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1. Introduction 

The transvenous coronary angiography project at the National Synchrotron Light Source 
(NSLS) is presently undergoing a significant upgrade to the hardware and software in the 
synchrotron medical facility. When completed, the project will have reached a level of 
maturity in the imaging technology which will allow the research team to begin to 
concentrate on medical research programs. This paper will review the status of the 
project and imaging technology and will discuss the current upgrades and future advanced 
technology initiatives. 

The roots of the project date back to 1979 when Dr. R Hofstadter, Dr. B. Hughes and 
Dr. E. Rubenstein at Stanford University organized a team of physicists and physicians to 
develop a synchrotron based medical imaging system [1-7]. The system for imaging the 
coronary arteries following intravenous injection of the contrast agent was successfully 
demonstrated at the Stanford Synchrotron Radiation Laboratory (SSRL) with the first 
human studies completed in 1986 [8-17]. This technology eliminates most of the risks 
associated with arterial catheterization and opens up the possibilities of doing serial 
examinations in the study of the natural history of coronary atherosclerosis and the 
development following medical intervention. The project moved to the NSLS in 1989 
where it has developed ever since [18-21]. In addition to the Stanford/NSLS project, 
pioneering work on coronary angiography at synchrotrons was done in Russia [22,23] 
and, presently, excellent progress is being made at HASYLAB in Germany [24-26], the 
Photon Factory in Japan [27-30] and the ESRF in France [31]. n a a ^ 
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The advantages of using the radiation from a synchrotron, over that from a standard x-ray 
source, were the motivation for the project. Transvenous coronary angiography was 
shown to be impossible with standard x-ray imaging sources. The major problems are 
insufficient flux to compensate for the 20 fold dilution of the contrast agent in traversing 
the pulmonary system, the small arteries overlying the large cardiac chambers such as the 
ventricles and aorta, and the motion of the heart. However, the synchrotron radiation 
sources have sufficient x-ray intensity that crystal monochromators can be used to select 
two beams, each with very narrow energy bandwidth, which bracket the K-absorption 
edge of the iodine in the contrast agent. At the K-edge energy of 33.17 keV, the 
absorption cross section of the iodine has an abrupt discontinuity. The beam with the 
energy above the K-edge will have attenuation information due to the bone, soft tissue and 
iodine, whereas the lower energy beam will not carry an iodine signal. By digitally 
recording the two images simultaneously and performing a logarithmic subtraction, the 
subtracted image should contain primarily the iodine image; i.e. an image of the arterial 
structure [32]. Thus, it appeared possible to do dual-energy digital-subtraction coronary 
angiography if the data could be acquired in times short with respect to any cardiac 
motions. By developing the line scanning technique, somewhat dictated by the 
synchrotron fan beam geometry, the research team was able to overcome the problem of 
motional artifacts. 

The motivation for the move from SSRL to the NSLS was to obtain access to more beam 
time, ultimately resulting in significantly increased flux due to optics development, and to 
have a permanent installation in the new Synchrotron Medical Research Facility (SMERF) 
which had been constructed at the high field superconducting wiggler beamline [18,19]. 
Over the years, staff from many institutions have contributed to the successful 
development of the technology. A complete list of the principal personnel is given in the 
Acknowledgments in this paper. The institutional list includes: Stanford Medical Center, 
Palo Alto Veterans Administration Hospital, SSRL, Lawrence Berkeley Laboratory, 
North Shore University Hospital, Health Sciences Center at the State University of New 
York at Stony Brook, University of Tennessee, European Synchrotron Radiation 
Facility, Australian National Beamline Facility, and the NSLS. 

A total of 23 human imaging sessions have been carried out within the project with 16 of 
them at the NSLS in SMERF. The primary goals of the project have been to establish the 
imaging parameters and protocol necessary to obtain clinically useful images. The project 
progress has been an interleaving of hardware/facility upgrades followed by imaging 
sessions. Many diverse parameters have been studied, some of which will be highlighted 
later in this paper. Some of the most important are: contrast agent injection rates and 
volumes, viewing projections to image the various arteries, image acquisition rate, image 
quality due to x-ray flux, and the effects of detector resolution and beam harmonic 
contamination. Significant advances have been made in all of these areas, as well as in the 
development of high resolution detectors, a completely new concept in bent Laue 
monochromators, a new data acquisition system, and advanced image processing. 
Following the completion of the present system reliability and performance upgrade, 
medical research will begin. However, new advanced technology initiatives are underway 
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which promise to advance the imaging capabilities even more and to make the technology 
more widely available. 

2. Synchrotron Radiation Advantages and Medical Constraints 

2.1 The Synchrotron Imaging Geometry 

The most significant feature of the synchrotron source is the intense flux. Fig. 1 illustrates 
the relative intensity available from the superconducting wiggler source at SMERF 
compared with a high power rotating anode generator. At the iodine K-absorption edge 
(33.17 keV) the SMERF wiggler source has a factor of about 1.5 x 107 more photons per 
unit solid angle than the rotating anode source. The wiggler energy spectrum is 
continuous which allows complete freedom in selection of beam energies, in particular at 
the iodine K-absorption edge. Thus, monochromatizing the radiation to a bandwidth of 
about 140 eV at 33 keV produces flux high enough to image the human anatomy. A bent 
crystal Laue geometry monochromator was especially developed for this work [33-35]. 
Another feature of the synchrotron source comes into play also and is, in fact, very 
important. The radiation is inherently very highly collimated so that a large separation 
between beamline components is not a problem. Thus, the detector can be several meters 
away from the patient making the geometry very convenient. For reference, Fig. 2 shows 
a somewhat schematic elevation view of the SMERF facility [18]. The large separation 
also allows the two fan beams created by the monochromator to cross at the patient and 
diverge sufficiently to completely separate, and be simultaneously detected, at the detector 
position. In SMERF the detector is 3.7 m behind the patient leading to a vertical 
separation of the beams of about 3.5 mm. The simultaneous image acquisition of the two 
beams, above and below the K-edge, is critical to avoid motional artifacts in the 
subtraction process. 

