence of dangerous obstructing
lesions in, for example, the coronary arteries of the
many persons known to be at risk. Angiographic
studies are limited therefore to symptomatic patients
and are not conducted on asymptomatic patients even
if they are at high risk because of hypercholesterol-
emia, hypertension, family history, etc. There is an
urgent need to reduce the risk of these procedures.

The eventual purpose of the studies begun by proposal
456B is to bring into existence at Stanford a facility
capable of conducting safe and non-invasive angiogra-
phic examinations on patients. Anglographic examina-
tions of the coronary arteries will be emphasized.
The acquisition of digital radiographs at X~-ray ener-
gies slightly above and below the K absorption edge
in iodine at 33.2 KeV and the subsequent differencing
of these two images provides an exquisite sensitivity
to intra-arterial iodine. This procedure promises
the prospect of coronary arteriography with reduced
concentration of iodinated compounds in the coronary
arteries administered non-invasively by peripheral
venous injection. This will eliminate the need for
catheterization and substantially reduce the risk of
the procedure.

Proposal 456B was submitted to SSRL in June 1979 and
received {ts final rating in June 1980. This proposal
called for the performance of certaln basic tests on
inanimate phantoms with minimum delay and with simple
equipment already in hand.” At the time this”first
proposal was submitted, solutions had been identified
to some of the technical problems related to the real-
ization of a diagnostic facility at Stanford, but not
to all of them. Since that time studies of the out-
standing questions continued, often in consultation
with the SSRL staff, and practical solutions to all

of the major problems have now been identified. These
include the realization of a one-dimensional position-
sensitive X-ray detector of satisfactory width and
close to 100% efficiency, and the definition of a
technique by means of which the motion of the heart
muscle cannot degrade the image quality. For example,
figure 1 shows a prototype silicon semiconductor de-
tector fabricated to our specifications at the Lawrence
Berkeley Laboratory. This detector is essentially one-
dimensional (30 mm in width and 5 mm in height), its

detection efficiencvy for 33 KeV X ravs is close to 70%,
it incorporates 30 independent contiguous sensitive
regions each 0.9 mm in width with a center-to-center
spacing of 1.0 mm, and it operates at room temperature.

e, A IAET

T

FEE N

Lt AT ]

Figure 1. A prototype position-sensitive Si detector.

In the time made available to proposal 4568 in this re-
porting period (through 4/14/81) the basic tests on in-
animate phantoms with simple detection apparatus have
progressed considerably. A start has also been made in
the use of the prototype silicon detector for more
efficient imaging, and in the preparation and use of
animal hearts for more realistic imaging of the vessels
and structures of eventual interest. Initial short
opportunities to start work at SSRL occurred in the I-5
beam on 11/26/80 and on 12/5/80. Given the extremely
low X-ray flux at 33.2 KeV and 2 GeV in the parasitic

mode in a non-wiggler line, the first of these occasions

was used to test the apparatus in the region of the K-
edge in copper at 8.9 KeV. C(Clear difference signals
were observed with the expected magnitudes for copper
concentrations of 0.45, 0.9 and 1.8 mg em™2
phantoms. On the second occasion, at 3 GeV in the
dedicated mode, the X-ray flux at 33.2 KeV as 400 times

more intense and a useable beam at 33.2 KeV was.obtained

from the (440 ) plane in Si (~0.B photons/pulse/mm?).
The contamination of 16.6 KeV X rays, from the (220)
plane in Si, was reduced to about 50% with a 0.125 inch
aluminum filter.
with this bfﬁm for an iodine phantom concentration
of 16 mg em “.

The first access to beam line IV-2 for more than 24
hours occurred in the period 3/6/81 to 3/20/81 at 1.8
GeV in the parasitic mode. Despite the low flux at

i VII-62
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Clear difference signals were observed



33.2 Kev, ~1 ohoton/pulse/mm2 from the (220) plane

of Si, good two-dimensional images of inanimate phan-
toms were obtained. One of these is reproduced in
figure 2. The vertical iodinated channel, in a lucite
block. is 1 cm in diameter at both ends and 1.5 mm in
diameter in the central constricted region. The iodine
concentration in the latter region is 5.5 mg cm2,

Also in the field-of-view was a vertical wedge of lu-
cite with an empty horizontal channel, also with a
constriction. The images in figure 2 at the top left
and right are of this composite phantom at X-ray ener-
gies just below and just above the iodine K-edge re-
spectively. The lower images in figure 2 are, on the
left, the difference between the two upper images, and
on the right, the ratio of the two upper images. In
both of the lower images, as expected, only the iodine
content of the phantom is reproduced and image contrast
due to the other structures is eliminated. These and
other data obtained at this time were acquired by
collimating the X-ray beam to a cross sectional size

of 1 mm x 1 mm and scanning the phantoms, in raster
fashion, in front of a single X-ray detector consist-
ing of a CaF,(Eu) scintillator and a 0.75" diameter
EMI 9826A photomultiplier tube. Preliminary attempts
were also made to image iodinated arteries in animal
hearts (pig and calf) but this proved to be impractical
since the time needed to acquire an image (several
hours due to the low X-ray flux and the single X-ray
detector) exceeded the durability of the iodine in the
arteries for the heart preparation technique then used.

Figure 2 Raw and processed images of an jodinated
channel in a complex phantom

The first, and to this date, the only access to beam
line IV-2 under operating conditions approximating
those requested in the proposal took place iIn the per-
iod 4/8/81 to 4/14/81., At this time, in parasitic
mode*, the operating conditions were 2.5~3.0 GeV and
about 25 mA, which correspond to a 33.2 KeV flux of
-320 photons/pulse/mmZ. For these tests the increased
flux and the use of the prototvpe position~sensitive
silicon X~ray detector (actually only 8 of the 80 1 mm
wide channels were used due to limited availability,
at that time, of electronics) combined to permit the
acquisition of images with substantially reduced ob-
serving times (several minutes). Excellent images of

a variety of iodinated inanimate phantoms were obtained

and, in addition, due to a substantial improvement in
heart preparation technique, a variety of animal heart
images with iodinated coronary arteries were also ob-
tained. The kev to retention of iodine in the animal

* Wigeler field 17 Kg.

00210690

‘is showm in figure 3.

vessels was the use of a dental impression paste
(CutterSil tM), in which the appropriate concentration
of Nal powder was thoroughly mixed, and to which a
curing compound was added immediately before insertion
into the arterial system with a catheter and syringe.
A typical set of images of calf heart coronary arteries
At the top are the separate
images obtained above and below the fodine K-edge and
at the bottom is their ratio. In the latter image all
contrast due to non-iodinated heart structures is
eliminated.

Figure 3 Raw and processed images of calf heart
coronary arteries.

In future tests phantom images for the full range of
parameters outlined in proposal 456B will be obtained.
Also, following instrumentation of all 30 channels of
the Si detector, animal heart images will be obtained
for a wider range of iodine concentrations. Most im-
portantly, animal hearts will be prepared with iodine
concentrations typical of venous administration in the
left ventricle as well as in the coronary arteries, and
images will be obtained with some of the coronary ar-
terial system projected against the filled ventricle.
In this way the isolation of the coronary artery from
the ventricular background by image analysis can be
explored and developed. Also in preparation are real-
istic phantoms of animal hearts prepared from impres-
sions taken from real hearts. These phantoms will per-
mit arbitrary and adjustable iodine concentrations to
be placed in coronary arteries and ventricular chambers
and will eliminate, to some degree, the need for real
hearts. Under discussion also is a phantom system

that will permit tests to be made on beating hearts.
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To

FrOM

SuBJECT:

Date:  August 13, 1981

456 File

K. Cantwell

Telecon with Hughes

Hughes cannot submit new proposal by September 1. It is
also not o¥vious that this is the correct course of action
since he has only had one shot at this proposal which is
essentially a program. We agreed I would take 456 to the
panel in January with additional material he will provide
in early December and ask for a two-year extension.

6021691

WNONVIOWIW 3D1440 e ALISHIAINN QYOINVIS © WNANVEOWIW 331440 o ALISYIAINN QYOINVIS o WNANVEIOWIW 301440 e ALISUIAINA GUOINVIS



TANFORD SYNCHROTRON RADIATION LABORATORY

STANFORD LINEAR ACCELERATOR CENTER
P.O. Box 4349, Bin 69
Stanford, California 94305
Telephone: (415) 8343300, Ext. 2874
TWX: 910-373-1162
Answer Back: STANFRD
STNU A

July 9, 1981

Dr. E. Barrie Hughes

Dear Spokesperson:

SSRL proposals are considered active for two years after their
initial rating by the Proposal Review Panel. The purpose of this
pelicy is to ensure that the entire group of active SSRL proposals
is competitively rated and represents the most current issues and
techniques in the various fieids.

Your proposal 4568 will be inactive as of January, 1982.
If you wish to continue experimentation on this proposal after this
date, a new proposal covering this work must be received at SSRL by
September 1, 1981, This deadline is necessary to complete the refereeing
process before the January, 1982 Proposal Review Panel Meeting. A call
for proposals letter will be sent out in approximately two weeks time.
This let*ter will have all the specifics for submitting new proposals. A
current copy of the proposal guidelines is available by calling SSRL.

If you have any questions about your particular proposal do not
hesitate to contact me.

Sincerely,

Claire L. Burke
Proposal Administrator

8821692



STANFORD SYNCHROTRON RADIATION LABORATORY

STANFORD LINEAR ACCELERATOR CENTER
P.O. Box 4349, Bin 69
Stanford, California 94305
Telcphone: (415) 854-3300, Ext. 2874
TWX: 910-373-1162
Answer Back: STANFRD
STNU A

June 18, 1980

Dr. E. Barry Hughes
HEPL
Stanford University

Dear Spokesperson:
The Proposal Review Panel considered your appeal
for proposal 456B at their June 7th meeting. The

results are shown below. If you have any questions
please do not hesitate to call me.

Sincerely,

f‘%ﬂmw Coneve
Katherine Cantwell
Proposal Administrator

Action: 1.5 rating made permanent.

Rebuttal of referee's critique appears to be. quite convincing.
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STANFORD SYNCHROTRON RADIATION LABORATORY

STANFORD LINEAR ACCELERATOR CENTER
P.O. Box 4349, Bin 69
Stanford, California 94305
Telephone: (415) 854-3300, Ext. 2874
TWX: 910-373-1162
Answer Back: STANFRD
STNU A

April 23, 1980

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

Madison WI 53706

Dear Dr. Cameron:

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

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

Sincerely,

§%ZZZocﬂu>_szﬁﬁ4¢i1?/

Katherine Cantwell
Proposal Administrator
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STANFORD SYNCHROTRON RADIATION LABORATORY

STANFORD LINEAR ACCELERATOR CENTER
P.O. Box 4349, Bin 69
Stanford, California 94305
Telephone: (415) 854-3300, Ext. 2874
TWX: 910-373-1162
Answer Back: STANFRD
STNU A

March 22, 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. I am sending you
Dr. Hughes' response to your review. I would very much
appreciate it if you could read this addendum and return
a second report to us.

Again, thank you for the time and thought you have
put into this proposal.

Sincerely,
W.@C Con e -

Katherine Cantwell
Proposal Administrator

Encl: Addendum II
Cameron Review
Referee Form

002156495



ADDENDUM II 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

0021b9b:
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The preparation of this document was prompted by our receipt of the
expert review requested by the SSRL Program Review Panel in January 1980.
We will give our response to each of the items raised, but we wish first to
remark that the scope of this latest review seems to go considerably beyond
that of the six earlier reviews conducted in the period July - August 1979.
The proposal under review was written, upon the advice of the Directorate
of SSRL, not for the immediate purpose of securing sufficient beam time and
facilities to take coronary arteriograms in patients, but only to conduct
the first stages of such a program. This is specifically stated on page 5
of our Proposal, as is our intention to employ only inanimate phantoms at
this time. The limited scope of our first proposal seems to have been well-
understood by the earlier reviewers, four of whom gave us their unqualified
endorsement. We are not at all surprised that the recent expert reviewer did
not find a complete technical discussion of exactly ho@ we intend to acquire
coronary images in patients at SSRL. We regarded these details as appropriate
for future proposals. At the time we wrote our current Proposal we had iden-
tified solutions to some of the technical problems related to the realization
of a diagnostic clinic for coronary angiography at SSRL, but not to all of
them. Since that time we have continued to study these problems, often’in
consultation with the SSRL staff, and at the present time we feel that we have

practical solutions to all of the major problems. Not surprisingly, our

project has been in a dynamic state of development”fof the-past nine months,
and we expect to communicate the results of these efforts to the Program Re-
view Panel at the appropriate time in the context of new proposals. We did
not feel it wise to delay the execution of the specific fundamental tests
called for in our first proposal until our total development effort was con-
ceptually complete and we hope therefore that the Program Review Panel, and
the Directorate of SSRL, will continue té review our first proposal with these

thoughts in mind, or instruct us otherwise.
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Clearly, we agree with the opinion of the expert reviewer that coronary
arteriography cannot be done using the quasi-monoenergetic x-ray beams pro-
vided by standard x-ray sources. This is explicitly stated on page 7 of the
Addendum to our Proposal that we submitted to SSRL on August 30, 1979.

Contrary to the claim of the expert reviewer, the instrumentation that
we propose to use to obtain our initial one-dimentional radiographs is fully
described on page 5 of our Proposal. It is also described on page 1 of the
report we submitted to SSRL on December 20, 1979 describing the results of our
first informal tests at SSRL, which were obtained with exactly this instrumen-
tation. Obvibusly, for the reasons spelled out in the introductory paragraph
of this document, we did not include a specific description of the instrumen-
tation that we will need in due course to accumulate digital images rapidly
in patients without the need for horizontal scanning.

We do agree with the claim of the expert reviewer that in order to vis-
ualize iodine within the coronary arteries it will be necessary to record each.
pair of digital images, i.e., above and below the K-edge, in a time short com-
pared to the periodic motion of these structures. His estimate of about 30
msec for this time is quite correct. This is precisely why coronary arterio-
graphy cannot be done using quasi-monoenergetic sources derived from standard
x-ray sources, which are insufficiently intense. We fully recognize this
specific problem‘and have discussed it several times with the SSRL staff. It
poses no fundamental practical difficulty, but its solution is also totally
irrelevant to the realization of the objectives of our current proposal, all
of which involve phantoms that are inanimate and static. Our eventual solu-
tion is to rotate, or to oscillate, the crystal monochromator at the requi-
site frequency (v 30 Hz) by the small angular amount (NO.OOIO) necessafy to
step the transmitted beam back and forth through the iodine K-edge.

Another fundamental misconception held by the expert reviewer is that he
expacted we would eventually scan line-by-line through the complete coronary
fi2id of interest entirely at one x-ray energy before switching the energy and
repaating the scén. He is correct in pointing out the severe limitations of
this mathod. However, we have never had any intention of operating in this
manner. We intend, at the‘proper time, to propose the use of an efficient
linear array of detection elements encompassing the full width of the field
of interest. This is the natural detector configuration for use at SSRL and,
in addition, eliminates the familiar scatter background of standard radiology.
In conjunction with Dr..George Brown of SSRL, we have conceived a method by

which the horizontally planar x-ray beam may be scanned vertically through
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the field of interest (in contrast to moving the patient vertically through
the horizontal x-ray beam). We intend, however, to use a scanning time longer
than the cardiac cycle, but it must be emphasized that this relatively long
scanning time will not result in a blurred image. Each line exposure, due to
the high x-ray intensity, will occupy only a few milliseconds. The x-ray
energy is then switched, within about 30 msec, and the secohd exposure is
made. Each pair of line exposures occurs within 30 msec, a period within
which the heart is essentially stationary. Upon completion of each exposure
pair, the beam (or the patient) is moved vertically by the required spatial
element and the procedure repeated. The lack of blurring is governed by the
line-pair exposure time and not by the total frame time. This is a direct
analog of photographic cameras with focal plane shutters which are free of
blurring despite relatively long exposure times of the scanning slit. The
price paid for this effect is that all porfions of the image do not represent
the same time interval. A subtle distortion is generated due to motion (the
cardiac cycle), but this does not represent blurring. For example, a hori-
zontally moving vessel, which would otherwise be blurred, is reproduced in
good focus at a slight inclination since the top and bottom are scanned at
different times.

The photographs reproduced Below in Figs. 1 and 2 provide a convincing il-
lustration of the viability of the focal plane shutter effect in coronary ar-
teriography. These photographs were taken in the laboratories of Drs. Brody
and Macovski, who are also co-authors of SSRL Proposal 456B. Fig. 1 shows an
arteriogram of a dog heart which required five seconds to record despite the
fact that the heart was beating at a rate of 120 beats per minute. The intra-
arterial iodine, which clearly reveals the coronary arteries, was introduced
invasively by means of a catheter, which is also visible. This picture was
recorded with an instrument normally used for imaging by computerized tomo-
greohy. It employs a fan-shaped x-ray beam detector. The imagé is accumulated
ons ziane at a time, and the axial position of the dog is incremented between
successive exposures. The coronary arteries are clearly defined, despite the
moticn introduced by the many cardiac cycles (5 10) involved.

