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X-ray based methods are one of the premier tools for determining structure of a broad range of materials at the 
atomic level.  Such information, including that on biological materials, has driven discovery and advances in 
many ways that range from gaining fundamental insights into structure-function relations to guiding the 
development of new materials based upon knowledge of structure.  Diffraction of x-rays from single crystals of 
macromolecules has provided the vast majority of such information currently available today for biological 
systems. Other techniques like NMR and electron microscopy provide complementary information.  One of the 
"limitations" of x-ray diffraction is the requirement for single crystals.  While EM does not have this 
requirement, in practice cryo-EM approaches have not been able to achieve atomic resolution.  The ability to 
"image" biomolecules at high resolution would be a significant advance.  This brief talk will describe a new 
approach to that goal based upon the use of ultra bright x-rays that would become available from an X-ray free 
electron laser such as the proposed LCLS at Stanford. Simulations indicate that such a source could be used to 
obtain atomic or near-atomic resolution structures from non- periodic samples, including single biomolecules.  
The nature of the experiment is such that there is also a more direct way of obtaining phase information that is 
necessary to recover the real space image from the intensity information that is recorded in diffraction space.  
This talk will briefly describe this new approach.  
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Molecular Therapeutics in Cancer 
     

James Rubenstein, M.D., Ph.D. 

 
A framework of potential biological targets which are specific to cancer cells has emerged and provided the 
opportunity for the development of new classes of therapeutic agents.  Some of these targets are the consequence 
of genetic mutations while others arise from epigenetic changes in cancer cells.  These alterations are responsible 
for each of the characteristic features of the malignant cell phenotype: an increased drive to proliferate and to 
invade tissues, the ability to build a new tumor-specific vasculature - a process termed angiogenesis, a decreased 
sensitivity to undergo programmed cell death in response to cellular damage, and the ability to suppress the 
process of immunosurveillance.   
 
Mutations which directly promote carcinogenesis typically affect two distinct classes of genes, oncogenes and 
tumor suppressor genes.  Mutations involving oncogenes result in the aberrant activation of the corresponding 
gene products, resulting in the stimulation of cell growth and survival; these mutations act dominantly and are 
not hereditary.  Important examples of oncogenes are the bcr-abl nonreceptor tyrosine kinase which is the basis 
for chronic myelogenous leukemia, mutations in the ras family of GTPase signaling molecules which are 
commonly found in solid tumors, and the chromosomal translocation which results in the activation of bcl-2, a 
protein which inhibits programmed cell death, often found in non-Hodgkin's lymphoma.  Mutations of tumor 
suppressor genes result in their inactivation; these mutations are recessive and constitute the basis for herediitary 
cancer syndromes such as retinoblastoma, Li-Fraumeni syndrome or familial adenomatous polyposis.  
Epigenetic biological processes such as tumor angiogenesis are driven largely by cytokines whose expression is 
increased in tumor cells; among these, vascular endothelial growth factor (VEGF) may be the most important.  
Elaboration of VEGF by cancer cells may also have a role in the suppression of immunosurveillance.   The 
molecular genetic analysis of cancer is having a significant impact on clinical practice in oncology in two ways: 
one, by facilitating diagnosis and two, through the translation of this information into the development of novel 
therapeutics which selectively target genes which are specifically expressed in cancer cells.  Detailed insights 
into the molecular characteristics of these targets is requisite in order to develop these agents. 
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Cancer of the Lung 
 

Katsuhito Yamasaki, M.D. 

 
Department of Radiology, Kobe University Hospital, SPring-8 

 
The Medical Application Committee of SPring-8 met. A standard expectation for diagnosis is differentiation of 
the tumor as either benign or malignant, necessitating the risk of biopsy. Our hope is to differentiate without a 
biopsy. In our CT 630 biopsy cases, pneumothorax occurred 20% in cytology and 40% in tissue biopsy. Another 
expectation is early detection of cancer and angiographies of micro vessels.   
 