The fan shape of the beams has a significant advantage and a disadvantage. At the NSLS 
the two beams cross at the position of the patient's heart where they are about 0.4 mm 
high and 120 mm wide. The beams are fixed in space since it is not possible to scan the 
two beams simultaneously and maintain the K-edge profile. This is an ideal geometry for 
the detector which is made up of two rows of 600 pixels with 0.25 mm pitch [36-39]. 
However, in order to obtain a 2-dimensional image of the heart which is about 120 mm x 
120 mm in size, the patient must be translated vertically through the beam. Although 
initial impressions are that this is odd, the patients do not mind at all. The vertical scan 
rate used up until now has been 12 cm/sec, with one image session using 6 cm/sec. The 
images at 6 cm/sec did not produce good images, showing some signs of motion. As the 
patient is translated at a constant velocity, the detector is gated every 4.17 msec in phase 
with the 60 Hz line voltage. The result is a vertical pixel size of 0.5 mm. The horizontal 
resolution is set by the detector. The early detectors had two rows of 300 pixels (0.5 mm 
resolution) but the new designs have a pitch of 0.25 mm. 

The upgraded system in SMERF has a patient chair which has the capability of traveling at 
up to 50 cm/sec. The higher velocity of the chair will be important in obtaining the image 
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in a shorter time. At the present rate, a complete heart image is obtained in about 1 sec 
with a total of 1.2 sec required to reverse direction between image frames. Although there 
is no motional blurring of the lumen of the arteries, there is anatomical distortion due to 
the fact that somewhere in the image, the heart beats on average one time. Faster 
transversal of the heart, coupled with planned advanced image gating from the ECG 
signal, will allow selection of the image at a particular phase of the cardiac cycle. 

The data from the detector system is acquired by a 486/33 MHz PC computer with a 
CAMAC interface and a VGA display. The patient scanning sequence is 
accomplished by this computer by controlling a fast shutter, the patient chair motion 
and the injection of the contrast agent by a power injector. It acquires an image by 
taking 250 lines of data from the Si(Li) detector and ion chamber beam monitors as the 
patient is scanned. The data is transferred to a workstation for processing and display. 
The data is first corrected for the detector baseline current and normalized using 
calibration data taken prior to and after the patient scans. A sophisticated data 
analysis program has been developed to quickly produce the logarithmic 
difference images for interpretation by physicians. The data analysis procedure also 
removes bad detector channels by averaging, and can perform many image 
enhancement routines. 

Prior to an imaging procedure the physicians plan the projections to be imaged and the 
physicists carry out a calibration of the imaging system. The gains and offsets of each 
channel are calibrated in order to measure the noise in the system and to make each 
channel respond as uniformly as possible to the range of photon intensities expected. 
In general, several views are planned in order to examine various coronary arteries. 
Typical views which have been used to date are the Left Lateral, the Right Anterior 
Oblique of 30° or 35° and the Left Anterior Oblique between 40° and 60°. The 
patient is aligned to the beam by the physician and the attending staff with the aid of a 
small laser alignment system. Once alignment is completed, the imaging procedure is 
started after a security search of the imaging room. The alignment is checked by 
doing a positioning scan. That is a single frame scan with a small amount of contrast 
agent injected, typically only 5 ml. The radiation dose is also kept very low, less than 
1 rad/frame, by a set of attenuators. The positioning scan does many things: it verifies 
that the desired anatomy will be in the image field; it verifies that the injection system 
and timing systems all work; it is a measure of the transit time for the iodine bolus 
from the venous system to the coronary arteries; and it allows the proper gain setting 
for the detector to be determined based on the anatomy of the patient and the available 
photon flux. 

A complete image acquisition sequence is shown in Fig. 3, including the processed 
image and the actual ECG signal. Information is plotted as a function of time 
beginning with the computer command to start the patient chair moving up. The fast 
shutter is not opened at this time. At the beginning of the second scan, after the 
computer has verified proper operation, the command is given to the power injector to 
start the injection which takes about two seconds. The chair continues to cycle up and 
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down. After a predetermined number of chair cycles, the bolus of iodine contrast 
agent is in the heart and image acquisition begins. The images are generally obtained 
10 - 20 seconds after the injection of the contrast agent. On each imaging transit of the 
beam, the shutter opens while data is acquired and then it is closed until the chair 
reverses and another image is to be acquired. After the last image is acquired, the 
chair moves to its rest position. Fig. 4 shows the first and last frames of a 3 image 
sequence taken in an LAO 30° projection. The time between the center of these two 
frames is 4.4 sec , due to the 2.2 sec time interval between the center of each 
successive image. The iodine concentration in the arteries, cardiac chambers and 
pulmonary system changes as the bolus of contrast agent moves through the heart. The 
pulmonary veins seen in A do not show up in B. If another imaging sequence is to be 
done, about 20 minutes is allowed for the iodine contrast agent to clear from the body. 
Otherwise the high iodine background decreases the iodine contrast in the arteries. 

2.2 SMERF-The Synchrotron Medical Research Facility 

The long-term potential of the synchrotron based medical research programs depends 
on the availability of a clinical facility providing high flux, dedicated beam time, a 
medical suite for patient care and local medical support. The construction of 
SMERF at the NSLS met all of these objectives [18]. Fig. 5 shows the floor plan of the 
facility. The high flux is provided by the high-field superconducting wiggler [19]. 
For the imaging procedures, it has been operated at fields between 3 and 4.7 Tesla 
with an NSLS ring current of 180 to 230 mA at 2.584 GeV. The choice of wiggler 
field determines both the flux and the energy harmonic content in the beams. In 
the early operations, the higher field was chosen since flux was required. But 
following the development of the bent Laue monochromator, studies were started in 
which the field was lowered in order to decrease the effects of the harmonics. 