The same principle is also illustrated by the series of photographs in
Fig. 2. The first frame (2) is a standard coronary arteriogram obtained in
projection with a normal exposure time (v 0.01 sec). The subject is again a
dog and the iodine is again introduced invasively. The second frame (b) re-

presents an integration over four seconds, with the resultant severe blurring
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and almost total loss of arterial detail. The third frame (c) is also taken
over the same four seconds, where a line scan has been simulated by a vertically
scanned horizontal slit. As is shown, the original detail is restored despite
the motion. The streak artifacts are due to the non-uniform motion of the man-
ually scanned slit.

The misunderstanding by the expert reviewer of our x~ray detection effi-
ciency is 1% is hard to anticipate but easy to correct. Any x~ray detector
that we have proposed, or will propose, for use at SSRL will have an efficiency
of essentially 100%. The current proposal calls for the use of a bismuth ger-
manate (BGO) crystal 3 mm in thickness, which corresponds to approximately 38
x-ray mean iree naths at 30 KeV. Although the precise thickness of our BGO
crystal is specified on page 1 of our Informal Test Report to SSRL, it is true
that it is not explicitly stated in our Proposal. Our excuse for this omis-
sion must be our awareness of the excelleﬁt stopping power of BGO for 30 KeV
x-rays and our implicit assumption that just the stated use of BGO would, by
itself, clearly signal an excellent detector efficiency to the thoughtful
reader. In fact, a BGO crystal thin enough (® 0.01 mm) to have low detection
efficiency (< 10%) for 30 KeV x-rays would be about 30 times thinner than the
minimum thickness (¢ 0.25 mm) prgsently available.

Our mention of a 1% detection efficiency on page 5 of our Proposal occurs
before we arrive at a description of our intended apparatus and arose only to
illustrate how quickly data of excellent statistical quality can be acquired
at SSRL due to the outstanding intensity of the x-ray beam. Never did it
occur to us, or to our knowledge to anyone else, that this remark could be
interpreted as a justification of the use by us of such an inefficient de-
tector. Clearly this is impossible in radiology because of the consequent
radiation dose.

We agree with the expert reviewer's remark that if the time occupied by‘
a complete set of line scans at one energy followed by a second complete set
of line scans at a second energy should collectively occupy more than about
30 msec, that a temporal subtraction methodology, using standard x-ray tubés,
will produce cardiac images of comparable quality. Having said this however,
we can repeat that we do not intend to acquire our cardiac images in this way.
Images acquired by either of the two methods just outlined will be hopelessly
blurred due to cardiac motion and be useless from the standpoint of visual-

izing the coronaries.
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We also agree with the second academic point raised by the expert reviewer
that, in the absence of motion (obviously impossible in coronary arteriography),
the iodine sensitivity provided by time subtraction exceeds that provided by
K-edge subtraction. This occurs because the small reduction in iodine contrast
due to the subtraction of the image taken below the K-edge is avoided. Clearly,
the situations of vital clinical interest in which patient motion can be so
totally suspended as to realize this small benefit must be few in number, and _
are obviously totally disconnected to our area of interest where motion is ever-
present and unavoidable.

We believe we have adequately explained in the introductory paragraph to
this statement the reason why the expert reviewer finds our current Proposal
to be incomplete. In summary, he is judging the full program of developﬁent
from the perspective of an initial proposed investigation with limited objec~
tives. It should be clear from the contents of this document that we could
now write a much more convincing justification of our eventual goal than can
be gleaned from our current Proposal. At the proper time we will write such
a proposai. First, however, we wish to demonstrate our ability to isolate
subtle amounts of iodine with the x-rays available at SSRL before we address,

in proposals, such problems as motion and image field.

We have adequately responded in our first Proposal Addendum to the cri- -
ticism that our non-invasive study can presently be made available at only
storage ring laboratories. We wish to emphasize, as we also did in our ear-
lier Addendum, our belief that a successful demonstration of our ideas at
SSRL would result in the stimulation of a considerable technical effort to
develop a compact source of monochromatic x-rays expressly for medical pur-
poses. We indicated that the most likely way in which this could be done was
by the combination of an argon-ion UV laser and a small Ci 25 MeV) betatron.
Such a development would of course be of tremendous value to many scientists
in other fields, who would thereby also be liberated from the storage ring
laboratories.

We do not accept the view that the possible restriction of our intended
procedure to laboratories such as SSRL is a sufficient reason to deny our pro-
posal a high priority at this very early stage. We have listed in our Pro-
posal Addendum of August 30, 1979 the specific diagnostic and research oppor-
tunities that can be realized for the first time at SSRL, and iﬁdependent
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statements attesting to the medical value of our projected procedure have been
provided to SSRL by Drs. N. E. Shumway and J. W. Hanbery of the Departments of
Cardiovascular Surgery and Surgery (Division of Neurosurgery) respectively at
Stanford. We have pointed to one possible means by which compact sources of
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. As aiways in science it is impossible to predict exactly
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 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. We also wish to point out
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 fechnical interpretation 1if there are residual unclear as-

pects of our Proposal.
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SSRL PROPOSAL REVIEW

Investigators: Dr. E. Barrie Hughes =etr al

Title:

Dr., J.R. Cameron

Dept. of NuetesmMedieineR 4w '“‘43
University of Wisconsin

Medical School

Madison, Wisconsin 53706 ™.

Referred to:

Proposal Number: 456B
"ITodine Dichromography With Monochromatic X-ray Beams for Angiograph:

" RECEIVED
JAN 21 1980
SsRL-
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‘instill one with confidence in his knowledge of present x-

?val?ati?n: (I£f you can suggest other qualified referees, their names and
institutions would be gratefully accepted along with your review)

Contrary to some 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 gresser 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 omission

‘of a description of the imaging procedure to be used. In particular, it is

not stated what the time separation of the two energy exposures to a particular
picture element will be. Is it possible to switch the energy in times short
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, them-in
30 m\§ec§'6ne can only get a 30 line image which would he too crude to see
coronaries.

The technique will work if it can be demonstrated that beam energies can
be switched in times on the order of 15 m_secs so that two energy exposures
of the same scan line can be done in rapid succession. If this is done, suf-
ficient intensity would be available.

The principal investigators mention of a 1% detection efficiency does not
y detectors which -

(continued)

PLEASE CHECK Signature of Referee

Overal i il3 i
1 Desirability Experimenter Competency

() Excellent ( ) Excellent
: 5 ) Very Good ( ) Very Good . To be fair to the experiment:
_ ¢ ) Go?d - ( ) Good return within ten days to:
mv_(x; ;Flr ( ) Fair Katherine Cantwell, Proposal
oo .
d (x ) Poor - Rad. Imaging ggglnzstrator,
. L, SLAC Bin 69
Are ther . (x ) Unknown - Physics ’
ere technica P. 0. Box 4349

1 questions to be answered?
2 {x)yes { J)no
+ are they (R) Essential before approval?

{ ) besirabl 4

Are e before approval? Comment on

iyl there safety concerns to be answered? ( Jyes (x‘)no hack
Yes, please describe on back.

If Yes

Stanford, CA 94305
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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. If scan
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). It is also true that in the
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).

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.
ifgfazhh<::.¢LI¢*JLJ\‘A“\\
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STANFORD SYNCHROTRON RADIATION LABORATORY

STANFORD LINEAR ACCELERATOR CENTER
P.O. Box 4349, Bin 69
Stanford, California 94305
Telephone: (415) 854-3300, Ext. 2874
TWX: 910-373-1162
Answer Back: STANFRD
STNU A

January 31, 1980

Dr. Barrie Hughes
HEPL
Stanford University

Dear Barrie:

Enclosed please find the referee report on your proposal 456B which
was solicited at the request of the biology sub-panel of the Proposal Review
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. When I receive your response I will
mail the review and response to the entire biology sub-panel. In the meantime
your rating of 1.5 will stay in effect.

Sincerely,
/‘éx&/u e’

Katherine Cantwell
Proposal Administrator

0021101 |
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‘instill one with confidence in his knowledge of present x-

s maddc

SSRL. PROPOSAL REVIEW

Investigators: Dr. E. Barrie Hughes =et”'al

Proposal Number: 456B
ritle. "'Iodine Dichromography With Monochromatic X-ray Beams for Angiograph

.

Dr. J.R. Cameron ; : e o e
Referred to: Dept. of MWR‘A“"‘Jg

University of Wisconsin., RECEIVED

Medical School : a

Madison, Wisconsin 53706 ~. . JAN ¢1 13980
ssah

-

Evaluatlon~ (If you can suggest other qualified referees, their names and
institutions would be gratefully accepted along w1th your review)

Contrary to some of the other reviews you have received, the use of K-edge
subtraction techniques using quagimonoenergetic filtered x-ray beams is not
feasible for coronary angiography. Study of gr@sser 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 broposal has to do with the complete omission

-of a description of the imaging procedure to be used. In particular, it is

not stated what the time separation of the two energy exposures to a particular
picture element will be. Is it possible to switch the energy in times short
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, them-in

. ot
30 m\§ec§'6ne can only get a 30 line image which would he too crude to see
coronaries.

The technique will work if it can be demonstrated that beam energies can
be switched in times on the order of 15 m_secs so that two energy exposures
of the same scan line can be done in’ rapid succession. If this is done, suf-
ficient intensity would be available.

The principal investigators mention of a 1% detection efficiency does not
y detectors which —

(continued)
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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. If scan
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). It is also true that in the
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).

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.
‘i§§f;ihh5::.CL)"JLA_‘AVN\
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STANFORD SYNCHROTRON RADIATION LABORATORY

STANFORD LINEAR ACCELERATOR CENTER
P.O. Box 4349, Bin 69

Stanford, California 94305

Telephone: (415) 854-3300, Ext. 2874

TWX: 910-373-1162

Answer Back: STANFRD

STNU A
Dr E Barrie Hughes
Hansen Laboratories
Stanford University January 9, 1980

456B

Dear Spokesperson:

The SSRL Proposal Review Panel held its biannual meeting at SSRL
January 4-5, 1980. Eighty-five new proposals were rated. Your proposal
number#‘_‘_ was reviewed. To aid you in interpreting your rating we
would 1ike to provide a 1ittle background information.

The PRP rates proposals between 1.0 (highest) and 5.0 (lowest).
Continuing the pattern of the last years this new group of proposals
was better, on the average, than its predecessors. We attempted, however,
to maintain the absolute quality scale used during the PRP meetings of
1979 so that ratings at different meetings could be used consistently to
schedule proposals. The average rating for all three sub-panels was 2.1.

This year, for the first time, we solicited proposals for programs
rather than single experiments. Eleven were received. In many cases, the
sub-panels found that there was no single unifying intellectual theme pre-
sented in the programs and consequently broke them into their component
parts for rating purposes.

To further clarify what the ratings mean in practical terms we have
made some projections based on the requests for beam time received this
spring. On all the x-ray lines except the wiggler and EXAFS I we expect to
be able to accommodate all requests. These two lines have requests for
approximately twice as many shifts as time available. Thus, we do not
expect to get beyond the 2.0's in scheduling on these two 1ines. On the
VUV lines, proposals rated 3.0 or better are likely to be scheduled.

00211100



Attached you will find a description of the appeals process. Appeals
are due by February 15, 1980 to allow time for their d1spos1t10n to have
some effect on spring beam time assignments.

Sincerely,

T Baa oD /)j% Sosenc (anteitl(

Arthur Bienenstock Katherine Cantwell -
Director Proposal Administrator

Your proposal was rated by: ( ) materials (x ) biology ( ) VUV  sub-panel
January 1980 rating: 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.

ooziltt



Dece =»r 20, 1979

Introduction

This note contains a brief report on the activities of the 456B col-
laboration in the 1-5 beam at SSRL within the past month. The principal
purpose of this activity was to gain some familiarity with SSRL (i.e., the
instrumentation associated with a representative hard X-ray beam line) and
with the properties of our own apparatus. Following our letter of November 6
to Dr. Bienenstock (attached), we were invited by the SSRL Operations Manager,
John Cerino, to use the 1-5 beam initially from 0800 November 26 to 0800
November 27 and later from 1600 December 5 to 0800 December 6. On the first
of these occasions SPEAR was operating in the parasitic mode at 2 GeV and on
the second occasion in the dedicated mode at 3 GeV. In the following para- i
graphs we indicate briefly what we accomplished in the aone time. These
accomplishments were dictated primarily by what was feasible in the 1-5 beam .
at these times and do not coincide exactly with the specific objectives in
our first stage proposal to SSRL (#456B). 1In large measure their present

function is to demonstrate our competency to work efficiently at SSRL.

Run #1. Parasitic Mode

Faced with the impossibly low X-ray flux at 33.2 KeV (at the iodine K-edge),
we decided to test our apparatus in the region of the K-edge in copper at
8.9 KeV. 1In anticipation of this possibility we prepared a 1/8" thick lucite

target in which were cut three cells 1/16" thick X 0.6" wide. 1In these

cells we placed solutions of CuSO4 at concentrations corresponding to 0.45,

.

0.2 and 1.8 mg cm'-2 of Cu respectively. Our X-ray detector consisted of

a bismuth germanate crystal, 3 mm in thickness and 5 mm X 3 mm in cross

6021112 -1 -



section, coupled to a 3/4" diameter photomultiplier tube. Stainless steel
collimators of adjustable width in both the horizontal and vertical direc-
_tions were placed upstream of the crystal, and the photomultiplier tube output
charge was integrated electronically, under computer control, for an arbi-
rary number of SPEAR orbits. The X-ray intensity over the full hori-
zontal aperture (~ 5 mm) of our BGO crystal detector was ~ 10/SPEAR pulse
for these measurements.

Following a calibration of the 1-5 monochromator by an EXAFS measure-
ment on a Cu foil, we obtained the results shown in the attached Figures
1 - 3 as each target cell was incrementally moved in turn through the X-ray
beam at X-ray-energies centered just above and just below the K-edge in
copper. The observed profiles differ, as expected, only when the beam
intercepts a Cu solution. The difference signal is also indicated in
each of these figures. The sloping edges of the différence'signal are
attributable to the horizontal slit width, which for all of these measure-
ments was set at 5 mm. The absolute magnitude?of the difference signals
agrees.with those expected. For example, at the smallest Cu concentration
of 0.45 mg cm—z, the observed difference signal was ~ 17% (relative to the
X-ray intensity below the K-edge), whereas the expected signal was ~ 13%.
Similarly, at the highest Cu concentration the observed and expected signals

were 507 and 437 respectively.

Run #2. Dedicated Mode

In this second run the SPEAR energy was 3 GeV and the initial stored
current ~ 80 mA. This provided an X-ray flux at 9 KeV about 400 times more
intense fhan that available to us earlier. Thif enabled us to coﬁduct a
rapid éheck of our apparatus by repeating certain measurements on the Cu

cells. We realized that, in principle, a useful flux of X-rays was now
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| available at 33.2 KeV, but initially thought that this was inaccessible to
us due to a limitation on the physical length of the Si crystal mono-
chromator in the 1-5 beam. However, after consultation with Dr. George
Brown of SSRL, we decided to search for the 33.2 KeV beam reflected from
the (440) plane in Si, which should pass through the crystal along the same
trajectory as a 16.6 KeV beam reflected from thg standard (220) plane. A
useable beam at 33.2 KeV should then be accessible by tuning the monochroma-
tor to 16.6 KeV and preferentially filtering out the i6.6 KeV component.

The approach outlined above enabled us to obtain the iodine K-edge
shown in Figure 4. This edge was observed with a 3/16" aluminum filter, and
the expected X-ray intensity at 33.2 KeV was ~ 5/SPEAR orbit. The '"iodine
foil" used to obtain the EXAFS display of the I-edge was a dilute solution
of the iodine contrast agent Renografin that is commonly used in clinical
medicine.

Following the set-up of ;he 33.2 KeV beam, scans were conducted through
an iodinated target cell. For these measurements the target cells used
earlier for the Cu measurements were now occupied with diluted solutions
of Renografin. Figure 5 shows the first scan across such a cell for an_v
iodine concentration of 0.014 gm cm—z. In this measurement the clinical
contrast agent was diluted by a factor of 26.

Figure 6 shows a second scan across‘an iodine cell, in front of which
was placed a column of CaSO4. In this simple simulation of bone, the Ca
concentration was 0.28 gm cm-z. There is evidence in this data of an abrupt
change in thebresponse of our electronic integrator (during the scan below
the K-edge), which causes the shoulders in the difference signal to be of
unequal ﬁeight. This is of course a temporary problem and easily remedied.

Despite this technical inconvenience, it is evident that the image of the

002171y - 3-
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bone, clearly seen in the two separate scans is greatly reduced in the dif-

ference signal. It is not fully removed in the difference signal because of
a residual admixture of 16.6 KeV X-rays in the 33.2 KeV beam. The admixture
of 16.6 KeV X-rays is expected to be about 50%. Given a pure 33.2 KeV beam,

no residual bone image would be seen.

There are two other experimental observations that reveal the approxi-
mately equal admixture of 16.6 KeV and 33.2 KeV X-rays in the beam we em-—
ployed. These are 1) the absolute iodine difference signal is about 50%
smaller than exﬁected, and 2) the difference signal is not zero when the
beam does not intercept the iodine cell. The reason for the latter observa-
tion is the presence of the 3/16" aluminum filter in the beam and the dif-
ferential change in the attenuation coefficient in aluminum between the two
monochromator settings for the 16.6 KeV component. (A correction has been

made for this latter effect in constructing the difference signals in Figs. 5

and 6.)

Summary

The results we have obtained informally to this date are by no means
comprehensive, and do not address the detailed questions we have listed in
our proposal. The effort expended has given us valuable practical experi-
ence at SSRL, and allowed us to assess the properties of our own apparatus.
It has also provided SSRL with an opportunity to assess our competency.
There is now good reason to expect that our proposed investigation can be
conducted efficiently when we have access to the necessary intense and pure

beam that we require.

LB

E. B. Hughes
Spokesman (456B)

0021115
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W. W. HANSEN LABORATORIES OF PHYSICS

STANFORD UNIVERSITY

STANFORD, CALIFORNIA 94305

Edward L. Ginzton Laboratory Telephone (415) 497-0135
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 anmonymous 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. 1In 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. These preparations are now nearly complete
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.

Continued ........
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Prof. A. I. Bienenstock 6 November 1979 Page 2

The preferred beam line for our eventual work, due to the large
flux of x-rays close to 33.2 KeV, 'is the rapidly-tunable hard x-ray
beam designated IV-1, but this beam is not essential for preliminary
tests. An alternative is the I-5 beam. Further, 1n order to gain
some familiarity with SSRL and our apparatus, it is not essential in-
itially for us to operate at the highest x-ray intensity. We estimate
that useful testing of our apparatus, with 33 KeV x~rays, can be done
in the I-5 beam at a minimum machine energy of 2.5 GeV. Certain equip-
ment tests can even be done using 10 KeV x-rays at a minimum machine '
energy of 2 GeV. We are also willing to participate in the check-out
and calibration of a monochromatic x-ray beam at the energies necessary
for iodine dichromography, since it is our understanding that energies
this high have not often been used in the past.

If our request for informal time at SSRL meets with your approval,
we propose to keep in touch with your Operation Manager, John Cerino,
and others to identify suitable opportunities.

Sincerely yours,
- - B N
/&_,, /) sl _ /flﬂ71/<9) ‘

‘E. Barrie Hughes
Spokesman for Proposal SSRL No. 456B

EBH/gs .

CC Edward Rubenstein
Robert Hofstadter
William R. Brody
Albert Macovski
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STANFORD SYNCHROTRON RADIATION LABORATORY

STANFORD LINEAR ACCELERATOR CENTER
P.O. Box 4349, Bin 69
Stanford, California 94305
Telephone: {415) 854-3300, Ext. 2874
TWX: 910-373-1162
Answer Back: STANFRD
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 to answer your letter of 6 November
regarding preliminary work on proposal 456B. I understand that you
have been in touch with our Operations Manager, John Cerino, on this
subject as well. There is no need for further documentation from you
to begin this work. We will handle your request for time on this
proposal as we would a letter of intent until such time as the proposal
is rated.

The high energy time for this fall has been fully scheduled to
rated proposals. However, there is time available on several of
the x-ray lines at 2.0 GeV. You should let John Cerino know immedi-
ately if you want to use some of this time for equipment checks.

Sincerely,

Aplhoosine Crotesct
Katherine Cantwell
Proposal Administrator

~cc: A. Bienenstock
H. Winick
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STANFORD SYNCHROTRON RADIATICG. - «cABORATORY

STANFORD LINEAR ACCELERATOR CENTER
P.O. Box 4349, Bin 69
Stanford, California 94305
Telephone: (415) 854-3300, Ext. 2874
TWX: 910-373-1162
Answer Back: STANFRD
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 soliciting your advice on the enclosed proposal. As
you can see it has been reviewed by several people in the field.
Our proposal review panel has met to consider rating this proposal
and have requested me to obtain an opinion from you before finalizing
their 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 letter and a rating form as well as
all the.-material on the proposal from Dr. Hughes.

Thanking you in advance for your help,
Sincerely,

Z}é%mcv Goriecsoé C

Katherine Cantwell
Proposal Administrator
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e (415) 497-5771

v

STANFORD UNIVERSITY SCHOOL OF MEDICINE e STANFORD, CALIFORNIA 94305

DEPARTMENT OF CARDIOVASCULAR SURGERY

12/27/79 fﬂa:ETVZQ)

Professor Arthur I. Bienenstock DEC 28 ’97

SSRL, SLAC Bin 69 9
S & R. L

Dear Professor Bienenstock:

I have seen the proposal submitted by E. Barrie Hughes and his
co-workers for the study of iodine dichromography with monochromatic
X-ray beams for coronary angiography. I would only indicate that
this could be a tremendously useful adjunct in the study of patients
with coronary artery disease. The financial savings, over the
presently available invasive techniques, would be quite significant,
and I would guess that vast numbers of individuals could be screened
as part of an annual physical examination program. At any rate,
we have looked long for non-invasive methods for imaging the coronary
arterial system, and this work would appear to show promise in this
regard.

Best wishes for the Holiday Season and the New Year.

Sincerely yours,

NZ.

Norman E. “Shumway, M.D., Ph.D
Professor and Chairman

NES/rh
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STANFORD SYNCHROTRON RADIATION LABORATORY

STANFORD LINEAR ACCELERATOR CENTER
P.O. Box 4349, Bin 69
Stanford, California 94305
Telephone: (415) 854-3300, Ext. 2874
TWX: 910-373-1162
Answer Back: STANFRD
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 to answer your letter of 6 November
regarding preliminary work on proposal 456B. I understand that you
have been in touch with our Operations Manager, John Cerino, on this
subject as well. There is no need for further documentation from you
to begin this work. We will handle your request for time on this
proposal as we would a letter of intent umtil such time as the proposal
is rated.

The high energy time for this fall has been fully scheduled to
rated proposals. However, there is time available on several of
the x-ray lines at 2.0 GeV. You should let John Cerino know immedi-
ately if you want to use some of this time for equipment checks.

Sincerely,

jf?/{aac& ' (/Z’m/{wj/éé

Katherine Cantwell
Proposal Administrator

cc: A. Bienenstock
H. Winick

00211727
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W. W. HANSEN LABORATORIES OF PHYSICS 4 V'Oy ta
STANFORD UNIVERSITY S'S-IQ. /.979
STANFORD, CALIFORNIA 94305 %"‘w
Yy
Edward L. Ginzton Laboratory Telephone (415) 135

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. These preparations are now nearly complete
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.

Continued ........
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Prof. A. I. Bienenstock 6 November 1979 Page 2

The preferred beam line for our eventual work, due to the large
flux of x-rays close to 33.2 KeV, is the rapidly-tunable hard x-ray
beam designated IV-1, but this beam is not essential for preliminary
tests. An alternative is the I-5 beam. Further, in order to gain
some familiarity with SSRL and our apparatus, it is not essential in-
itially for us to operate at the highest x-ray intensity. We estimate
that useful testing of our apparatus, with 33 KeV x-rays, can be done
in the I-5 beam at a minimum machine energy of 2.5 GeV. Certain equip-
ment tests can even be done using 10 KeV x-rays at a minimum machine
energy of 2 GeV. We are also willing to participate in the check-out
and calibration of a monochromatic x-ray beam at the energies necessary
for iodine dichromography, since it is our understanding that energies
this high have not often been used in the past.

If our request for informal time at SSRL meets with your approval,
we propose to keep in touch with your Operation Manager, John Cerino,
and others to identify suitable opportunities.

Sincerely yours,

¢ R <y
L D i

E. Barrie Hughes
Spokesman for Proposal SSRL No. 456B

EBH/gs

CC Edward Rubenstein
Robert Hofstadter
William R. Brody
Albert Macovski
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Referred to: Dept. of Radiology
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La Jolla, CA. 92037

Evaluation: (If you can suggest other qualified referees, their names and
institutions would be gratefully accepted along with your review)

I have read the rebuttal to the original criticisms of the proposed experiment
and I should like to comment on these. First, the fact that expensive installations
and equipment have been financed for political reasons in remote installations with
benefit to very few of us taxpayers does not validate the expenditure of more funds
or expense of machine time to go up yet another blind alley. As for efforts to develop
compact sources of monochromatic x-rays, this has been an on-going project at the
National Bureau of Standards for quite a number of years and there is no doubt that
such a source would be valuable. To date, however, no feasible progress in adttaining
such a source has occurred. The basic properties of digital iodine K-edge dichromography
has certainly been demonstrated. I refer you to the open literature and to the following
papers by Kruger and associates*: RADIOLOGY, Oct 1977; SPIE PROCEEDINGS, Nov/Dec 1978;
MEDICAL PHYSICS, May/June 1977; RADIOLOGY, Jan 1979; SPIE Vol. 167, 1979. These articles
definitely show that it is not impossible but that good quality non-blurred images can
be made with quasi-monoenergetic x-ray beams, and further that these beams have sufficient
intensity to produce images at a rate of 60/sec, and that the radiation dose delivered
to the patient is quite low. While the theoretical argument of scatter radiation and
signal to noise is certainly valid, the real effect to be considered here is that the
use of .a highly collimated detector whose detection efficiency will be quite low compared
to the methed used in the publications referred to above.

*of the University of Wisconsin.
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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. The minor objection is easily
answered: it relates to the use of only inanimate phantoms and the effects
of extra-vascular iodine through diffusion in live specimens. The bulk of
this addendum is directed at the issues raise& in the negative review. These
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
in dichromography will be increased at SSRL relative to the use of quasi- .

monoenergetic beams.

II 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. The current method of assessing the condifion of the coronary
arteries is highly dinvasive 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 diéease. For these reasons
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

00211321 o

S e e TS My A VBT % Y S 7w oA .



rates are too high for the procedure to be used in a screening way. It is
therefore restricted in its use to symptomatic patients already known, with
high probability, to be suffering from severe coronary artery disease and in
probable need of surgical intervention. Even if a successful development ef-
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:
a) The treatment of patients in probable need of surgical interventiom
who would otherwise be subjected to the invasive diagnostic procedure.
The examination of 20 such patients per day, or n 5,000 per year,
would prevent 25 deaths and 50 serious injuries each year that would
otherwise result from the invasive diagnostic examination alone.

b) The follow-up arteriographic examination of surgical patients in order

to assess post-operative progress with no further risk of injury.'

c) The study of the natural history of coronary artery disease by serial

examinations on patients with no previous evidence of this disease.

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 SSRL facility would, of course, also provide the opportunities identified
in items a) - ¢) above to physicians and researchers in the other areas of an-
giography. This may be especially important in cerebral arteriography, which-
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.
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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. 1In February 1978, in the West-
ern hemisphere plus Japan, there were thirteen storage rings either in opera-
2 tion (4), in construction (7) or proposéd (2) with circulating beam energies

i
L
?4£} érQ in excess of 1 GeV where such a medical facility would be feasible.

Q'(ﬁArffgﬁav Another result of an itial success at SSRL would undoubtedly be the

‘_“X.) % A} stimulation of a considerable technical effort by physicists and engipeers
;1;,%::f‘ legto develop a compact source of monochromatic x-rays expressly for medical
@V“;’M\Apﬁ“ﬂ\ purposes. Most certainly this source would not require the full intensity

\“;}§ : of the beam at SSRL. (This question is addressed briefly in Proposal 456B.)
fa Z;'L Presently, we believe that the most practical and least expensive method of
.;L’(§§5} . 5?3 providing an independent source of monochromatic x-rays for medical purposes
zg;: IEQJ<J§§ ‘ \\?s to back~scatter laser photoﬁs incoherently off the electrons in a small

‘ C&} ’ w‘!/’gtorage ring. If a powerful carbon dioxide laser is used, the storage ring

energy required is only 200 MeV. The principle involved, namely inverse

Compton scattering, has been used several times to obtain monochromatic
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. It may be expected, therefore,
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
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by this, or an alternative, method. One alternativé, but at present more
speculative, method is to back-scatter laser photons (from an argon-ion laser)
coherently off an electron beam bunched with a spatial structure equal to, or

a sub-harmonic of, the wavelength of the laser light. 1In this way the x-ray
yield can be greatly increased relative to incoherent scattering off unbunched
electrons so that a 25 MeV electron microtron can be used instead of a stor-
age ring;

At present we are unable to guarantee that medical studies of the type we
project for SSRL will be possible at locations other than those selected orig-
inally, for other reasons, as the sites for electron storage rings. Should
this be so, this limitation on the geogr%fhical distribution of facilities
would not be uncommon in medicine. It has not ﬁrevented the recent develop-
ment of the positron annihilation camera in nuclear medicine, which must be
located adjacent to a proton accelerator capable of providing the required
short-lived radioisotopes of llc, 13N and 150. Neither has it'prevented the
establishment of radiotﬁerapy clinics dependent upon beams of negative pi-mesons,
heavy ions and neutrons at the large particle accelerators located in Los Alamos,
Berkeley or Chicago, respectively. In fact, given the current world-wide de-
mand for synchrotron radiation facilities and the secure position occupied by
electron storage rings in particle physics research, it appears that the oppor-
tunities for the establishment of medical facilities employing monochromatic
x-rays, but dependent upon machines bﬁilt for other purposes, will not be nearly

as restricted in geographical distribution as they have been for other spe-~

cialized centers utilizing a unique resource.
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The studies outlined in Proposal 456B comprise a logical first step to-
ward the goal of producing dichromagraphic rédiographs of the coronary arteries.
The proposal objectives_have been deliberately restricted to initial studies
with static and inaminate phantoms, in accordance with the stated SSRL pfeference
for short investigations with limited objectives instead of single requests for
the study of all questions necessary to achieve a final goal.v The limited ob-
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.

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. Such“backgrounds will indeed occur in animate spe~
cimens, but there appears to be no reason why_this should preclude arterial
examinations if the periphefal venous injecﬁion and the k—ray eiposures are
administered with the proper relative timing. Typically, the radiographs
needed for dichromography will be taken on the first or secénd transits of
the injected iodine through the cariovascular syétem, 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. This fact is clearly demonstrated in the photo-

graphs below, which show the result of a time subtraction study, by digital
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radiography, of the chest cavity of a dog. The picture on the left, the
fast;contrast image, was obtqined after’the'intrpduction of iodine by
'catheter, via the superior vena éava, into the right atrium of the heart.
An earlier exposure of equal duration, the so-called mask, was also-ob-
tained before the introduction of ﬁhe iodine. The picturé on the right

is what remains after the mask is Subtracted'from the'post-coﬁtrast image.
Ideally, it should reveal only the distribution of the con trast agent.
Indeed the iodine within thelﬁeart; averaged o§er many cardiac cycies, is
clearly seen. The carotid (open arroﬁ) and vertibral (cldsed arrow) ar-
teries are clearly visualizéd; as are smaller arteries (to the left) to
the forearm and shéulder and even (to the right).ioa;nafed veins. These
channels are visible despite their mbtions during their ekposure and are
definitely not obscured‘by any extra-arterial iodine. The incomplete sub-
"tractions of the other anatomical structures isrdue to their non-identical

movements during the two exposures.
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"Photographs of the chest cavity of a dog obtained during a time sub-

traction study. On the left is the unsubtracted post-contrast image
obtained after the iodine injection. On the right is the difference
between the post-contrast image and an earlier exposure, the mask,

before the iodine injection.
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While 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 arteriégrapby. In fact, with conventional x-ray
sources this is impossible. The source intensity, after the necessary severe
filtration, is totally inadequate. The coronary arteries are npt stationa?y
structures. They are in intimate contact with the heart muscle and aré there~
fore in continuous motion. Only a blurred image would result from the use of
quasi-monoenergetic x-ray beams. A major advantage of the beém intensity at
SSRL is that it is possible to record images fast enough to visualize the
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 to the cardiac cycle and therefore their internal
structures are not visible in examinations with quasi-monoenergetic sources.
It is likely that the clinicaltapplications of non-invasive procedures with
quasi-monoenergetic sources will be restricted to stationary structures, such
as the kidneys, gall bladder and thyrdid.