The SMERF facility was constructed to meet the requirements of the medical research 
programs and to meet all applicable health care facility codes for electric, plumbing, 
radiation shielding and infection control. It consists of a Reception Room; a 
Fluoroscopy Room where the venous catheterization occurs under fluoroscopic 
control; the Angiography Room where the patient chair and detector system are 
located; the Physician's Room where the physician controls the imaging; the Data and 
Control Room in which the workstation processing computers are located; the 
Monochromator Room where the monochromator, patient safety system shutters, and 
beam monitor ion chambers are located. 

SMERF is classified as an Ambulatory Health Care Facility. The protocols for 
human research in venous coronary angiography are reviewed frequently by the 
Brookhaven National Laboratory Human Studies Review Committee as well as by the 
Institutional Review Boards of the participating hospitals. Ultimately, the safety of the 
patient is the responsibility of the physician in charge. With the safety system, 
called the Angiography Personnel Protection Interlock system (APPI) [40,41], in 
the patient imaging mode, the physician initiates the imaging sequence from a 
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console in the Physician's Room. The APPI protects the patient from excessive 
radiation dose due to malfunctioning imaging equipment or human error. If a 
problem is detected, the APPI closes the fast shutter in less than 50 msec. The 
APPI system monitors the velocity of the patient chair, the status of shutters, the 
length of time that the shutters have been opened, interlocks on doors and the 
physician's control panel. In the future, it will also automatically monitor the dose 
received by the patient and close the system down if a preset limit is reached. 

As an Ambulatory Health Care Facility, SMERF has medical equipment 
necessary for patient safety. The facility has an ECG/Defibrillator unit and a crash 
cart stocked and maintained by the BNL Medical Department. Emergency response is 
provided by the attendant cardiologists as well as nurses with cardiac intensive care 
unit training and who are advanced cardiac life support certified. A fully 
equipped BNL ambulance and EMT staff may also be called. 

2.3 Medical Constraints - Contrast Agents and Radiation Dose 

The hardware systems in SMERF, both the conventional construction and the APPI 
system, are designed to protect the patient safety. However, there are necessary 
limitations on the procedure which are based on medical factors. The Research 
Protocol approved by the Institutional Review Boards and the BNL Human Studies 
Review Board is intended to carefully screen the patients for risk factors and 
appropriate prior medical histories. At the present time, the patients have to be in 
relatively good health since SMERF is an ambulatory health care facility. They also 
must have a prior history in which they underwent a conventional coronary angiogram 
without medical complications. 

There are two factors that are under the control of the physicians during the actual 
imaging procedure. One of them is the protocol regarding the iodinated contrast 
agent. This research program is" not intended to develop new drugs or to go 
outside the accepted limits of injection parameters; e.g. total volume per kilogram of 
body weight, iodine concentration, injection volumes and injection rates. The 
range of values studied has been 30 to 50 ml of contrast agent at a rate of 13 to 20 
ml/sec with injection into the superior vena cava. Several brands of contrast agent 
have been used with iodine concentrations of 350 - 370 mg/ml. Both ionic and non-
ionic compounds have been used. The maximum amount of contrast agent injected 
during a procedure is calculated based on the patient's weight and carefully 
monitored during the imaging sequence. 

The most obvious of the safety concerns is the radiation dose to the patient. The 
radiation dose limit has been established by the Human Studies Review Committee, 
based on standard doses delivered in conventional angiography procedures. At 
SMERF, the total dose is due to the fluoroscopy during the venous catheterization and 
the monochromatic 33 keV imaging exposure. The dose limits have been 
conservatively set at 7 rad/frame (i.e. for each image) and a total of 35 rad skin 
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entry dose for an entire procedure. The system is calibrated by measuring dose 
delivered to standard TLD dosimeters as a function of integrated ion chamber 
signals. During an imaging procedure, the ion chamber output is measured and 
converted to dose. The fluoroscopy unit is also calibrated in a similar fashion. , The 
important quantity for radiological control and for inclusion in the patient consent 
form, however, is the "effective dose". Extensive calculations have been done at 
the NSLS to determine the effective dose for the monochromatic skin entry dose and 
the fluoroscopy [42-44]. Detailed attenuation calculations based on anatomical 
models are weighted by the tissue weighting factor for each tissue or organ in the 
path of the beam. The tissue weighting factors are taken from ICRP Publication 60 
[45]. It turns out that for a given skin entry dose, the monochromatic beam and 
the 70 kVp fluoroscopy beam deliver about the same effective dose. For a male 
the 35 rad skin entry dose is equivalent to 0.385 rem, whereas for a female with the 
beam incident from the front it is 0.805 rem and 0.595 rem with the beam incident 
from the back. The difference is due to the large tissue weighting factor for breast 
tissue. A detailed running record is kept to assure the staff that the patient dose 
is not exceeding the maximum allowed. In the future, the APPI will have an 
input which will automatically stop the procedure at a preset dose level. 

3. Imaging System Hardware 

The successful history of the coronary angiography project has been highlighted by 
intensive development of the imaging system hardware and software. From the very 
beginning, it was recognized that advanced technologies were required for the 
monochromator, patient positioning and scanning control, dual-energy detector, image 
acquisition and display, patient safety, and image enhancement. In the early years, the 
optical system relied on flat Bragg geometry Si(l 11) crystals [14], a rotating drum system 
to alternate the beam between the two energies [46], a Si(Li) detector with a single linear 
array of elements with 0.5 mm resolution [37], and analysis software written for the 
project. The tremendous success of that early system has been recorded in many previous 
publications. In this section, the monochromator and the detector, two of the primary 
hardware elements which have been improved over the years, will be discussed along with 
a general upgrade project covering items such as the patient chair, the APPI system, and 
the computer control system. 

3.1 Dual-Energy Bent-Crystal Laue Monochromator 

As mentioned earlier, the transvenous synchrotron digital-subtraction technique depends 
primarily on the very high intensity of x-rays available from the synchrotron. The problem 
of insufficient flux for human imaging with high signal-to-noise ratios remained difficult to 
solve for years. Even at the NSLS where the imaging system uses a very efficient detector 
and the radiation is produced by the high field superconducting wiggler, a factor of about 
3 in intensity was needed beyond what was available from the Bragg crystal 
monochromator. Thus, a significant effort was expended in developing a dual-energy 
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bent-crystal monochromator in the Laue transmission geometry. This was an entirely new 
concept in angiography monochromators. 

Calculations based on a lamellar model of a Laue crystal predicted that a bent Si(l 11) 
crystal could provide about a factor of 10 more photons at the iodine K-edge than the 
Bragg reflection geometry [33]. A prototype monochromator was constructed and tested 
at the NSLS with the result that all theoretical predictions were confirmed [34]. The 
original concept for the Laue monochromator employed two crystals in the transmission 
geometry at slightly different Bragg angles to create the two beams of different energies. 
However, the two fan beams can be produced by one bent crystal as shown in Fig. 6. By 
blocking the center of the incident beam with a beam splitter, the upper and lower beams 
focus at a distance F 2 and the energy difference can be calculated from the center-to-
center distance of the two beams. The monochromator is cut out of a single crystal of Si. 
For the angiography system, the central thin diffracting part is 0.7 mm thick, 125 mm 
wide, and 15 mm high. The asymmetry angle, % , of the crystal is 26.22° and the Bragg 
angle for the (111) reflection at the iodine K-edge (33.17 keV) is 3.42°. The thick upper 
and lower portions make the crystal rigid in the horizontal direction and provide efficient 
cooling through contact with cooling water tubes. The crystal is bent into a cylinder about 
the horizontal axis by the two leaf springs. Using the leaf springs, the radius of curvature 
is adjusted to give a good crossover of the beams at the patient position. For the SMERF 
angiography facility where the monochromator is 32.026 m from the source, a bending 
radius of 13.810 m gives a crossover at F 2 = 5.360 m. 

The flux from the monochromator was determined by measuring the Compton scattering 
from a thin Be foil and also from the current in an ion chamber. The measurements were 
done for the wiggler operating at 4.0 Tesla. For the Compton measurements the scattered 
radiation at the fundamental energy and the higher harmonics were recorded by a Ge 
detector. The first harmonic at 66 keV was practically absent because the (222) reflection 
is very weak, but the second harmonic at 99 keV and the third harmonic at 132 keV could 
be identified. The second harmonic was about 1.1% of the fundamental and the third 
harmonic was about 0.03%. The results of those measurements gave a value for the flux 
of 1.03 x 10 1 0 photons/sec-mA-mrad. There was excellent agreement with theoretical 
estimates and the ion chamber measurements. The presence of the harmonics can degrade 
the ultimate image quality since they are far less attenuated by the body and thus 
contribute to the background. Much effort has been expended to understand the effects of 
the harmonics and to develop algorithms to remove them from the images [47-49]. In 
addition, a recent experiment at the NSLS was designed to measure the quality of a human 
image with wiggler magnetic fields of 4.0 and 3.0 T [50]. The harmonic content of the 
beams, relative to the 33.17 keV fundamental, is reduced by a factor of 4.3 going from 4 
to 3 T. The images are of better quality with the lower field due primarily to less bone 
artifacts in the subtracted images. 

The monochromator is aligned so that the two beams bracket the iodine K-edge by 
rocking the crystal with the monochromatic beams transmitted through an iodine solution. 
The proper setting occurs when the high energy beam is preferentially absorbed relative to 
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the low energy beam. Fig. 7 shows typical iodine K-edge scans with the Laue and Bragg 
monochromators aligned for human imaging. The beam heights at the patient position 
were 0.5 mm. For the Bragg case the height was adjusted by a set of vertically limiting 
slits located after the monochromator. The wiggler magnetic field was 4.7 T for the 
Bragg case and 4.0 T for the Laue case. Both sets of data are normalized to the same 
storage ring current. The white beam in the Laue case was attenuated 25% by an Al filter 
in order to reduce the monochromatic intensity to the level allowed for the imaging 
procedure. For the conditions during these tests, the Laue monochromator provided a 
gain in flux of a factor of 15, although the actual gain for the human studies turned out to 
be about a factor of 9. The figure also shows the energy bandwidth in the beams, which 
for the Laue case was about 140 eV and for the Bragg case about 80 eV. The energy 
separation of the beams was about 260 eV. 

The first human imaging study with the Laue monochromator was done in October 1992 
with the x-ray ring current at 206 mA and an energy of 2.584 GeV. The wiggler field was 
4.0 Tesla. In order to keep the dose per image frame below the allowed upper limit of 7 
rad/frame, a total of 1.27 mm of Al was put into the white beam as an attenuator. The 
dose was measured to be 5.4 rad/frame. For the patient positioning scans, additional Al 
filters were inserted to reduce the dose to about 0.7 rad/frame. The image quality was 
sufficient to obtain absolute iodine concentration images which allowed quantification of 
the arterial cross sections. 

3.3 Detector and Data Acquisition 

The detector is made of a single, large crystal of lithium drifted silicon (Si(Li)) 
and is the latest in a series of detectors [36]. A schematic of the detector is shown 
in Fig. 8. There are 1200 detector elements with a center-to center spacing of 0.25 
mm which determines the horizontal pixel size. Vertical resolution is determined by 
the data acquisition time per line and has usually been 0.5 mm. Since all detector 
elements are on a single piece of silicon they all have similar response. Leakage 
current is minimized by cooling the detector to -20 °C and by having a guard ring. 
The vertical pixel size is deterrnined by the beam size at the patient. The detector 
elements are divided into two parallel rows of 600 elements each with the rows 
separated by 0.2 mm. The active area of the detector is 160 mm wide by 11 mm high. 
The Si is 5 mm thick. For this thickness, the detection efficiency is about 70% for 33 
keV x-rays and less than 5% for 99 keV photons. Signals are taken by twisted pair 
cables to the detector electronics. All 1200 channels are measured every 4.17 msec. 