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 mot 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 published

technique using quasi-monochromatic x-ray beams. For example, Kelcz et al.1 has

reported that the radiation dose delivered to a patient to achieve a specific



image contrast is increased by a factor of 25 relative to that needed in the
absence of scatter. If a scatter grid is used, the additional dose can be re~
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 to a patient in order to achieve
a specific signal to noise ratio in the final image using iodine K edge dichro-
mography. The opposite impression recéived by the one reviewer of Proposal

456B in question could be related to the references made to the work of Ter-
Pogossian. In 1956, this author showed that an increased sensitivity to iodine
could be obtained if a single quasi-monoenergetic beam at 33 KeV was used
instead of a white spectrum of 70 Kvp of radiation. 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 gnm cm—z, and that this increase was well within safe
limits. His work in no way reléées towtﬁ; ;;iggive 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 band, truly

monochromatic beams with energies immediately adjacent to the iodine K edge.

IIT 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.
b) The intensity of the beams permits short exposure times and allows
images to be recorded in sharp focus despite the arterial motions

associated with the cardiac cycle.
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c)

d)

The monochromaticity of the two beams and their very small energy
spacing virtually eliminates background signals due to tissué and
bone thickness variations.

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.
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(1) Kelcz, F. and Mistretta, C.A., "Absorption Edge Fluoroscopy Using a

Three-Spectrum Téchnique," Medical Physies 3, 159 (1976).
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Dr. John Cameron, Director Medical Physics, University of Wisconsin, -
Madison, Wisconsin, and his colleagues have 1nvest1gated two-wavelength and
three-wavelength techniques for diagnostic imaging us1ng X-rays. The ab111ty
to resolve the location of iodine as a contrast agent in the heart to image
vascular disease is an extremely sound one. As pointed out, the magn1tude 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 which will yield important preclinical infor-
mation which will ultimately help in detecting and localizing vascular lesions.
With such localization, newly developed nonsurgical intravascular techniques

have been developed by the Swedish radiologists for the treatment of. narrowed
and occluded vessels. :
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I would suggest you seek a second opinion from Dr. John Cameron,
University of Wisconsin. I will also seek opinions from Dr. Kunio Doi,
Professor of Radiology, University of Chicago. If his opinion is signi-
ficantly different than mine, I will have him write you directly.
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October 19, 1979

Professor I. Bienenstock
SSRL, SLAC Bin 69

Dear Dr. Bienenstock:

I 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. This type
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. It would be
extremely useful in selected cases of head injury.

The importance of this technique, if successful, would be
immediate and enormous on the clinical practice of neurology
and neurosurgery.

Yours sincerely,

. /\ J
e e
HN W. HANBERY, M.D.

JWH:gcC
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This is a completely impractical proposal. As the authors correctly point out
angiographic procedures are done routinely in all radiology departments. In order
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. By no stretch of the
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 be 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.
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Thls intriguing proposal would seem to have very good
potential for producing significant new fundamental data
and knowlege. Synchrotron radiation would definitely be
needed for the project.

The investigators are entirely unknown to me; I cannot
evaluate thelr competency for accompllshing the project.

For additicnal opiniohs, I suggest you contact any or all
of the following, listed in order of preference:

Norman Zheutlin, M.D., Chairman, Dept. of Radiology,
Cedars-Sinal Medical Center, 8700 Beverly Blvd,,
Los Angeles, Calif. 90048,

Py Peter Julien, M¥.D,.,, Dept., of Radiology, Cedars-Sinail
o Medical Center -
o~ Ran Vas, Ph.D., Director of Blophysiecs, Dept. of
— Cardiology, Cedars-Sinal Medical Center
— Stephen Halpern, M.D., ¢/o Non-Invasive Laboratory,
-+ Dept. of Cardiology, Cedars-Sinal Med. Center
O Neal Buchbinder, M.D., c/o Cardlac Catheterization
i Lab., Dept. of Cardiology, Cedars-Sinail Med. Center,
8700 Beverly Blvd., Los Angeles, Cal 90048,
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I strongly question the advisability or validity of using
inanimate phantoms for this project, Background noise
signals from tissue and compartment diffusion of the
icdinated contrast agent will constitute a major stumbling
block for similar investigations in moving models or
living subjects. I have serious doubt that direct
application of this technique to clinical anglography

will result.
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STANFORD SYNCHROTRON RADIATION LABORATORY

STANFORD LINEAR ACCELERATOR CENTER
P.O. Box 4349, Bin 69

Stanford, California 94305

Telephone: (415) 854-3300, Ext. 2874

TWX: 910-373-1162

Answer Back: STANFRD

STNU ~
July 6, 1979 P“C':j;,-ED
16 1979
S
"&‘L

Dr. Charles Cantor

Dept. of Chemistry
Columbia University

Box 608, Havenmeyer

New York, New York 10027

Dear Dr. Cantor:

We have just received this biology proposal and are anxious to have
it reviewed. Could you please suggest two referees. 4L:§Z,é3

1. Melvin L. Griem, Professor

Department of Radiology

University of Chicago, Chicago, Il 60637

2. Norman A Baily, Professor

Department of Radiology

UCSD La Jolla Calif 92037

Thank you for your attention to this matter.

Sincerely,
Jatlovde & T

Katherine Cantwell
Proposal Administrator

KC/eb gatherine- these names are just wild guesses- you
might also try calling the following individuals to see if
they will do it or can suggest others:
John Ainsworth, Div'n of Biology and Medicine, Lawrence
Berkeley Lab.
Karen K.W. Fu, Department of Radiology, UCSF.
" My own naive impression is that this is an outstanding proposal
ES and should be given time as soon as possible but I have to
caution that I am really naive when it comes to straight
medical applications like this one.

H
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STANFORD >YNCHROTRON RADIATION LABORATORY

STANFORD LINEAR ACCELERATOR CENTER
P.O. Box 4349, Bin 69
Stanford. California 94305
Telephone: (415) 854-3300, Ext. 2874
TWX: 910-373-1162
Answer Back: STANFRD
STNU A

July 5, 1979

Dr. E. Barrie Hughes

W.W. Hansen Laboratories of Physics
H.E. - 112

Stanford University

Stanford, California 94305

Dear Dr. Hughes:

We have received your proposal entitled "Iodine Dichromography
With Monochromatic X-Ray Beams For Angiography'. It has been assigned
it 456B. "

The Proposal Review Panel met June 7th and will not meet again
until January, at which time Proposal 456B will be rated. The earliest

you will be eligible for beam time is next January.

If you have additional proposals, we will be pleasel to receive

them.
Sincerely yours,
Zﬁééiiycxx; (€£4b1%xA5/(
Katherine Cantwell
Proposal Administrator
KC/cb
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Dare: May 2, 1979

To . A. Bienenstock

From - H. Winick H/&/

Susiect:  Letter of Intent for Hughes, Rubenstein and Hofstadter

Enclosed is a letter of intent given to me today by Barrie Hughes.

I think this is potentially very exciting and important work. 1
conveyed this reaction to Hughes, but also explained how difficult it
will be to assign high energy time until he submits a full proposal.

Let's discuss.

HW: jm
cc: K. Cantwell
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W.W. HANSEN LABORATORIES OF PHYSICS

STANFORD UNIVERSITY

STANFORD, CALIFORNIA 94305

Edward L. Ginzton Laboratory _ Telephone {415) 497-0135
High Energy Physics Laboratory :

1 May 1979

"Dr. H. Winick, Deputy Director
Stanford Synchrotron Radiation Laboratory

Dear Dr. Winick:

We are writing this Letter of Intent because we believe that the
x-ray beams available at SPEAR, and later at PEP, may have invaluable
medical applications. At this time, our interest centers on the de-
velopment of a non-invasive method of coronary arteriography based on
the use of monochromatic x-ray beams at energies close to the K absorp—
tion edge of jiodine. The technique that we advocate is not new. It
has been discussed in the literature and even explored in a preliminary
way several years ago at SSRL. Nevertheless, at the present time the
principle involved is essentially unexploited and the cpportunity pro-
vided by SSRL for-a successful development effort is being ignored. We
intend to propose an experimental test of this technique at SSRL. In~
evitably, the preparation of the detailed proposal and the acquisition
of the appropriate apparatus will take some time. While‘these prepatory
steps are underway we hope to make some progress by conducting develop-
ment tests with apparatus already in hand. This we would like to do in

the Fall of 1979. Therefore, we would like to explore the possibility of

such tests with you at an early date.

The motivation for the studies we will propose is easy to understand.
Premature coronary artery disease is the major health problem in the
United States today. Approximately 500,000 persons die each year from
disease of the coronary arteries and many more suffer heart attacks and
consequent heart damage. Approximately 507 of all deaths are cardiovas—

cular in origin and one-fourth of all these patients are under 65 years
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Dr. H. Winick Page 2 1 May 1979

of age. Many of these deaths and serious injuries could be prevented by
surgery if a practical screening procedure existed. It is not surpris-
ing therefore that coronary artery examinations are increasing annually
at a rate of about 20% and that 500,000 were performed last year in the
United States alone. The standard procedure for performing coronary ar-
teriography requires catheterization of the artery in question and the
'injection, by this means, of a concentrated solution of an iodinated or-
ganic compound immediately prior to the x-ray examination. This is an
highly invasive procedure and carries too much risk to be used in a scre-
ening way. It is also too expensive, since it typically requires admis~
sion to the hospital for two nights. The catheterization and subsequent
rapid intravascular injection of the concentrated contrast medium used in
coronary arteriography have associated death and morbidity rates today of
0.5 and 1% respectively. These are much too high to permit arteriography
to be used routinely to recognize persons with significant obstruction of
the coronary arteries. The cost of each such examination performed today
is approximately $2,000, or about $500 million nationwide. There is,
therefore, an urgent need to reduce both the risk and the cost of coronary

arteriography.

The method we have in mind is familiar to you. It was the subject of
Proposal No. 82 at SSRL and is referred to as dichromography. It involves
the acquisition of digital radiographs at x-ray energies slightly above and
slightly below that of the K absorption edge in iodine at 33.2 KeV and the
subsequent subtraction of these two images to achieve maximum contrast in
the visualization of the intra-arterial iodine. Estimates suggest that this
technique may achieve a sensitivity to io&ine on the order of 102 - 103
times greater than that achieved in present radiological practice. The
exact figure will depend on the efficiency of the x-ray detector, which
should be as large as possible. If this enhancement is realizable it of-
fers the prospect of coronary arteriography by venous injection and with
reduced concentrations of the iodinated compounds. This would eliminate
the need for catheterization and substantially reduce both the risk and the
cost of the procedure. We estimate that the cost might be on the order of
$125.
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Dr. H. Winick Page 3 1 May 1979

The tests that we would like to do with minimum delay can be done
with equipment that 1s essentially already in hand, but we would like to
go immediately to the energy of the K edge in iodine. ' The initial x-ray
detector could be, for example, a single small crystal of bismuth germi-
nate, collimated in order to achieve the necessary fine spatial resolution,
and mounted so that it can be automatically scanned through the horizontal
width of the beam. The output would be integrated so that the detector
could operate without count-rate limitations and the resﬁlts would be im-
mediately available through the use of an on-line data acquisition mini-
computer. Subsequent tests, and the experiment itself, would be done with
a real-time radiographic device based on fhe digital integration of the

output of a television camera.

Coronary arteriography is but one of a large number of applications
that could benefit from the dichromographic technique. Cerebral arterio-
graphy currently carries major risks of stroke and death as a result of
the invasion of the root vessels to the brain. In fact, any artery of im-
portance could be studied by this non-invasive means. Neoplasms also ex-
hibit a degree of abnormal and characteristic vascularity. Currently
their investigation requires selective arteriograms involving catheteriza-
tion of the vessels feeding them. Often this is technically impossible

and presupposes a knowledge of the presence and location of the neoplasm.

We feel that our proposed study could be of very great benefit in the
treatment and prevention of morbidity and death due to a major group of
health problems. We intend to submit a detailed proposal to SSRL, but hope

to be able to conduct meaningful tests at SSRL in the interim.

Yours sincerely,

L Do /iq/

parrie Hughes _ /ffﬂﬁ

dhard Rubenk&sgn M. D.
Aesociate Dean for Post Graduate Medical
Education, and
Professor of Clinical Medicine
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Dr. H. Winick Page 4 1 May 1979

Robert Hofstadtef
Max H. Stein Professor of Physics
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—2— PROPOSAL NO.

" Please give a brief ¢ :ract of the proposal. Try tc )nfine yourself to this
page. ' -

TITLE: IODINE DICHROMOGRAPHY WITH MONOCHROMATIC X-RAY BEAMS FOR ANGIOGRAPHY

SPOXESPERSON: E. Barrie Hughes:

ABSTRACT:

The purpose of this proposal is to demonstrate the value of synchrotron radiation in a
specific area of diagnostic radiology. This area, in which our interest centers at this
time, concerns the development of a non-invasive method of coronary angiography based on
the use of monochromatic x-ray beams at energies close to the K absorption edge of iodine.
All other development efforts, with the exception of a preliminary investigation at SSRL,
have employed standard commercial x-ray generators and, in consequence, have suffered from
the lack of truly monochromatic x-ray beams of adequate intensity. The specific motivation
for the proposed studies is an urgent need to reduce both the risk and the cost of coronary
arteriography. The proposed method is referred to as dichromography. It involves the
acquisition of digital radiographs at x-ray energies slightly above and below that of the
K absorption edge in iodine at 33.2 KeV and the subsequent subtraction of these two images
to achieve maximum contrast in the visualization of the intra-arterial iodine. Estimates
suggest that this technique, at SSRL, may achieve a sensitivity to iodine on the order of
100 ~ 500 times greater than that achieved in present radiological practice. This pro-
posal calls for the performance of certain’ tests with minimum delay and with equipment that
is already essentially in hand. One-dimensional digital radiographs of inaminate phantoms
will be obtained to explore the ultimate seﬁsitivity of dichromography to iodine concentra-
tion and other related questions. Future work, based on the success of the presently pro-
posed tests, will employ a real-time radiographic device based on the digital integration

of the output of an appropriate x-ray sensor.
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Introduction

Angiography, the radiologic visualization of blood vessels containing
contrast media, has become a powerful method of diagnosing disorders involv-
ing the circulation of the heart, of the brain, and of other vascular beds.
The method provides information not otherwise available. However, the tech;
niques currently in use involvé invasive procedures which carry significant
risks of morbidity and of mortality. These limitations, together with the
high dollar cost of the procedures, have prevented their more widespread
use. This is especially true in coronary arteriqgraphy, which might other-
wise be employed as a screeningvprocedure in certain high~risk populations.

For these reasons we propose a study of the use of the brilliant mono-
chromatic x-ray source at SSRL in non-invasive angiography based on a
dichromographic approach. Since:the writing of the original Letter of
Intent to SSRL on May 1, 1979 (see attachment), Professors William R. Brody
and Albert Macovski of the Department of Radiology of the School of Medicine
and of the Department of Electrical Engineering at Stanford University have
agreed to join the authors of that Letter as members of the experiment team.
The research interest of Drs. Brody and Macovski include the development of
non-invasive methods of arteriography, which they are actively pursuing in
their own laboratory. We expect that the proposed investigation at SSRL, and
subsequent work, will benefit significantly from the advice and involvement

of these researchers.
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A. Description of Experiment

The purpose of this proposal is to demonstrate the value of synchrotron
radiation in angiography. Within this area of diagnostic radiology, our
specific interest at this time is centered on the development of a non-invasive
method of coronary angiography based on the use of monochromatic x-ray beams
at energies close to the K absorption edge of iodine. The principle in-
volved is not new. It was first mentioned in the radiological literature'

(1)

by Jacobson in 1953 and in recent years has received most attention from

Mistretta and his colleagues at the University of Wisconscin(z-s). All de-
velopment efforts however have employed standard commercial x-ray generators
and, in consequence, have suffered from the lack of truly monochromatic
x~ray beams of adequate intensity. A preliminary investigation was under-
taken several years ago at SSRL, using the K absorption edge in copper, but
was not pursued(6). At the present time the principle involved is essen-
tially unexploited and the opportunity provided by SSRL for a successful de-
velopment effort is being ignored.

One specific motivation for the studies we propose is easy to understand.
Premature heart disease is the major health problem in the United Stateé today.
Approximately 500,000 persons die each year from disease of the coronary
arteries and many more suffer heart attacks and consequent heart damage. Ap-
proximately 50% of all deaths are cardiovascular in origin and one-fourth of
all these patients are under 65 years of age. Many of these deaths and

much of the morbidity could be prevented by surgery if a practical screening

procedure existed. It is not surprising therefore that coronary artery examina-
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tions are increasing annually at a rate of about 20Z and that 500,000 were
performed last year in the United States alone. The standard procedure for
performing coronary arterlography requires catheterization of the artery in
question and the injection, by this means, of a concentrated soiution of an
iodinated organic compound immediately prior to the x-ray examination. This
is a  highly invasive procedure and carries too much risk to be used in a
screening way. It is also too expensive, since it typically requires admis-
sion to the hospital for two nights. The catheterization and subsequent
rapid intravascular injection of the concentrated. contrast medium used in
coronary arteriography have associated death and morbidity rates today of
0.5 and 1.0% respectively. These are much too high to permit arteriography
to be used routinely to recognize persons with significant obstruction of
the coronary arteries. The cost of each such examination performed today

is approximately $2,000 or about $1,000 million nationwide. There is, there-
fore an urgent need to reduce both the risk and the cost of coronary ar-
teriography.