The electronics of this system integrate current rather than counting individual 
photons. The mcident x-ray beam is monochromatic so that the integrated current 
is proportional to the x-ray flux. Each channel has a two-stage operational 
amplifier with a programmable gain that can be changed by factors of two in eight 
steps achieving a total range of 128. Each channel also has a programmable 8-bit 
digital-to-analog converter that is added together with the input of the 
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operational amplifiers to compensate for variations in the leakage current. This offset 
is called the pedestal. 

The output of the amplifier is fed to a voltage-to-frequency converter, selected for 
a linearity of 0.01% or better. A dynamic range of 40000:1 with a cycle time of 
less than 4 msec is achieved by a reciprocal counting technique. The range of 
sensitivity at 33 keV is from 163 photons per digital output count at the lowest gain 
to 1.3 photons per digital count at the highest gain. 

In order to niinimize the effects of a small component of 60 Hz noise in the 
readout signal, the data is acquired in synchronization with the 60 Hz line 
voltage. Each cycle of the voltage is divided into four sections or phases giving 
a repetition rate for the data acquisition of 240 Hz. This determines the 4.17 
msec integration period. The average noise level for each phase is measured before 
and after a series of image frames and subtracted from the corresponding data. 

The data acquisition computer is interfaced to several different pieces of equipment. 
It controls the chair motors and measures the chair position using encoders. The 
APPI safety system verifies that the chair is moving at the correct speed when the 
shutters are open. In addition, the computer opens and closes the safety shutters, 
triggers the contrast agent power injector, and monitors the status of the safety system. 

The interface to the detector electronics is handled using a digital signal processor 
(DSP) which fans out command and data cables to five VME crates. The DSP 
acquires a line of data by sending out a command to latch a copy of the data from 
each of the 1200 channels into a matching buffer. The original data registers are 
reset and the DSP reads out the latched copies of the channels by sequencing through 
the 1200 channel addresses. The raw data files can then be processed to 
obtain logarithmically subtracted images which are displayed in a few minutes. 
These images are later fully processed on a UMX workstation where bad 
channels are removed, color tables and contrast are adjusted, and image enhancement 
routines are applied. The processing is done using Interactive Display Language 
(IDL), a commercial image display and processing system [51]. 

The detector system has been extensively tested for performance specifications [36]. 
The noise of the system is very close to the limits set by the counting statistics of the 
incoming beam once a correction for the fluctuations in the incident beam has been 
made. The measured non-linearity of the system is typically less than 0.02%. The 
modulation transfer function is also in agreement with calculations based on the 
detector properties. 

3.3 SMERF Upgrade Project 

Over the years of development of the project, numerous limitations of the 
hardware and software components had been noted. Some of the equipment when 
constructed, such as the chair and the new Laue monochromator, were intended only 
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as prototypes. Long term reliability and continued advancements in the state-of-
the-art were dependent upon a thorough upgrade of the imaging system, the safety 
system and the software. Beginning in 1993, the Coronary Angiography Reliability 
Upgrade Project became reality and is nearing completion [31]. Along with most 
major components, several small, but important, items were replaced. They include 
new ion chambers for dose measurement and image normalization, new beam 
transport hardware, computer controlled filter assemblies for beam attenuation and 
calibration needs, a computer controlled iodine calibration system, a new fast acting 
safety shutter, and advanced image processing computer systems. 

The Laue monochromator which had existed as a prototype was completely 
reconstructed to assure reliable operation, improve the crystal mounting and cooling 
for better stability, and to improve shielding against scattered radiation. A 
major improvement to operations was to rebuild the monochromator room so that 
local shielding at the optical and safety components was reduced. That led to easier 
and safer access to the components and increased flexibility for multiple programs on 
the beamline. 

Prior to the upgrade project, the rate of the image acquisition was limited to 4.17 msec 
per line by the limited performance of the chair and by the readout time of the 
detector system. Significant improvements in both of these systems have been made. 
A completely redesigned patient chair has the capability of translating vertically 
at up to 50 cm/sec. In addition, all of the axes and translations are computer 
controlled which will allow changes in the patient orientation between consecutive 
scans. That will permit quasi-stereoscopic imaging to be done. In addition, the 
computer control will allow the heart to remain at the beam crossover point when the 
projection is changed. With a fully programmable acceleration ramp, the patient 
comfort will be increased. 

The limitation of the detector readout has been addressed so that the new detector 
electronics being constructed will read all channels in less than 2 msec. Thus, 
imaging at 24 cm/sec will allow much better phasing of the image to the cardiac 
cycle. The old detector had problems with a number of bad channels which were due 
to the way in which the signals from the detector fanned out to exit the cryostat. That 
problem has been addressed in the new detector and should greatly reduce their 
number. Otherwise the new detector is very similar to the old one, since it has been 
very reliable and efficient. 

Patient safety is always the highest priority in the program. The original APPI 
system from Stanford had performed extremely well. However, additional 
interlock inputs were required for the automated dose limit monitoring and to accept 
safety system inputs from other medical projects. Construction of the new APPI 
system is being done with state-of-the-art technology and will improve safety and 
flexibility in operation. 
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4.0 Image Processing 

After a set of frames has been completed, the image data is transferred to a 
workstation for display and any desired image enhancement. Based on the 
calibration data taken for each channel, the image data is corrected for the 
pedestal, normalized with the dual-beam ion chamber monitor data, and then 
normalized with the calibration file to remove pixel-to-pixel variations. The results are 
the high and low energy image files. The raw data often contains bad channels. Bad 
channels can result from short circuits, open connections or high noise. 
Compensating for bad channels is complicated by the fact that the definition of a bad 
channel is count-rate dependent. If it is located in a section of an image with a low 
count rate, it will have a greater effect than if it is in a high count location. Human 
images cover a large dynamic range, so it is difficult to automatically find and correct 
all bad channels by computer. It is necessary for an operator to find many of the 
channels. Usually, correcting them means that the channel values are replaced by the 
average of the adjacent channels. The unprocessed image in Fig. 9A shows a large 
number of bad channels. That problem will be reduced by the new detector cryostat 
design. 

Once the bad channels have been corrected, the displayed images can be enhanced 
by image processing routines. The general goal of processing on the workstation is 
to enhance the iodine signal relative to the background. Contrast enhancement 
routines have been developed to try to improve the visibility of arteries where they 
overlay other cardiac structures [47-49]. A workstation environment coupled with 
the use of IDL at the NSLS presents a very user friendly image display system 
for physicians. It is very important for the physicians to be able to adjust the 
viewing parameters such as color table, contrast levels, positive or negative 
images in order to optimize the interpretation of the data. Fig. 9 compares an 
unprocessed subtracted image taken at the NSLS with its processed 
counterpart. The image was processed to remove the bad channels and to highlight 
the arterial structures by an iterative median filter algoriuim. 

One primary goal of the project is to be able to quantitatively analyze the lumen of 
the arteries which are visualized. The development of such a protocol has been 
under way at the NSLS for several years [47-49]. Since there are two signals 
which are simultaneously measured, one from a beam above the K-edge and one from 
a beam below the K-edge, two areal mass densities can be calculated for each pixel. 
One of the images can thus be iodine and the other can be water. Actually, the 
water image contains information on bone and other tissue since the absorption 
coefficients are different. Analysis procedures have been developed to arrive at 
these areal mass densities with corrections for detector cross-talk, spurious 
background signals from other body tissues, and beam harmonics. From the iodine 
mass density image, the relative arterial cross-sectional area can be determined by a 
line integral across the artery. The cross-sectional area can, under some 
circumstances, be an absolute value. In general the values along an artery will be 
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relative since either the absolute area of some part of the artery cannot be known or 
because the exact iodine density following dilution is uncertain. For this analysis, the 
venous injection technique has a great advantage. Although diluted to a concentration 
of only 15 mg/cm3, me iodine will be uniformly mixed in the blood. The 
concentration everywhere in the heart and arteries will be the same, allowing relative 
cross-section measurements to be confidently calculated. 

One of the severe limitations of the projection angiography is that it is not possible 
to distinguish a change in the apparent measured cross-sectional area from a change 
in the projection angle. A stereoscopic system would allow two simultaneous images 
at different angles to be taken [52]. That would allow spatial reconstruction of 
the vessels and present a more accurate visualization of the anatomy. A second 
method to get depth information would be to take two consecutive images with the 
patient orientation changed between them. Although not truly stereoscopic, that 
would allow clarification of the projection dependent ambiguities. 

5.0 Optimization of Wiggler Field and Detector Resolution 

A problem associated with producing 33 keV imaging x-rays using a monochromator 
crystal and a broad band, white-beam source is that significant intensities of harmonics 
may be produced. The harmonic signal adds a background component to the high and 
low energy images which increases the noise in an absolute iodine image [47-49]. 
Even for the Si(lll) reflection in which the first harmonic at 66 keV is suppressed, the 
wiggler flux at the second and third harmonics (99 and 132 keV) is high enough to 
contribute significant x-rays. The lower detector efficiency at the higher energies is 
somewhat offset by die lower absorption in the patient. The result is that several 
percent of the detector signal may be due to harmonics of the fundamental. 

The amount of harmonic radiation in the beam is dependent upon die wiggler field. 
Reducing me field from 4.0 T to 3.0 T, for example, reduces the ratio of 99 keV to 33 
keV flux by a factor of 4.3 while only decreasing me 33 keV intensity by a factor of 
0.58. Although me effect on me image quality has been calculated, and algorithms 
written to iteratively remove me harmonics, it was important to measure me effects 
quantitatively in human images. Thus, on 10/22/93 a patient was imaged twice in the 
same orientation wim all parameters held constant, even me x-ray intensity, except me 
magnetic field of me wiggler. The first set of images was taken at 3.0 T and about 40 
minutes later a set of images was taken at 4.0 T. 

As expected, me images obtained at 3 T were somewhat better tiian those at 4 T. The 
primary reason is that me harmonics are not attenuated by bone nearly as much as me 
fundamental at 33.17 keV. For diat reason, the subtracted images showed more ribs 
and backbone at the higher field. That is important for me data analysis since any 
algoriflim for removing the artifacts due to harmonics may introduce errors, degrading 
me quantitative results of me arterial cross-sections. Detailed analysis in progress 
shows that for a normal patient thickness, the harmonics in the beams at the higher 
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wiggler fields causes errors in the absolute iodine calculations. In the future, the 
imaging will be primarily done at wiggler fields of 3 T where the harmonics present no 
problems and where there is sufficient flux. 

During the history of angiography research at the NSLS, 16 patients have been imaged 
using either a) a 600 element, 0.5 mm resolution detector, or b) a 1200 element, 0.25 
mm resolution detector. In anticipation of the beamline equipment upgrade, a decision 
had to be made whether to continue research with either the existing 0.5 mm or 0.25 
mm design or to develop a new intermediate resolution design. Data was obtained on 
the detector resolution and modulation transfer function with both detectors by imaging 
a variety of test targets and by imaging a human patient [36,50]. The complexity of 
the human anatomy was thought to be responsible for some degradation of prior image. 
Although one patient had been imaged with both detectors two years apart, significant 
enough changes had been made in the optics that it was felt necessary to image a single 
patient on the same day. That was accomplished on 10/21/93 using the bent Laue 
monochromator and the wiggler at 4.0 T. 