The method we propose is referred to as dichromography. Optimally, it
involves the acquisition of digital radiographs at x~ray energies slightly
above and below that of the K absorption edge in iodine at 33.2 KeV and the
subsequent subtraction of these two images to achieve maximum contrast in
the visualization of the intra-arterial iodine. Estimates suggest that this
technique, at SSRL, may achieve a sensitivity to iodine on the order of 100 -
500 times greater than that achieved in present radiological practice(7).

The exact figure depends on the efficiency of the x-ray detector, which should

be as large as possible. If this enhancement is realizable, it offers the
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prospect of coronary arteriography by peripheral venous injection and therefore
with reduced concentration of iodinated compounds in the coronary arteries.
This would eliminate the need for catheterization and substantially reduce
both the risk and the cost of the procedure. The radiation dose incurred by
the patient through the use of monocromatic x-rays is increased relative to

the use of the typical continuous spectrum of higher mean energy, but is well

(8)

within the limits of safety. For example, a study by Ter-Pogossian shows

that the increase, relative to the use of 70 KVp x-rays, is no more than a
factor of three for patient thicknesses up to 20 gm t':m-2 if the detector re-
sponse, unlike film, is propﬁrtional to the transmitted x-ray intensity.

It has long been recognized that informafion”about the elemeﬁtal composi-
tion of an object can be obtained from the comparison of radiographs taken with
different incident x-ray energy spectra(g), or from the measurement of changes
in a transmitted x-ray spectrum(lo). Dichromography, by means of which the
radiographic sensitivity to iodiée is greatly increased, is a special 1llus-
tration of this principle. It takes advantage of the sharp discontinuity in
the x-ray absorption coefficient at the K edge, which in iodine occurs at the
relatively high energy of 33.2 KeV. Attempts to implement this idea have been
made, but never with monochromatic x~ray beams of the linewidth ¢§ 1 eV) and
intensity that SSRL provides. Instead, recent investigators have used heavy
filtration (90 - 95%) of beams from standard x-ray generators to obtain quasi-
monochromatic beams of substantial linewidth (v 5000 eV) and limited intensity.

(2)

In this way they have demonstrated a sensitivity to iodine concentrations
as low as n 1 mg cm_z. This is already a substantial achievement but has re-
quired a considerable effort. The principal complexity, in consequence of

the large linewidth and large separation (& 10,000 eV) between the peak energies

of the two quasi-monoenergetic beams, is the background difference signal due
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to variations in tissue and bone thickness along the possible trajectories

through the specimen. Using only two quasi-monoenergetic beams, these dif-
ference signals can easily overwhelm the lodine signal and 1limit the speci-
mens to tissue thickness variations of less than A 1 cm and to essentially
bone-free regions. A sensitivity to iodine of n1 mg cm.—2 in the presence of
tissue and bone variations of ~ 10 gm cm-2 and 2 gm cm_2 was achieved only by
the use of three quasi-monochromatic beams, each of which required a different
filter and a different terminal voltage and current for the x-ray generator(3).
This is a complex procedure, time-consuming, and in need of optimization for
each clinical problem.

Clearly, the ideal approach to iodine dichromography is to use two mono-
chromatic x-ray beams, both immediately adjacent to the K absorption edge but
one with energy above and one with energy below this edge. 1In this way the
difference signals due to tissue and bone variations are enormously suppressed.
For a linewidth of » 1 ev and a sbacing of v 5 eV between the two beam energies,
the tissue and bone difference signals are n 5 x IO_ZZ/gm cnrz and 7 x 10_&Z/gm cm
respectively, whereas the iodine difference signal is ~ 37%/mg cm-z. The de-
tectability of iodine difference signals on the order of this size, or less,
now depends upon‘the stability of the x~ray beam intensity and upon the sta-
bility and uniformity of the x-ray detector efficiency. At SSRL the stability
of the x-ray beam intensity should be excellent. The systematic variation due
to the decay of the circulating electron current is not only predictable, but
also slow enough to be negligible during the small time required for each ex-
“posure. The problem of stability in the detector efficiency is also minimized
by the high intensity of the x-ray beams at SSRL. For example, for a stored
currentof 30 mA and a beam energy of 3.5 GeV, éach detector pixel in a line ex-

posure, v1lmmx 1 mn, will receive ~ 104 monochromatic x-~ray photons in about
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10 usec. Even if the detection efficiency is only " 1%, it requires only ~ 1
msec to record this intensity to an accuracy of 17. The ultimate sensitivity
will probably be determined by the residual variations in detector efficiency
from pixel to pixel, which it will be important to minimize. No matter what
form the detection apparatus takes, it is also clear that the radiographs must
be acquired in digital fashion. This will eliminate normalization problems.in
subtraction, and permit the manipulation, enhancement and display of the dif-
ference image in the most appropriate way.

This proposal, to demonstrate the value of monochromatic beams in iodine
dichromogréphy, calls for us to perform certain tests with minimum delay anc
with equipment that i1s already essentially in hand. The inltial x~ray detector
will be a single crysfal of bismuth germanate, collimated in order to achieve
the necessary fine spatial resolution and mounted so that it can be auto-
matically scanned through the horizontal width of the beam. The output will
be integrated so that the detector can operate without count-rate limitations
and the results will be immediately available through the use of an on-line
data acquisition minicomputer. The rudimentary one-dimensional radiograph;'
that we.will obtain will therefore be .in digital form, in keeping with the

methodology that we envision for future work. Future work, based on the suc-

cess of the presently proposed tests, will employ a real-time radiographic device
based on the digital integration of the output of an appropriate x-ray sensor.
The samples that we will use in the presently proposed tests will con-
sist entirely of inaminate phantoms. These phantoms will be designed:
1) to explore the ultimate sensitivity of dichromography to iodine
concentration,
2) to demonstrate the suppression of difference signals due to tissue

(lucite and water) and bone thickness variations,
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3; to explore the visibility of channels (simulated blood vessels) of
various diameters as a function of the iodine concentration within
the channel.
and bj to explore the visibility of iodinated channels in the presence
of extra-channel background concentrations of.iodine.

The iodine contrast agents that we will employ will be chosen from those
in common usertoday in clinical angiograpﬁy.

Coronary arteriography is bﬁt one of a large number of medical problems
that could benefit from the dichromagraphic technique. Cerebral arterio-
graphy currently carries major risks of st;oke and death as ‘a result of the
invasion of the root vessels of the brain. In fa?t, many arteries and veins
of clinical significance could be studied by this non-invasive means. Neo-
plasms also exhibit a degree of abnormal and characteristic vascularity.
Currently their investigation requires selective arteriograms involving
catheterization of the vessels feeding them. Often this is techmically im-
possible and presupposes a knowledge of the presence and locatién'of’the
neoplasms.

We feel that our proposed study could be of very great benefit in the pre-
vention and treatment of morbidity and death due to a major group of health pro-
blems. Presently unforseen applications of monochromatic x-ray beams, not ne-
cessarily limited to those with energies adjacent to the K absorption edge of
iodine (or even to dichromography), may be stimulated by our work. We are also
conscious of the efforts elsewhere to apply lodine dichromography to computerized

)(11)

tomography (C.T. . It may be that the one-dimensional character of the
x-ray beams at SSRL is naturally suited to the planar scanning requirement of CT.
We are also undeterred by the present availability of intense monochromatic x-ray

beams only at laboratories, such as SSRL, located adjacent to a high energy elec-

tron storage ring. We feel that medical procedures may be developed at SSRL,
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or at other such laboratories, whose intrinsic value may outweigh this limita-
tion. We are.also conscious of the potential use of PEP as a source of readily
available x-ray beams. Moreover, we feel that there is a future potential for
producing intense monochromatic x-ray beams for medical purposes in machines
smaller than SPEAR. These machines may be either single beam storage rings
optimized in size and performance for medical applications, or perhaps based
upon the interaction of high power laser radiation with intense currents of

electrons in small storage rings.

B. Experimental Equipment

The preferfed beam line and station for the proposed study is the rapidly-
tunable hard x-ray beam designed IV-1 (wiggler).‘-An alternative beam line is
that designated I-5. The former is preferred because of its ability to pro-
vide a larger flux of x-rays close to 33.2 KeV. Beam energies adjacent to
the K edge of iodine will be required.

The experimental apparatus and control equipment will be supplied by the
High energy Physics LaboratoryA(HEPL) at Stanford and will be thoroughly tested
before delivery to SSRL. The detector itself will occupy a volume no larger
than 24-in. x 24-in. x 24~in. and the associated electronics will be contained

in two standard racks.

C. Equipment Delivery Schedule

The experimental equipment will be ready for delivery to SSRL by Septem-
ber 1, 1979. The x-ray detector, associated electronics and contrbl computer
are already in hand. All that remains to be done is to construct the mount
for the detector and the mechanical device that will allow the detector, or the
specimens, to be moved~through the x-ray beam in two orthogonal directions un&er
computer control. These tasks, and the necessary software development, will

be done during the summer months of 1979.
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D. Previous Experience with the Techniques and Facility

The detector, the associated electronics and the minicomputer that will
be used in this study have all been used previously by two members of the
experiment team. These individuals have recently built and tested, at SLAC,
a Y-ray detector containing close to 200 bismuth germanate crystal elements,
each 5mm x 5 mm x 40 mm. They have also developed an electronic integration
module for use with NaI(TL) crystals, and have recently used 49 channels of
this circuitry in extensive tests, at SLAC, of a modular array of 49 NaI(TR)
modules, each 2%-in. x 2%in. x 20 in. Minicomputers very similar to that
proposed for use at SSRL were used in the pe;formance of both of the above
tests. These individuals also have extensive experience in experimental par-
ticle physics and have successfully completed major experimental programs at
several particle accelerators, including SLAC. 1In particular, they have
been involved in the high energy physics program at SPEAR since the storage
ring became operational in late 1972 and are responsible for the precision
tests of quantum electrodynamics that have been conducted at SPEAR, as well
as several other investigations in the physics of é+e_ collisions at high
energies.

The iodine contrast media and standard medical phantoms are readily
available to other members of the experiment team, while specialized phan-

toms can easily be constructed at HEPL.
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E. Safety Concerns

There are no hazardous materials associated with this study. It may
be necessary to use a low energy radioactive source in the test or cali-
bration of our apparatus, but these are readily available at both SLAC and

HEPL.

F. Beam Time Required

There are four separable questions of interest in this study; these are
listed in Section A. After the initial check-out of the apparatus and pro-
cedures in the x-ray beam, which may require four shifts, we estimate that
the exploration of each of the four questions of interest mayAalso occupy
about four shifts. The total time estimate is, therefore, 20 shifts, to
which we should add a contingency of 10 shifts for the usual unpredictable
problems. The overall time estimate is therefore 30 shifts, which should be

delivered in blocks of between 3 - 4 shifts at a time.

G. Data Analysis Requirements

We intend to analyze the data from this study with the minicomputer
that will be used to acquire the data. This computer is a DEC LS1-11 sys-
tem with a fortran compiler and a memory capacity of 30 kilobits. Any
analysis that we find to be more appropriate for a larger computer will

be done either on the SLAC or campus computers at our own expense.
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TITLE: IODINE DICHROMOGRAPHY WITH MONOCHROMATIC X-RAY BEAMS FOR ANGIOGRAPHY

SPOKESPERSON: E. Barrie Hughes.

ABSTRACT:

The purpose of this proposal is to demonstrate tﬁe value of synchrotron radiation in a
specific area of diagnostic radiology. This area, in which our interest centers at this
time, concerns the development of a non-invasive method of coronary angiography based on
the use of monochromatic x-ray beams at energies close to the K absorption edge of iodine.
All other development efforts, with the exception of a preliminary investigation at SSRL,
have employed standard commercial x-ray generators and, in consequence, have suffered from
the lack of truly monochromatic x-ray beams of adequate intemsity. The specific motivation
for the proposed studies is an urgent need to reduce both the risk and the cost of coronary
arteriography. The proposed method is referred to as dichromography. It invoives the
acquisition of digital radiographs at x-ray energies slightly above and below that of the
K absorption edge in iodine at 33.2 KeV and the subsequent subtraction of these two images
to achieve maximum contrast in the visualization of the intra-arterial jodine. Estimates
suggest that this technique, at SSRL, may achieve a sensitivity to iodine on the order of
100 ~ 500 times greater than that achieved in present radiological practice. This pro-
posal calls for the performance of certain tests with minimum delay and with equipment that
is already essentially in hand. One~dimensional digital radiographs of inaminate phantoms
will be obtained to explore the ultimate sensitivity of dichromography to iodine concentra-
tion and other related questions. Future work, based on the success of the presently pro-
posed tests, will employ a real-time radiographic device based on the digital integration

of the output of an appropriate x-ray sensor.
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Introduction

.Angiography, the radiologic visualization of blood vessels containing
contrast media, has become a powerful method of diagnosing disorders involv-
ing the circulation of the heart, of the bfain, and of other vascular beds.
The method provides information not otherwise available. However, the tech-
niqﬁes currently in use involvé invasive procedures which carry significant
risks of morbidity and of mortality. These limitations, together with the
high dollar cost of the procedures, have prevented their more widespread
use. This is especially true in coronary arteriography, which might other-
wise be employed as a screening procedure in certain high-risk populations.

For these reasons we propose a study of the use of the brilliant mono-
chromatic x-ray source at SSRL in non-invasive angiography based on a
dichromographic approach. Since the writing of the original Letter of
Intent to SSRL on May 1, 1979 (see attachment), Professors William R. Brody
and Albert Macovski of the Department of Radiology of the School of Medicine
and of the Department of Electrical Engineering at Stanford University have
agreed to join the authors of that Letter as members of the experiment team.
The research interest of Drs. Brody and Macovski include the development of
non-invasive methods of arteriography, which they are actively pursuing in
their own laboratory. We expect that the proposed investigation at SSRL, and
subsequent work, will benefit significantly from the advice and involvement

of these researchers.
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A. Description of Experiment

The purpose of this proposal is to demonstrate the value of synchrotron
radiation in angiography. Within this area of diagnostic radiology, our
specific interest at this time is centered on the development of a non-invasive
method of coronary angiography based on the use of monochromatic x-ray beams
at energies close to the K absorption edge of iodine. The principle in-
volved is not mew. It was first mentioned in the radiological liierature'
by Jacobson in 1953(1) and in recent years has received most attention from
Mistretta and his colleagues at the University of Wisconscin(z-s). All de-
velopment efforts however have employed standard commercial x-ray generators
and, In consequence, have suffered from the _lack Qf truly monochromatic
x~ray beams of adequate intensity. A preliminary investigation was under-
taken several years ago at SSRL, using the K absorption edge in copper,‘but

(6)

was not pursued . At the present time the principle involved is essen-
tially unexploited and tﬂe opportunity provided by SSRL for a successful de-
velopment effort is being ignored.

One specific motivation for the studies we propose is easy to understand.
Premature heart disease is the major health problem in the United States today.
Approximately 500,000 persons die each year from disease of the coronary
arteries and many more suffer heart attacks and consequent heart damage. Ap-
proximately 50Z of all deaths are cardiovascular in origin and one-fourth of |
all these patients are under 65 years of age. Many of these deaths and

much of the morbidity could be prevented by surgery if a practical screening

procedure existed. It is not surprising therefore that coronary artery examina-

0021174 -



tions are increasing annually at a rate of about 20Z and that 500,000 were
performed last year in the United States alone. The standard procedure for
performing coronary arterlography requires catheterization of the artery in
question and the injection, by this means, of a concentrated soiution of an
iodinated organic compound immediately prior to the x-ray examination. This
is a highly invasive procedure and carries too much risk to be used in a
screening way. It is also too expensive, since it typically requires admis-
sion to the hospital for two nights. The catheterization and subsequent
rapid intravascular injection of the concentrated contrast medium used in
coronary arteriography have associated death and morbidity rates today of
0.5 and 1.07 respectively. These are much too high to permit arteriography
to be used routinely to recognize persons with significant obstruction of
the coronary arteries. The cost of each such examination performed today

is approximately $2,000 or about“$1,000 million nationwide. There is, there-
fore an urgent need to reduce both the risk and the cost of coronary ar-
teriography.

The method we propose is referred to as dichromography. Optimally, it
involves the acquisition of digital radiographs at x-ray energles slightly
above and below that of the K absorption edge in iodine at 33.2 KeV and the
subsequent subtraction of these two images to achieve maximum contrast in
the visuvalization of the intra-arterial iodine. Estimates suggest that this
technique, at SSRL, may achieve a sensitivity to iodine on the order of 100 -
500 times greater than that achieved in present radiological practice(7).

The exact figure depends on the efficiency of the x-ray detector, which should

be as large as possible. If this enhancement is realizable, it offers the
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prospect of coronary arteriography by peripheral venous injection and therefore
with reduced concentration of iodinated compounds in the coronary arteries.
This would eliminate the need for catheterization and substantially reduce

both the risk and the cost of the procedure. The radiation dose incurred by
the patient through the use of monocromatic x-rays is increased relative to

the use of the typical continuous spectrum of higher mean energy, but is well

(8)

within the limits of safety. For example, a study by Ter-Pogossian shows
that the increase, relative to the use of 70 KVp x-rays, is no more than a
factor of three for patient thicknesses up to 20 gm cnrz if the detector re-
sponse, unlike film, is propértional to the transmitted x-ray intensity.

It has long been recognized that information about the elemeﬁtal composi-
tion of an object can be obtained from the comparison of radiographs taken with

(9)

different incident x-ray energy spectra
(10)

, or from the measurement of changes
in a transmitted x-ray spectrum . Dichromography, by means of which the
radiographic sensitivity to iodi&e is greatly increased, 1s a special illus-
tration of this principle. It takes advantage of the sharp discontinuity in
the x-ray absorption coefficient at the K edge, which in iodine occurs at the
relatively high energy of 33.2 KeV. Attempts to implement this idea have been
made, but never with monochromatic x~ray beams of the linewidth cﬁ 1 eV) and
intensity that SSRL provides. Instead, recent investigators have used heavy
filtration (90 - 95%) of beams from standard x~ray generators to obtain quasi-
monochromatic beams of substantial linewidth (v 5000 eV) and limited intensity.

In this way they have demonstrated(z)

a sensitivity to iodine concentrations
as low as v 1 mg cﬁ-z. This is already a substantial achievement but has re-
quired a considerable effort. The principal complexity, in consequence of

the large linewidth and large separation (& 10,000 eV) between the peak energies

of the two quasi-monoenergetic beams, is the background difference signal due
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to variations in tissue and bone thickness along the possible trajectories
through the specimen. Using only two quasi-monoenergetic beams, these dif-
ference signals can easily overwhelm the iodine signal and limit the speci-
mens to tissue thickness variations of less than Nl cm and to essentially
bone-free regions. A sensitivity to iodine of ~ 1 mg cm-z in the presence of
tissue and bone variations of.& 10 gm cm._2 and 2 gn cm.—2 was achieved only by
the use of three quasi-monochromatic beams, each of which required a different
filter and a different terminal voltage and current for the x-ray generator(B).
This is a complex procedure, time-consuming, and in need of optimization for
each clinical problem.

Clearly, the ideal approach to iodine dichromography is to use two mono-
chromatic x-ray beams, both immediately adjacent to the K absorption edge but
one with energy above and one with energy below this edge. In this way the
difference signals due to tissue and bone variations are enormously suppressed.
For a linewidth of ~ 1 ev and a spacing of ~ 5 eV between the two beam energies,
the tiséue and bone différence signals are v 5 x 10_ZZ/gm cm.-2 and 7 x IO_AZ/gm cm
respectively, whereas the iodine difference signal is ~ 3%/mg cm-z. The de-
tectability of iodine difference signals on the order of this size, or less,
now depends upon the stability of the x-ray beam intensity and upon the sta-
bility and uniformity of the x-ray detector efficiency. At SSRL the stability
of the x-ray beam intensity should be excellent. The systematic variation due
to the decay of the circulating electron current is not only predictable, but
also slow enough to be negligible during the small time required for each ex-
"posure. The problem of stability in the detector efficiency is also minimized
by the high intensity of the x-ray beams at SSRL. For example, for a stored
currentof 30 mA and a beam energy of 3.5 GeV, each detector pixel in a line ex-

posure, v1lmmxl mm, will receive &(géa monochromatic x-ray photons im about
- { ' Y
; ' /' ‘Z/“.- ‘[ f‘; . : //’1'
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10 pysec. Even if the detection efficiency 1s only ~ 1%, it requires only ~ 1
msec to record this intensity to an accuracy of 1Z. The ultimate sensitivity
will probably be determined by the residual variations in detector efficiency
from pixel to pixel, which it will be important to minimize. No matter what
form the detection apparatus takes, it is also clear that the radiographs must
be acquired in digital fashion. This will eliminate normalization problems in
subtraction, and permit the manipulation, enhancement and display of the dif;.
ference imagevin the most appropriate way.

This proposal, to demonstrate the value of monochromatic beams in iodine
dichromography, calls for us to perform certain tests with ﬁinimum delay and
with equipment that is already essentially‘in hand. The iwnitial x-ray detector
will be a single crysfal of bismuth germanate, céllimated in order to achieve
the necessary fine spatial resolution and mounted so that it can be auto-
matically scanned through the horizontal width of the beam. The output will
be integrated so thaf the detector can operate without count-rate limitations
and the results will be immediately available through the use of an on-line
data acquisition minicomputer. The rudimentary one-dimensional radiograph;’
that we will obtain will therefore be in digital form, in keeping with the

methodology that we envision for future work. Future work, based on the suc-

cess ;f the presently proposed tests, will employ a real-time radiographic device
based on the digital integration of the output of an appropriate x-ray sensor.
The samples that we will use in the presently proposed tests will con-
sist entirely of inaminate phantoms. These phantoms will be designed:
1) to explore the ultimate sensitivity of dichromography to iodine
concentration,
2) to demonstrate the suppression of difference signals due to tissue

(lucite and water) and bone thickness variations,
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3i to explore the visibility of channels (simulated blood vessels) of
various diameters as a function of the iodine concentration within
the channel.
and u4) to explore the visibility of iodinated channels in the presence
of extra-channel background concentrations of iodine.

The iodine contrast agents that we will employ will be chosen from those
in common use today in clinical angiograpﬁy.

Coronary arteriography is but one of a large number of medical problems
that could benefit from the dichromagraphic technique. Cerebral arterio-
graphy currently carries major risks of stroke and death as -a result of the
invasion of the root vessels of the brain. In fact, many arteries and veins
of clinical significance could be studied by this non-invasive means. Neo-
plasms also exhibit a degree of abnormal and characteristic vascularity.
Currently their investigation requires selective arteriograms involving
catheterization of the vessels feéding them. Often this is technically im-
possible and presupposes a knowledge of the presence and location of the
neoplasms.

We feel that our proposed study could be of very great benefit in the pre-
vention and treatment of morbidity and death due to a major group of health pro-
blems. Presently unforseen applications of monochromatic x~ray beams, not ne-
cessarily limited to those with energies adjacent to the K absorption edge of
iodine (or even to dichromography), may be stimulated by our work. We are also
conscious of the efforts elsewhere to apply iodine dichromography to computerized
tomography (C.T.)(ll). It may be that the one~-dimensional character of the
x-ray beams at SSRL is naturally suited to the planar scanning requirement of CT.
We are also undeterred by the present availability of intense monochromatic x~ray
beams only at laboratories, such as SSRL,.ldgated adjacent to a high energy eléc—

tron storage ring. We feel that medical procedures may be developed at SSRL,
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or at other such laboratories, whose intrinsic value may outweigh this limita-
tion. We are.also conscious of the potential use of PEP as a source of readily
available x-ray beams. Moreover, we feel that there is a future potential for
prodﬁcing intense monochromatic x-ray beams for medical purposes in machines
smaller than SPEAR. These machines may be either single beam storage rings
optimized in size and performance for medicél applications, or perhaps based
upon the interaction of high power laser radiation with intense currents of

electrons in small storage rings.

B. Experimental Equipment

The preferred beam line and statiomn for tbe proposed study is the rapidly-
tunable hard x~ray beam designed IV-1 (wiggler). An alternative beam line is
that designated I-5. The former is preferred because of its ability to pro-
vide a larger flux of x-rays close to 33.2 KeV. Beam energies adjacent to
the K edge of iodine will be required.

The experimental apparatus and control equipment will be subplied by the
High energy Physics Laboratory-(HEPL) at Stanford and will be thoroughly tested
before delivery to SSRL. The detector itself will occupy a volume no larger
than 24-in. x 24~in. x 24-in. and the associated electronics will be contained

in two standard racks.

C. Equipment Delivery Schedule

The experimental equipment will be ready for delivery to SSRL by Septem—
ber 1, 1979. The x-ray detector, associated electronics and control computer
are already in hand. All that remains to be done is to construct the mount
for the detector and the mechanical device that will allow the detector, or the
specimens, to be moved'through the x-ray beam in two orthogonal directions under
computer control. These tasks, and the necessary software development, will

be done during the summer months of 1979,
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D. Previous Experiénce with the Techniques and Facility

The detector, the associated electronics and the minicomputer that will
be used in this study have all been used previously by two members of the
éxperiment team. These individuals have recently built and tested, at SLAC,
a y-ray detector containing close to 200 bismuth germanate crystal elements,
each 5 mm x 5 mm x 40 mm. They have also developed an electronic integration
module for use with NaI(T%) crystals, and have recently used 49 channels of
this circuitry in extensive tests, at SLAC, of a modular array of 49 NaI(T%)
modules, each 2%-in. x 2%in. x 20 in. Minicomputers very similar to that
proposed for use at SSRL were used in the performance of both of the above
tests. These individuals also have extensive experience in experimental par-
ticle physics and have successfully completed major experimental programs at
several particle accelerators, including SLAC. In particular, they have
been involved in the high energy physics program at SPEAR since the storage
ring became operational in late 1972 and are responsible for the precision
tests of quantum electrodynamics that have been conducted at SPEAR, as well
as several other investigations in the physics of e+e- collisions at high
energies.

The iodine contrast media and standard medical phantoms are readily
available to other members of the experiment team, while specialized phan-

toms can easily be constructed at HEPL.
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E. Safety Concerns

There are no hazardous materials associated with this study. It may
be necessary to use a low energy radioactive source in the test or cali-

bration of our apparatus, but these are readily available at both SLAC and

HEPL.

F. Beam Time Required

There are four separable questions of interest in this study; these are
listed in Section A. After the initial check-out of the apparatus and pro-
cedures in the x-ray beam, which may require four shifts, we estimate that
the exploration of each of the four questions of interest may also occupy
about four shifts. The total time estimate is, therefore, 20 shifts, to
which we should add a contingency of 10 shifts for the usual unpredictable
problems. The overall time estimate is therefore 30 shifts, which should be

delivered in blocks of between 3 - 4 shifts at a time.

G. Data Analysis Requirements

We intend to analyze the data from this study with the minicomputer
‘that will be used to acquire the data. This computer is a DEC LS1-11 sys-
tem with a fortran compiler and a memory capacity of 30 kilobits. Any
analysis that we find to be more apéropriate for a larger computer will

be done either on the SLAC or campus computers at our own expense.
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The preparation of this document was ﬁrompted by our receipt of the
expert review requested by the SSRL Program Review Panel in January 1980.
We will give our response to each of the items raised, but we wish first to
remark that the scope of this latest review seems to go considerably beyond
that of the six earlier reviews conducted in the period July ~ August 1979.
The proposal Qnder review was written, upon the advice of the Directorate
of SSRL, not for the immediate purpose of securing sufficient beam time and
facilities to take coronary arteriograms in patients, but only to conduct
the first stages of such a program. This is specifically stated on page 5
of our Proposal, as is our intention to employ only inanimate phantoms at
this time. The limited scope of our first proposal seems to have been well-
understood by the earlier reviewers, four of whom gave us their unqualified
endorsement. We are not at all surprised that the recent expert reviewer did
not find a complete techmnical discussion of exactly how we intend to acquire
coronary images in patients at SSRL. We regarded these details as appropriate
for future proposals. At the time we wrote our current Proposal we had iden-
tified solutions to some of the technical problems related to the realization
of a diagnostic clinic for coronary angiography at SSRL, but not to all of
them. Since that time we have continued to study these problems, often in
consultation with the SSRL staff, and at the present time we feel that we have

practical solutions to all of the major problems. Not surprisingly, our

project has been in a dynamié state of developmentwfof the past nine months,
and we expect to communicate the results of these efforts to the Program Re-
view Panel at the appropriate time in the context of new proposals. We did
nc: feel it wise to delay the execution of the specific fundamental tests
cziled for in our first proposal until our total development effort was con-
cepiually complete and we hope therefore that the Program Review Panel, and
the Directorate of SSRL, will continue to review our first proposal with these

thoughts in mind, or instruct us otherwise.
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Clearly, we agree with the opinion of the expert reviewer that coronary
arteriography cannot be done using the quasi-monoenergetic x-ray beams pro-
vided by standard x-ray sources. This is explicitly stated on page 7 of the
Addendum to our Proposal that we submitted to SSRL on August 30, 1979.

Contrary to the claim of the expert reviewer, the instrumentation that
we propose to use to obtain our initial one-dimentional radiographs is fully
described on page 5 of our Proposal. It is also described on page 1 of the
report we submitted to SSRL on December 20, 1979 describing the results of our
first informal tests at SSRL, which were obtained with exactly this instrumen-
tation. Obviously, for the reasons spelled out in the introductory paragraph
of this document, we did not include a specific description of the instrumen-
tation that we will need in due course to accumulate digital images rapidly
in patients without the need fcr horizontal scanning.

We do agree with the claim of the exﬁert reviewer that in order to vis-
uvalize iodine within the coronary arteries it will be necessary to record each
pair of digital images, i.e., above and below the K-edge, in a time short com-
pared to the periodic motion of these structures. His estimate of about 30
msec for this time is quite correct. This is precisely why coronary arterio-
graphy cannot be done using quasi-monoenergetic sources derived from standard
x~ray sources, which are insufficiently intense. We fully recognize this
specific problem and have discussed it several times with the SSRL staff. It
poses no fundamental practical difficulty, but its solution is also totally
irrelevant to the realization of the objectives of our current proposal, all
of which involve phantoms that are inanimate and static. Our eventual solu-
tion is to rotate, or to oscillate, the crystal monochromator at the requi-
site frequency (v 30 Hz) by the small angular amount (40;0010) necessary to
step the transmitted beam back and forth through the iodine K-edge.

Another fundamental misconception held by the expert reviewer is that he
exo=2cted we would eventually scan line-by-line through the complete coronary
fie2ld of interest entirely at one x-ray energy before switching the energy and
repeating the scén. He is correct in pointing out the severe limitations of
this method. Howaver, we have never had any intention of operating in thié
manner. We intend, at the proper time, to propose the use of an efficient
linear array of detection elements encompassing the full width of the field
of interest. This is the natural detector configuration for use at SSRL and,
in addition, eliminates the familiar scatter background of standard radiology.
In conjunction with Dr. George Brown of SSRL, we have conceived a method by

which the horizontally planar x-ray beam may be scanned vertically through
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the field of interest (in contrast to moving the patient vertically through
the horizontal x-ray beam). We intend, however, to use a scanning time longer
than the cardiac cycle, but it must be emphasized that this relatively long
scanning time will not result in a blurred image. Each line exposure, due to
the high x-ray intensity, will occupy only a few milliseconds. The x-ray
energy is then switched, within about 30 msec, and the secoﬁd exposure is
made. Each pair of line exposures occurs within 30 msec, a period within
which the heart is essentially stationary. Upon completion of each exposure
pair, the beam (or the patient) is moved vertically by the required spatial
element and the procedure repeated. The lack of blurring is governed by the
line~pair exposure time and not by the total frame time. This is a direct
analog of photographic cameras with focal plane shutters which are free of
blurring despite relatively long exposure times of the scanning slit.' The
price paid for this effect is that all portions of the image do not represent
the same time interval. A subtle distortion is generated due to motion (the
cardiac cycle), but this does not represent blurring. For example, a hori-
zontally moving vessel, which would otherwise be blurred, is reproduced in
good focus at a slight inclination since the top and bottom are scanned at
different times.

The photographs reproduced ﬂélow in Figs. 1 and 2 provide a convincing il-
lustration of the viability of the focal plane shutter effect in coronary ar-
teriography. These photographs were taken in the laboratories of Drs. Brody
and Macovski, who are also co-authors of SSRL Proposal 456B. Fig. 1 shows an
arteriogram of a dog heart which required five seconds to record despite the
fact that the heart was beating at a rate of 120 beats per minute. The intra-
arterial iodine, which clearly reveals the coronary arteries, was introduced
invasively by means of a catheter, which is also visible. This picture was
recorded with an instrument normally used for imaging by computerized tomo-
graphv. It employs a fan-shaped x-ray beam detector. The imagé is accumulated
one plane at a time, and the axial position of the dog is incremented between
successive exposures. The coronary arteries are clearly defined, despite the
motion introduced by the many cardiac cycles Cﬁ 10) involved.