In general the 1200 channel, 0.25 mm pixel, detector performed better than the 600 
element detector. The images show that the noise in the iodine images is unaffected by 
the detector. Visually, the 1200 channel detector shows clearer views of the most distal 
branches of the arteries, i.e. those less than 1 mm in diameter. They are thus more 
useful to the physicians. The horizontal modulation transfer function (MTF) for the 
1200 channel detector was 0.80 at 1 line-pair/mm and 0.5 at 2 line-pairs/mm. For the 
600 channel detector it was 0.60 at 1 line-pair/mm. For the vertical MTF, nearly 
identical measured values of 0.60 at 1 line-pair/mm were found for both detectors, 
equal to the 600 channel horizontal value. That result is in agreement with the vertical 
resolution of 0.5 mm due to the vertical beam size, data acquisiton rate and scanning 
speed which was the same for both systems. The measured MTF was not a function of 
the iodine concentration or the detector gain [50]. 

6.0 Advanced Technology Initiatives 

The present image acquisition and processing system limits the real-time information 
available to the physicians. In addition, the imaging sessions are restricted to periods of 
time when the storage ring is operating near its maximum stored current. These 
limitations can be overcome by utilizing a real-time image visualization and processing 
system coupled with a new x-ray source with higher flux. In April 1993, the NSLS and 
Advanced Acoustic Concepts, Inc. (AAC) began discussions concerning a collaboration to 
develop such an image acquisition, processing and display system [53,54]. This 
collaborative team is in its first year of a proposed two-year program to incorporate 
technology which is unique to the Acoustic Intercept Screener Processor System (AISPS) 
developed by AAC for the US Navy. A block diagram of the proposed Coronary 
Angiography Processing System and its interface to the present detector and control 
system is shown in Fig. 10. The imaging system will incorporate over 1 Gigaflop of 
computing power which will be used to reconstruct images of coronary arteries. The 
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logarithmically subtracted images will be displayed in real-time, with each line being 
processed and displayed in 1 msec. Future potential would include stereographic 
processing capability. This system will comply with the evolving DICOM standards and 
will develop a fiber optic interface which will allow remote analysis of the images 
generated at the NSLS facility. The current approach calls for a fiber optic interface from 
the 1200 element x-ray detector to the image processor. This will greatly reduce the 
interface cabling requirements and will reduce the possibility of crosstalk between the 
detector channels. This interface can potentially be applied to other x-ray detector 
problems as required. NSLS personnel are preparing a conceptual design report for a new 
superconducting wiggler insertion device in order to improve the x-ray source at the 
synchrotron. Development will also take place on a high speed optical fiber data, image 
and voice link for communication between the NSLS, the SUNY Health Sciences Center 
and other institutions. 

The angiography program and its technology are now based at a large synchrotron at a 
national laboratory. In order for the technology to become widespread, and therefore of 
greater value to the general population, compact sources of x-rays with sufficient flux 
coupled with the necessary digital subtraction imaging system must be developed. In April 
1993, the NSLS and Science Research Laboratory, Inc. began discussions concerning a 
collaboration to develop such x-ray sources [53,54]. This collaborative team is in the first 
year of a proposed four-year program leading to the development of a Dual-Energy 
Angiography System compatible with the requirements for clinical use: high iodine 
selectivity, compact size, low weight and low cost. The approach will be to produce x-
rays with a characteristic-line x-ray source driven by a compact, electrostatic electron 
accelerator. An early concept for the system is shown in Fig. 11. The NSLS will develop 
a system to gate the image acquisition from signals related to the position of the iodine 
contrast agent bolus in the patient and the ECG. 

7.0 Human Images 

The transvenous coronary angiography project advanced in well defined stages in 
preparation for the human imaging experiments. After the system was thoroughly tested 
on various phantom models, a series of imaging procedures was done on dogs at SSRL 
[7]. That step was necessary to prove that the imaging system could adequately, and 
safely, visualize the coronary arteries of the dogs without arterial motion artifacts and with 
maximal sensitivity to iodine and minimal sensitivity to soft tissue and bone. The excellent 
results obtained convinced the research team to move forward with human imaging 
studies. 

The first human studies were done at SSRL in 1986 [8]. A total of seven patient 
imaging procedures were carried out over the next three years. Although somewhat 
limited by photon intensity, those studies were very successful and showed that 
much of the Left Anterior Descending Coronary Artery (LAD) and Right Coronary 
Artery (RCA) could be visualized very well. In addition, the Left Interior Mammary 
(LIMA) and Right Interior Mammary Arteries (RIMA) could be very easily seen. 
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It was possible to assess the condition of some venous bypass grafts. Indeed, the 
results of the imaging were of great benefit to some of the patients. The experiments 
concentrated on learning about the protocol for the imaging, the injection parameters 
and the viewing angles. Steady improvements in the imaging hardware and software 
occurred. Some of the images obtained at SSRL have been published and discussed 
from both a technical and medical perspective [8-15]. One of the important 
findings was that the temporal sequence of images taken over a span of four to six 
seconds is very useful in optimizing the visualization of the arteries. As the bolus 
of iodine becomes more dilute in the large vessels such as the aorta and ventricles, 
the arteries overlying them become much more visible. 

Following the move of the project to the NSLS, the first human images were 
obtained there in 1990 [21]. Since then, a total of 16 imaging procedures have been 
performed in SMERF, once again concentrating on optimizing hardware, software 
and medical protocol [16-21,35,36,47-49]. Although the early experiments at the 
NSLS were also flux limited, they did continue to prove that the transvenous 
synchrotron angiography was a valuable tool for imaging the LAD and RCA, 
although quantitative information was not available. The development of the Laue 
monochromator raised the flux available for the human studies by a factor of nine. 
That meant that the imaging was no longer source limited, rather that it would be 
limited by the radiation dose limit imposed by the Human Studies Review Committee. 
It also meant that imaging could be done with the new detector with 0.25 mm spatial 
resolution. 