The same principle is also i1llustrated by the series of photographs in
Fig. 2. The first frame (2) is a standard coronary arteriogram obtained in
projection with a normal exposure time (v 0.0l sec). The subject is again a
dog and the iodine is again introduced invasively. The second frame (b) re-

presents an integration over four seconds, with the resultant severe blurring
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and almost total loss of arterial detail. The third frame (c) is also taken
over the same four seconds, where a line scan has been simulated by a vertically
scanned horizontal slit. As is shown, the original detail is restored despite
the motion. The streak artifacts are due to the non-uniform motion of the man-
uvally scanned slit.

The misunderstanding by the expert reviewer of our x-ray detection effi-
ciency is 1% is hard to anticipate but easy to correct. Any x-ray detector
that we have proposed, or will propose, for use at SSRL will have an efficiency
of essentially 100%. The current proposal calls for the use of a bismuth ger-
manate (BGO) crystal 3 mm in thickness, which corresponds to approximately 38
x-ray mean free naths at 30 KeV. Although the precise thickness of our BGO
crystal is specified on page 1 of our Informal Test Report to SSRL, it is true
that it is not explicitly stated in our Proposal. Our excuse for this omis-
sion must be our awareness of the excellent stopping power of BGO for 30 KeV
x~rays and our implicit assumption that just the stated use of BGO would, by
itself, clearly signal an excellent detector efficiency to the thoughtful
reader. In fact, a BGO crystal thin enough (¢ 0.01 mm) to have low detection
efficiency (< 10%) for 30 KeV x-rays would be about 30 times thinner than the
minimum thickness (& 0.25 mm) prgsently available.

Our mention of a 1% detection efficiency on page 5 of our Proposal occurs
before we arrive at a description of our intended apparatus and arose only to
illustrate how quickly data of excellent statistical quality can be acquired
at SSRL due to the outstanding intensity of the x-ray beam. Never did it
occur to us, or to our knowledge to anyone else, that this remark could be
interpreted as a justification of the use by us of such an inefficient de-
tector. Clearly this is impossible in radiology because of the consequent
radiation dose.

We agree with the expert reviewer's remark that if the time occupied by
a complete set of line scans at one energy followed by a second complete set
of line scans at a second energy should collectively occupy more than about
30 msec, that a temporal subtraction methodology, using standard x-ray tubes,
wili produce cardiac images of comparable quality. Having said this however,
we can repeat that we do not intend to acquire our cardiac images in this way.
Images acquired by either of the two methods just outlined will be hopelessly
blurred due to cardiac motion and be useless from the standpoint of visual-

izing the coronaries.
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We also agree with the second academic point raised by the expert reviewer
that, in the absence of motion (obviously impossible in coronary arteriography),
the iodine sensitivity provided by time subtraction exceeds that provided by
K-edge subtraction. This occurs because the small reduction in iodine contrast
due to the subtraction of the image taken below the K-edge is avoided. Clearly,
the situations of vital clinical interest in which patient motion can be so
totally suspended as to realize this small benefit must be few in number, and
are obviously totally disconnected to our area of interest where motion is ever—
present and unavoidable.

We believe we have adequately explained in the introductory paragraph to
this statement the reason why the expert reviewer finds our current Proposal
to be incomplete. In summary, he is judging the full program of development
from the perspective of an initial proposed investigation with limited objec—
tives. It should be clear from the contents of this document that we could
now write a much more convincing justification of our eventual goal than can
be gleaned from our current Proposal. At the proper time we will write such
a proposal. First, however, we wish to demonstrate our ability to isolate
subtle amounts of iodine with the x-rays available at SSRL before we address,
in proposals, such problems as motion and image field.

We have adequately responded in our first Proposal Addendum to the cri-
ticism that our non-invasive study can presently be made available at only
storage ring laboratories. We wish to emphasize, as we also did in our ear-
lier Addendum, our belief that a successful demonstration of our ideas at
SSRL would result in the stimulation of a considerable technical effort to
develop a compact source of monochromatic x-rays expressly for medical pur-
poses. We indicated that the most likely way in vhich this could be done was
by the combination of an argon-ion UV laser and a small (v 25 MeV) betatron.
Such a development would of course be of tremendous value to many scientists
in other fields, who would thereby also be liberated from the storage ring
laboratories.

We do not accept the view that the possible restriction of our intended
procedure to laboratories such as SSRL is a sufficient reason to deny our pro-
posal a high priority at this very early stage. We have listed in our Pro-
posal Addendum of August 30, 1979 the specific diagnostic and research oppor-

tunities that can be realized for the first time at SSRL, and independent
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statements attesting to the medical value of our projected procedure have been
provided to SSRL by Drs. N. E. Shumway and J. W. Hanbery of the Departments of
Cardiovascular Surgery and Surgery (Division of Neurosurgery) respectively at
Stanford. We have pointed to one possible means by which compact sources of
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. As always in science it is impossible to predict exactly
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 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. We also wish to point out
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.
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The preparation of this document was prompted by our receipt of the

expert review requested by the SSRL Program Review Panel in January 1980.

We will give our response to each of the items raised, but we wish first to
remark that the scope of this latest review seems to go considerably beyond
that of the six earlier reviews conducted in the period July - August 1979.
The proposal under review was written, upon the advice of the Directorate

of SSRL, not for the immediate purpose of securing sufficient beam time and
‘facilities to take coronary arterjograms in patients, but only to conduct

the first stages of such a program. This is specifically stated on page 5

of our Proposal, as is our intention to employ 6n1y inanimate phantoms at

this time. The limited scope of our first proposal seems to have been well-
understood by the earlier reviewers, four of whom gave us their unqualified
endorsement. We are not at all surprised that the recent expert reviewer did
not find a complete technical discussion of exactly how we intend to acquire
coronary images in patients at SSRL. We regarded these details as appropriate
for future proposals. At the time we wrote our current Proposal we had iden-
tified solutions to some of the technical problems related to the realization
of a diagnostic clinic for coronary angiography at SSRL, but not to all of
them. Since that time we have continued to study these problems, often in
consultation with the SSRL staff, and at the present time we feel that we have

practical solutions to all of the major problems. Not surprisingly, our

project has been in a dynamférstate of development for the past nine months,
and we expect to communicate the results of these efforts to the Program Re-
view Panel at the appropriate time in the context of new proposals. We did
not feel it wise to delay the execution of the specific fundamental tests
called for in our first proposal until our total development effort was con-
ceptually complete and we hope therefore that the Program Review Panel, and
the Directorate of SSRL, will continue to review our first proposal with these

thoughts in mind, or instruct us otherwise,
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Clearly, we agree with the opinion of the expert reviewer that coronary
arteriography cannot be done using the quasi-monoenergetic x-ray beams pro-
vided by standard x-ray sources. This is explicitly stated on page 7 of the
Addendum to our Proposal that we submitted to SSRL on August 30, 1979.

Contrary to the claim of the expert reviewer, the instrumentation that
we propose to use to obtain our initial one-dimentional radiographs is fully
described on page 5 of our Proposal. It is also described on page 1 of the
report we submitted to SSRL on December 20, 1979 describing the results of our
first informal tests at SSRL, which were obtained with exactly this instrumen-
tation. Obviously, for the reasons spelled out in the introductory paragraph
of this document, we did not include a specific description of the instrumen-
tation that we will need in due course to accumulate digital images rapidly
in patients without the need for horizontal scanning. '

We do agree with the claim of the expert reviewer that in order to vis—
ualize iodine within the coronary arteries it will be necessary to record each
pair of digital images, i.e., above and below the K-edge, in a time short com-
pared to the periodic motion of these structures. His estimate of about 30
msec for this time is quite correct. This is precisely why coronary arterio-
graphy cannot be done using quasi—monoenergetic sources derived from standard
x-ray sources, which are insufficiently intense. We fully recognize this
specific problem and have discussed it several times with the SSRL staff. It
poses no fundamental practical difficulty, but its solution is also fotally
irrelevant to the realization of the objectives of our current proposal, all
of which involve phantoms that are inanimate and static. Our eventual solu-
tion is to rotate, or to oscillate, the crystal monochromator at the requi-
site frequency (4 30 Hz) by the small angular amount (NO{OOIO) necessary to
step the transmitted beam back and forth through the iodine K-edge.

Another fundamental misconception held by the expert reviewer is that he
expected we would eventually scan line-by-line through the complete coronary
field of interest entirely at one x-ray energy before switching the energy and.
repeating the scén. He is correct in pointing out the severe limitations of
this method. However, we have never had any iuntention of operating in this
manner. We intend, at the proper time, to propose the use of an efficient’
linear array of detection elements encompassing the full width of the field
of interest. This is the natural detector configuration for use at SSRL and,
in addition, eliminates the familiar scatter background of standard radiology.
In conjunction with Dr. George Brown of SSRL, we have conceived a method by

which the horizontally planar x-ray beam may be scanned vertically through
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the field of interest (in contrast to moving the patient vertically through
the horizontal x-ray beam). We intend, however, to use a scanning time longer
than the cardiac eycle, but it must be emphasized that this relatively long
scanning time will not result in a blurred image. Each line exposure, due to
the high x-ray intensity, will occupy only a few milliseconds, The x-ray
energy is then switched, within about 30 msec, and the second exposure is
made. Each pair of line exposures occurs within 30 msec, a period within
which the heart is essentially stationary. Upon completion of each exposure
pair, the beam (or the patient) is moved vertically by the required spatial
element and the procedure repeated. The lack of blurring is governed by the
line-pair exposure time and not by the total frame time. This is a direct
analog of photographic cameras with focal plane shutters which are free of
blurring despite relatively long exposure times of the scanning slit. The
price paid for this effect is that all portions of the image do not represent
the same time interval. A subtle distortion is generated due to motion (the
cardiac cycle), but this does not represent blurring. For example, a hori-
zontally moving vessel, which would otherwise be blurred, is reproduced in
good focus at a slight inclination since the top and bottom are scanned at
different times.

The photographs reproduced bélow in Figs. 1 and 2 provide a convincing il-
lustration of the viability of the focal plane shutter effect in coronary ar-
teriography. These photographs were taken in the laboratories of Drs. Brody
and Macovski, who are also co-authors of SSRL Proposal 456B. Fig. 1 shows an
arteriogram of a dog heart which required five seconds to record despite the
fact that the heart was beating at a rate of 120 beats per minute. The intra-
arterial iodine, which clearly reveals the coronary arteries, was introduced
invasively by means of a catheter, which is also visible. This picture was
recorded with an instrument normally used for imaging by computerized tomo-
grathy. It employs a fan-shaped x-ray beam detector. The imagé is accumulated
one plane at a time, and the axial position of the dog is incremented between
successive exposures. The coronary arteries are clearly defined, despite the
motion introduced by the many cardiac cycles (5 10) involved.

The same principle is also illustrated by the series of photographs in
Fig. 2. The first frame (@) is a standard coronary arteriogram obtained in
projection with a normal exposure time (N 0.01 sec). The subject is again a
dog and the iodine is again introduced invasively. The second frame (b) re-

Presents an integration over four seconds, with the resultant severe blurring
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and almost total loss of arterial detail. The third frame (c) is also taken
over the same four seconds, where a line scan has been simulated by a vertically
scanned horizontal slit. As is shown, the original detail is restored despite
the motion. The streak artifacts are due to the non-uniform motion of the man-
ually scanned slit.

The misunderstanding by the expert reviewer of our x-ray detection effi-
ciency is 1% is hard to anticipate but easy to correct. Any x-ray detector
that we have proposed, or will propose, for use at SSRL will have an efficiency
of essentially 100%. The current proposal calls for the use of a bismuth ger-
manate (BGO) crystal 3 mm in thickness, which corresponds to approximately 38
x-ray mean free paths at 30 KeV. Although the precise thickmess of our BGO
crystal is specified on page 1 of our Informal Test Report to SSRL, it is true
that it is not explicitly stated in our Proposal. Our excuse for this omis-
sion must be our awaremess of the excelleﬁt stopping power of BGO for 30 KeV
x-rays and our implicit assumption that just the stated use of BGO would, by
itself, clearly signal an excellent detector efficiency to the thoughtful
reader. In fact, a BGO crystal thin enough (v 0.01 mm) to have low detection
efficiency (< 10%) for 30 KeV x-rays would be about 30 times thinmner than the
minimum thickness (& 0.25 mm) prgsently available.

Our mention of a 1% detection efficiency on page 5 of our Proposal occurs
before we arrive at a description of our intended apparatus and arose only to
illustrate how quickly data of excellent statistical quality can be acquired
at SSRL due to the outstanding intensity of the x~ray beam. Never did it
occur to us, or to our knowledge to anyone else, that this remark could be
interpreted as a justification of the use by us of such an inefficient de-
tector. Clearly this is impossible in radiology because of the consequent
radiation dose.

We agree with the expert reviewer's remark that if the time occupied by
a complete set of line scans at one energy followed by a second complete set
of line scans at a second energy should collectively occupy more than about
30 msec, that a temporal subtraction methodology, using standard x-ray tubes,
will produce cardiac images of comparable quality. Having said this however,
we can repeat that we do not intend to acquire our cardiac images in this way.
Images acquired by either of the two methods just outlined will be hopelessly
blurred due to cardiac motion and be useless from the standpoint of visual-

izing the coronaries.
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We also agree with the second academic point raised by the expert reviewer
that, in the absence of motion (obviously impossible in coronary arteriography),
the iodine sensitivity provided by time subtraction exceeds that provided by
K-edge subtraction. This occurs because the small reduction in iodine contrast
due to the subtraction of the image taken below the K~edge is avoided. Clearly,
the situations of vital clinical interest in which patient motion can be so
totally suspended as to realize this small benefit must be few in number, and
are obviously totally disconnected to our area of interest where motion is ever-
present and unavoidable. |

We believe we have adequately explained in the introductory paragraph to
this statement the reason why the expert reviewer finds our current Proposal
to be incomplete., In summary, he is judging the full program of development
from the perspective of an initial proposed.investigation with 1imited objec-
tives. It should be clear from the contents of this document that we could
now write a much more convincing justification of our eventual goal than can
be gleaned from our current Proposal. At the proper time we will write such
a proposal. First, however, we wish to demonstrate our ability to isolate
subtle amounts of iodine with the x-rays available at SSRL before we address,

in proposals, such problems as motion and image field.

We have adequately responded in our first Proposal Addendum to the cri-
ticism that our non-invasive study can presently be made available at only
storage ring laboratories. We wish to emphasize, as we also did in our ear-
lier Addendum, our belief that a successful demonstration of our ideas at
SSRL would result in the stimulation of a considerable technical effort to
develop a compact source of monochromatic x-rays expressly for medical pur-
poses. We indicated that the most likely way in which this could be done was
by the combination of an argon-ion UV laser and a small Qﬁ 25 MeV) betatron. .
Such a development would of course be of tremendous value to many scientists
in other fields, who would thereby also be liberated from the storage ring
laboratories.

We do not accept the view that the possible restriction of our intended
procedure to laboratories such as SSRL is a sufficient reason to deny our pro-
posal a high priority at this very early stage. We have listed in our Pro-
posal Addendum of August 30, 1979 the specific diagnostic and rgsearch oppor-

tunities that can be realized for the first time at SSRL, and independent
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statements attesting to the medical value of our projected procedure have been
provided to SSRL by Drs. N. E. Shumway and J. W. Hanbery of the Departments of
Cardiovascular Surgery and Surgery (Division of Neurosurgery) respectively at
Stanford. We have pointed to one possible means by which compact sources of
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. As always in science it is impossible to predict exactly
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 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 comsideration of later
phases of our investigation to the proper time. We also wish to point out
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.
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The preparation of this document was prompted by our receipt of the
expert review requested by the SSRL Program Review Panel in January 1980.
We will give our response to each of the items raised, but we wish first to
remark that the scope of this latest review seems to go considerably beyond
that of the six earlier reviews conducted in the period July - August 1979.
The proposal under review was written, upon the advice of the Directorate
of SSRL, not for the immediate purpose of securing sufficient beam time and
facilities to take coronary arteriograms in patients, but only to conduct
the first stages of such a program. This is specifically stated on page 5
of our Proposal, as is our intention to employ only inanimate phantoms at
this time. The limited scope of our first proposal seems to have been well-
understood by the earlier reviewers, four of whom gave us their unqualified
endorsement. We are not at all surprised that the recent expert reviewer. did
not find a complete technical discussion of exactly how we intend to acduire
coronary images in patients at SSRL. We regarded these details as appropriate
for future proposals. At the time we wrote our current Proposal we had iden-
tified solutions to some of the technical problems related to the realization
of a diagnostic clinic for coronary angiography at SSRL, but not to all of
them. Since that time we have continued to study these problems, often in
consultation with the SSRL staff, and at the present time we feel that we have

practical solutions to all of the major problems. Not surprisingly, our

project has been in a dynamic state of development”for theApast nine months,
and we expect to communicate the results of these efforts to the Program Re-
view Panel at the appropriate time in the context of new proposals. We did
ne: feel it wise to delay the execution of the specific fundamental tests
caliled for in our first proposal until our total development effort was con-
cerrtually complete and we hope therefore that the Program Review Panel, and
the Directorate of SSRL, will continue to review our first proposal with these

thoughts in mind, or instruct us otherwise.
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Clearly, we agree with the opinion of the expert reviewer that coronary
arteriography cannot be done using the quasi-monoenergetic x-ray beams pro-
vided by standard x-ray sources. This is explicitly stated on page 7 of the
Addendum to our Proposal that we submitted to SSRL on August 30, 1979.

Contrary to the claim of the expert reviewer, the instrumentation that
we propose to use to obtain our initial one-dimentional radiographs is fully
described on page 5 of our Proposal. It is also described on page 1 of the
report we submitted to SSRL on December 20, 1979 describing the results of our
first informal tests at SSRL, which were obtained with exactly this instrumen-
tation. Obviously, for the reasons spelled out in the introductory paragraph
of this document, we did not include a specific description of the instrumen-
tation that we will need in due course to accumulate digital images rapidly
in patients without the need for horizontal scanning.

We do agree with the claim of the expert reviewer that in order to vis-
ualize iodine within the coronary arteries it will be necessary to record each
pair of digital images, i.e., above and below the K-edge, in a time short com-
pared to the periodic motion of these strucﬁures. His estimate of about 30
msec for this time is quite correct. This is precisely why coronary arterio-
graphy cannot be done using quasi-monoenergetic sources derived from standard
x-ray sources, which are insufficiently intense. We fully recognize this
specific problem and have discussed it several times with the SSRIL staff. It
poses no fundamental practical difficulty, but its solution is also totally
irrelevant to the realization of the objectives of our current proposal, all
of which involve phantoms that are inanimate and static. Our eventual solu-
tion is to rotate, or to oscillate, the crystal monochromator at the requi-
site frequency (ﬁ 30 Hz) by the small angular amount 090.0010) necessary to
step the transmitted beam back and forth through the iodine K-edge.

Another fundamental misconception held by the expert reviewer is that he
expected we would eventually,scgn line-by-line through the complete coromnary
field of interest entirely at one x-ray energy before switching the energy and
repaating the scén. He is correct in pointing out the severe limitations of
this method. However, we have never had any intention of operating in this
manner. We intend, at the proper time, to propose the use of an efficient
linear array of detection elements encompassing the full width of the field
of interest. This is the natural detector configuration for use at SSRL and,
in addition, eliminates the familiar scatter background of standard radiology.
In conjunction with Dr. George Brown of SSRL, we have conceived a method by

which the horizontally planar x-ray beam may be scanned vertically through
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the field of interest (in contrast to moving the patient vertically through
the horizontal x-ray beam). We intend, however, to use a scamning time longer
than the cardiac cycle, but it must be emphasized that this relatively long
scanning time will not result in a blurred image. Each line exposure, due to
the high x-ray intensity, will occupy only a few milliseconds. The x-ray
energy is then switched, within about 30 msec, and the secohd exposure 1is
made. Each pair of line exposures occurs within 30 msec, a period within
which the heart is essentially stationary. Upon completion of each exposure
pair, the beam (or the patient) is moved vertically by the required spatial
element and the procedure repeated. The lack of blurring is governed by the
line-pair exposure time and not by the total frame time. This is a direct
analog of photographic cameras with focal plaﬁe shutters which are free of
blurring despite relatively long exposure times of the scanning slit. vThe
price paid for this effect is that all portions of the image do not represent
the same time interval. A subtle distortion is generated due to motion (the
cardiac cycle), but this does not represent blurring. For example, a hori-
zontally moving vessel, which would otherwise be blurred, is reproduced in
good focus at a slight inclination since the top and bottom are scanned at
different times. ‘

The photographs reproduced Gélow in Figs. 1 and 2 pfovide a convincing il-
lustration of the viability of the focal plane shutter effect in coronary ar-
teriography. These photographs were taken in the laboratories of Drs. Brody
and Macovski, who are also co-authors of SSRL Proposal 456B. Fig. 1 shows an
arteriogram of a dog heart which required five seconds to record despite the
fact that the heart was beating at a rate of 120 beats per minute. The intra-
arterial iodine, which clearly reveals the coronary arteries, was introduced
invasively by means of a catheter, which is also visible. This picture was
recorded with an instrument normally used for imaging by computerized tomo-~
. It employs a fan-shaped x~ray beam detector. The imagé is accumulated

graphy
1

ne plane at a time, and the axial position of the dog is incremented between

o]

successive exposures. The coronary arteries are clearly defined, despite the
motion introduced by the many cardiac cycles (v 10) involved.

The same principle is also illustrated by the series of photographs in
Fig. 2. The first frame (@) is a standard coronary arteriogram obtained in
projection with a normal exposure time (v 0.01 sec). The subject is agaiﬁ a
dog and the iodine is again introduced invasively. The second frame (b) re-

presents an integration over four seconds, with the resultant severe blurring
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and almost total loss of arterial detail. The third frame (c) is also taken
over the same four seconds, where a line scan has been simulated by a vertically
scanned horizontal slit. As is shown, the original detail is restored despite
the motion. The streak artifacts are due to the non-uniform motion of the man-
ually scanned slit.

The misunderstanding by the expert reviewer of our x-ray detection effi-
ciency is 17 is hard to anticipate but easy to correct. Any x-ray detector
that we have proposed, or will propose, for use at SSRL will have an efficiency
of essentially 100%. The current proposal calls for the use of a bismuth ger-
manate (BGO) crystal 3 mm in thickness, which corresponds to approximately 38
x-ray mean free naths at 30 KeV. Although the precise thickness of our BGO
crystal is specified on page 1 of our Informal Test Report to SSRL, it is true
that it is not explicitly stated in our Proposal. Our excuse for this omis-
sion must be our awareness of the excellent stopping power of BGO for 30 KeV
x-rays and our implicit assumption that just the stated use of BGO would, by
itself, clearly signal an excellent detector efficiency to the thoughtful
reader. In fact, a BGO crystal thin enocugh (¢ 0.01 mm) to have low detection
efficiency (£ 10%) for 30 KeV x-rays would be about 30 times thinner than the
ninimum thickness (v 0.25 mm) presently available.

OQur mention of a 1% detection efficiency on page 5 of our Proposal occurs
before we arrive at a description of our intended apparatus and arose only to
illustrate how quickly data of excellent statistical quality can be acquired
at SSRL due to the outstanding intensity of the x-ray beam. Never did it
occur to us, or to our knowledge to anyone else, that this remark could be
interpreted as a justification of the use by us of such an inefficient de-
tector. Clearly this is impossible in radiology because of the consequent
radiation dose.

We agree with the expert reviewer's remark that if the time occupied by
a complete set of line scans at one energy followed by a second complete set
of line scans at a second energy should collectively occupy more than about
30 msec, that a temporal subtraction methodology, using standard x-ray tubes,
will produce cardiac images of comparable quality. Having said this however,
we can repeat that we do not intend to acquire our cardiac images in this way.
Images acquired by either of the two methods just outlined will be hopelessly
blurred due to cardiac motion and be useless from the standpoint of visual-

izing the coronaries.
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We also agree with the second academic point raised by the expert reviewer
that, in the absence of motion (obviously impossible in coronary arteriography),
the iodine sensitivity provided by time subtraction exceeds that provided by
K-edge subtraction. This occurs because the small reduction in iodine contrast
due to the subtraction of the image taken below the K-edge is avoided. Clearly,
the situations of vital clinical interest in which patient motion can be so
totally suspended as to realize this small benefit must be few in number, and v
are obviously totally disconnected to our area of interest where motion is ever-
present and unavoidable.

We believe we have adequately explained in the introductory paragraph to
this statement the reason why the expert reviewer finds our current Proposal
to be incomplete. In summary, he is judging the full program of development
from the perspective of an initial proposgd investigation with limited objec-
tives. It should be clear from the contents of this document that we could
now write a much more convincing justification of our eventual goal than can
be gleaned from our current Proposal. At the proper time we will write such
a proposal. First, however, we wish to demonstrate our ability to isolate
subtle amounts of iodine with the x-rays available at SSRL before we address,

in proposals, such problems as motion and image field.

We have adequately responded in our first Proposal Addendum to the cri- ;
ticism that our non-invasive study can presently be made available at only
storage ring laboratories. We wish to emphasize, as we also did in our ear-
lier Addendum, our belief that a successful demonstration of our ideas at
SSRL would result in the stimulation of a considerable technical effort to
develop a compact source of monochromatic x-rays expressly for medical pur-
poses. We indicated that the most likely way in which this could be done was
by the combination of an argon-ion UV laser and a small (¥ 25 MeV) betatron.
Such a development would of course be of tremendous value to many scientists
in other fields, who would thereby also be liberated from the storage ring
lzboratories.

We do not accept the view that the possible restriction of our intended
procadure to laboratories such as SSRL is a sufficient reason to deny our pro-
posal a high priority at this very early stage. We have listed in our Pro-
posal Addendum of August 30, 1979 the specific diagnostic and research oppor-
tunities that can be realized for the first time at SSRL, and ihdependent
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statements attesting to the medical value of our projected procedure have been
provided to SSRL by Drs. N. E. Shumway and J. W. Hanbery of the Departments of
Cardiovascular Surgery and Surgery (Division of Neurosurgery) respectively at
Stanford. We have pointed to one possible means by which compact sources of
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. As aiways in science it is impossible to predict exactly
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 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. We also wish to point out
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.
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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 oﬁe was totally negative. The minor objection is easily
answered: it relates to the use of only inanimate phantoms and the effects
of extra-vascular iodine through diffusion in live specimens. The bulk of
this addendum is directed at the issues raise& in the negative review. These
are (a) the utility of a medical facility for éoronary 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—ﬁonoenergetic x-ray
sources and (d) the mistaken impression that the radiation dose to the patient
in dichromography will be increased at SSRL relative to the use of quasi-

monoenergetic beams.

II 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. The current method of assessing the condifion of the coromnary
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 éoronary artery disease. For these reasons
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
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rates are too high for the procedure to be used in a écreening way. It is
therefore restricted in its use to symptomatic patients already known, with
high probability, to be suffering from-severe coronary artery disease and in
probable need of surgical intervention. Even if a successful development ef-
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 substantiai,
This clinic would be used in.the following major ways:
a) The treatment of patients in probable need of surgiéal intervention
who would otherwise be subjected to the invasive diagnostic procedure.
The examination of 20 such patients pef day, or n 5,000 per year,
would prevent 25 deaths and 50 serious injuries each year that would
otherwise result from the invasive diagnostic examination alone.
b) The follow-up arteriographic examination of surgical patients in order
to assess post-operative progress with no further risk of injury.
c) The study of the natural history of coronary artery disease by serial
examinations on patients with no previous evidence of this disease.
In fact, the studies identified in item ¢) above, if conducted only at
SSRL, would provide clinical medicine with a truly unique résearch opportunity.
The SSRL facility would, of course, also provide the opportunifies identified
in items a) - c¢) above to physicians and researchers in the other areas of an-
giography. This may be especially important in cerebral arteriography, which.
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.
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If é 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
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; Most certainly this source would hot require the full intensity
of the beam at SSRL. (This question is addressed briefly in Proposal 4563.)
Presently, we believe that the most practical and least expensive method of
providing an independent source of monochromatic x~rays for medical pufposes
is to back-scatter laser photo;s incoherently off the electrons in a small
storage ring. If a powerful carbon dioxide laser is used, the storage ring
energy required is only 200 MeV. The principle involved, namely inverse
Compton scattering, has been used several times to obtain monochromatic
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. It may be expected, therefore,
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
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by this, or an alternative, method. One alternative, but at présent more
speculative, method is to back-scatter laser photons (from an argon-ion laser)
coherently off an electron beam bunched with a spatial structure equal to, or

a sub-harmonic of, the wavelength of the laser light. In this way the x-ray
yield can be greatly increased relative to incoherent scattering off unbunched
electrons so that a 25 MeV electron microtron can be used instead of a stor-
age ring.

At present we are unable to guarantee that medical studies of the type we
project for SSRL will be possible at locations other than those selected orig-
inally, for other reasons, as the sites for electron storage rings. Should
this be so, this limitation on the geographical distribution of facilities
would not be uncommon in medicine. It has not prevented the recent develop-
ment of the positron annihilation camera in nuclear medicine, which must be
located adjacent to a proton accelerator capable of providing the required
short-lived radioisotopes of llC, 13N and 150. Neither has it prevented the
establishment of radiotherapy clinics dependent upon beams of negative pi-mesons,
heavy ions and neutrons at the large particle accelerators located in Los Alamos,
Berkeley or Chicago, respectively. In fact, given the current world-wide de-
mand for synchrotron radiation facilities and the secure position occupied by
electron storage rings in particle physics research, it-appears that the oppor-
tunities for the establishment of medical facilities employing monochromatic
x-rays, but dependent upon machines built for other purposes, will not be nearly
as restricted in geographical distribution as fhey have been for other spe~-

cialized centers utilizing a unique resource.

0021810




R |

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 inaminate 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. The limited ob-
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.

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. Such”backgrounds will indeed occur in animate spe-
cimens, but there appears to be no reason why this should preclude arterial
examinations if the periphefal venous 1njection'and the x-ray exposures are
administered with the proper relative timing. Typically, the radiégraphs
needed for dichromography will be taken on the first or second transits of
the injected iodine throhgh ‘the carilovascular syétem, 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 severai minutes and so will not
present a major problem. This fact is clearly demonstrated in the photo-

graphs below, which show the result of a time subtraction study, by digital
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radiography, of the chest cavity of a dog. The picture on the left, the
fast;contrast image, was obtained after'the'intrqduction of iodine by
catheter, via the superior vena cava, into the right atrium of the heart.
An earlier exposure of equal duration, the so-called mask, was also ob-
tained before the introduction of fhe iodine. The picturé on the right
isvwhat remains after the mask is subtracted from the post~coﬁtrast image.
Idealiy, it should reveal only the distribution of the con trast égent.
Indeed the iodine ﬁithin the.ﬁeart, averaged err many cardiac cycles, is
clearly seen. The carotid (open arrow) and vertibral (closed arrow) ar-
teries are clearly visualized; as are smaller arteries (to the left) to
the forearm andvshdulder and eveﬁ (to fhe rigﬁt) iodinaﬁed veins. These
channels are visible despite their motions during their ekﬁosure and are
definitely not obscured-by any extra-arterial iodine; The incomplete_sub—
“tractions of the other anatomical structures is due to their non-identical

movements during the two exposufés.
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" Photographs of the chest cavity of a dog obtained during a time sub-
traction study. On the left is the unsubtracted post-contrast image
obtained after the iodine injection. On the right is the difference
between the post-contrast image and an earlier exposure, the mask,

before the iodine injection.
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While 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. In fact, with conventional x-ray
sources this is impossible. The source intensity, after the necessary severe
filtration, is totally inadequate. The coronary arteries are not stationary
structures. They are in intimate contact with the heart muscle and are there~
fore in continuous motion. Only a blurred_imagevwould result from the use of
quasi-monoenergetic x-ray beams. A major advantage of the beam intensity at
SSRL is that it is possible to record images fast enough to visﬁalize the
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 to the cardiac cycle and therefore their internal
structures are not visible in examinations with quasi-monoenergetic sources.
It is likely that the clinicaliapplications of non-invasive procedures with
quasi-monoenergetic sources will be restricted to stationary structures, such
as the kidneys, gall bladder and thyrdid.

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 uée 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 publighed

technique using quasi-monochromatic x-ray beams. For example, Kelecz et al.1 has

reported that the radiation dose delivered to a patient to achieve a specific
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image contrast is increased by a factor of 25 relative to that needed in the
absence of scatter. If a scatter grid is used, the additional dose can bé re-
duced to a factor of about three, but at the expense of a longer exposure time.
In all respects the use of moﬁoenergetic beams at SSRL with a2 matching detector
geometry minimizes the radiation dose delivered to a patient in order to achieve
a specific signal to noise ratio in the final image using iodine K edge dichro-
mography. The opposite impression received by the one reviewer of Proposal

456B in question could be related to the references made to the work of Ter-
Pogessian. In 1956, this author showed that an increased sensitivity to iodine
could be obtained if a single quasi~monoenergetic beam at 33 KeV was used
instead of a white spectrum of 70 Kvp of radiation. ‘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
tﬁicknesses up to 20 gm cmﬂz, and that this increase was well within safe
limits. His work in no way rel;;eé‘géuthéu;;lgzg;é 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.

ITT SUMMARY
The major advantages that fhe 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.
b) The intensity of the beams permits short exposure times and éllows
images to be recorded in sharp focus despite the arterial motions

associated with the cardiac cycle.
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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 variations.
d) 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.
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