Images obtained at the NSLS have shown a wide range of arterial conditions. 
Healthy arteries have been the most common result [35], but in one case a completely 
blocked RCA with a large marginal branch was seen. Interestingly, the distal portion 
of the RCA could be seen to fill later via collateral flow [18]. The quantification 
of a partial residual lesion in an RCA following balloon angioplasty was discussed in 
the image processing section above [49]. A similar residual lesion was seen in the 
LAD of another patient [17]. 

Each of the three standard projections which have been used to date has particular 
advantages for visualizing various arteries. The Left Anterior Oblique (LAO) view 
is excellent for the entire RCA, and as the bolus dilutes, for the Left Main. Fig. 4 
shows two frames taken in an LAO 30° projection, 4.4 seconds apart. The image also 
shows the intercostal arteries in that patient. A second view of the same patient taken 
later on the same day is the Left Lateral projection shown in Fig. 12. The two frames 
taken 4.4 sec apart show the LAD and RCA in the early view, and the Left Main and 
Circumflex in the later view. Both the LIMA and RIMA are easily seen although they 
overlap in this particular projection. The third view shown in Fig. 13 is a Right 
Anterior Oblique 30° projection of another patient. The image shows where the 
LIMA is connected to the LAD (at the point indicated by ANAS) to bypass a blockage 
in the LAD. The LAD distal to the bypass is clearly seen to be patent. 
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The future looks very bright for the transvenous coronary angiography project. 
With the upgraded hardware and advanced image processing systems, medical 
research programs will soon begin. Studies will be undertaken to compare the 
technology directly with conventional imaging, experiments will determine how 
distal to the heart the injection can be made, quantification of arterial lesions will be 
possible, and long term serial imaging experiments can be carried out to assess 
the progress or regression of natural disease or following intervention. 
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FIGURE CAPTIONS 

Fig. 1. - The x-ray spectrum generated by the SMERF superconducting wiggler at 4.0 T 
and 250 mA compared to a tungsten rotating anode x-ray tube operating at 150 kVp and 
500 mA. 

Fig. 2. - A schematic representation of the arrangement of the imaging hardware installed 
in SMERF. In addition to the monochromator, patient chair and detector the primary 
components are: A = iodine calibration cell and ion chamber; B = fast-acting safety 
shutter; C = photon shutter; D = dual-beam ion chamber monitor with slits; E - variable 
beam attenuator; F = plastic calibration step wedge; G = dose monitoring ion chamber; H 
= bremsstrahlung radiation backstop; I = shielded wall with scattered radiation collimator. 

Fig. 3. - The sequence of events during an imaging procedure starting at the scan 
command from the control computer. For the digitally subtracted image shown, the 
patient was moving down. The actual electro-cardiogram signal is plotted next to the 
image. 

Fig. 4. - Two images taken of the coronary arteries of a 66 year-old female patient in an 
LAO 30° projection. Image (A) shows almost the entire Right Coronary Artery (RCA). 
LV is the left ventricle and AO is the Aorta. One of the Pulmonary Veins is indicated by 
PV. Image (B) was 4.4 seconds later than (A) showing that in this particular view, the 
RCA and Left Main (LM) arteries are seen. The Intercostal Arteries are shown as IC. 
By the time (B) was taken the pulmonary veins were not evident. The wiggler field was 
4.0 T and the detector horizontal resolution was 0.5 mm. 

Fig. 5. - The floor plan of SMERF showing the patient care facilities and the support 
rooms. The clinical area of SMERF is about 150 m2. 

Fig. 6. - The Laue crystal monochromator: A = motion of micrometers on leaf spring 
benders; B = white beam splitter; C = incoming white beam; D = diffracted 
monochromatic fan beams; E = Laue crystal; F = theta stage; G = water cooling tubing. 

Fig. 7. - Monochromatic beam transmission through an iodine filter as the dual energy 
Laue and Bragg monochromators were scanned through the iodine K-absorption edge. 

Fig. 8. - Schematic of the Si detector geometry for the 1200 channel detector. 

Fig. 9. - Comparison of an unprocessed subtracted human angiography image (A) with the 
fully processed image (B). The processing consisted of removing the bad detector 
channels by averaging adjacent channels and then applying an iterative median filter to the 
entire image to enhance the iodine contrast. This image was taken with the wiggler field 
at 3.0 T and 0.25 mm horizontal resolution. 
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Fig. 10. - Block diagram of the Coronary Angiography Processing System being 
developed for real-time image acquisition and display of the dual-energy images. 
(Courtesy of Advanced Acoustic Concepts, Inc.) 

Fig. 11.- Proposed clinical dual-energy x-ray imaging system. (Courtesy of Science 
Research Laboratory, Inc.) 

Fig. 12. - The patient for Fig. 4 was also imaged on the same day in a Left Lateral 
projection. The two left lateral frames shown in this figure were 4.4 seconds apart. In this 
view, the Right Coronary Artery (RCA), Internal Mammary Arteries (IM), the Left 
Anterior Descending Artery (LAD) and the Circumflex Artery (CIRC) are seen. AO is the 
aorta and LV is the left ventricle. 

Fig. 13. - An RAO 30° projection of a 70 year old male patient. The image shows the Left 
Interior Mammary Artery (LIMA) connected to the distal Left Anterior Descending 
Artery (LAD) at an anastomosis (ANAS). The Right Interior Mammary Artery (RIMA) 
was also grafted to an obtuse marginal branch. LV is the Left Ventricle and RCA is the 
Right Coronary Artery. 
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