1. Refraction imaging and histological correlation is used in excised human lung tissue.  Study was 
performed to evaluate the special resolution with synchrotron radiation on 2mm thick sections of excised 
normal human lung.  Fine structure of secondary pulmonary lobules is visible.  Even acinus is visible in 
excised mouse lung, but human lung is about 20 cm thick.   Our target is secondary pulmonary lobule. 
This is polyhedron; size is from 1 to 1.5 cm.  In conventional X-ray study, this is not visible. Lung 
disease occurred in secondary lobules as schema. Observation of secondary Lobules are important.   

2. In another study, we observed refraction lung imaging with analyzer crystal.  In this study, the sample is 
rather thick - about 1 cm.  Secondary lobule structure is visible.   

3. 3. Earlier detection of lung cancer can be expected. Detectability will improve using Synchrotron 
radiation. 
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Contrast Agent Enhanced Radiotherapy 
 

H. Elleaume, J. F. Adam, A. Joubert, S. Corde, A. M. Charvet,  
J. F. Le Bas, J. Balosso, F. Estève 

 
In conventional radiotherapy, the treatment of brain tumours is a delicate challenge because it is difficult to 
deliver a high therapeutic radiation dose to the tumour, without exceeding the surrounding healthy tissues 
tolerance. Norman and co-workers [1, 2] proposed a new approach to obtain a high X-rays dose inside the 
tumour while sparing surroundings tissue. A contrast agent (iodine or gadolinium) is injected intravenously; it 
will accumulate in the tumour interstitium if the blood brain barrier is disrupted. The tumour irradiation takes 
then place by means of a conventional scanner (X-rays of weak energy 50-100 keV). The increase of dose 
deposit in the tumour, with regard to healthy tissues, results from the combination of two effects:  

 
The contrast agent accumulation in the tumour, after blood brain barrier breakdown, leads to dose enhancement 
due to photoelectric effect on the iodine atoms [3].  
The irradiation geometry: the beam dimensions are fitted to the tumour size and the radiotherapy is made in 
tomographic mode, the tumour being located at the center of rotation [4]. 
 
The X-rays stemming from a synchrotron source are ideal for this kind of treatment, because one can easily tune 
a quasi-monochromatic beam to the optimal energy, providing the best compromise between an important 
photoelectric effect and an acceptable dose to the surrounding tissues.  
We first made in vitro measurements for assessing the dose enhancement according to the iodine concentration 
and the radiation energy. We estimated the cyto-toxicity effect of synchrotron x-rays on cellular survival 
(SQ20B cells) with or without iodinated contrast agent. A study was then undertaken on rats bearing a brain 
tumour (F98 model) to optimise the injection parameters. The contrast agent uptake of the tumour is a key issue 
with this method. The aim was to obtain the highest contrast agent concentrations for the overall irradiation time. 
A first radiotherapy trial was then attempted on a series of rats. All control untreated animals died 12 days after 
tumour implantation. The rats, which received synchrotron therapy and the contrast agent infusion, showed the 
longest lifetime.  
 

This preliminary result on a short series is very encouraging. Many parameters remain to be studied and 
optimised: The beam characteristics will be improved (geometry and energy bandwidth) to reduce the irradiation 
time. We will try to improve the contrast agent uptake with medical drugs susceptible of increasing blood brain 
barrier permeability. 
 

Norman A, Ingram M, Skillen RG, Freshwater DB, Iwamoto KS, Solberg T. X-Ray Phototherapy for canine brain masses, 

Radiation Oncology Investigations 1997; 5; 8-14. 
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Medical Application of Synchrotron Radiation at Elettra:  
the SYRMEP Beamline   

 
Giuliana Tromba 

 
SYRMEP Collaboration - Sincrotrone Trieste 

 

In conventional radiology the image formation is related to the absorption properties of the sample.  Image 
contrast is originated by a variation of density, composition or thickness of the sample and is based exclusively 
on the detection of amplitude variation of the transmitted X-rays. The main limitation of this technique is the 
poor enhancement of weakly absorbing details in soft tissue.  
 
The high intensity and high transverse coherence of radiation delivered from third generation synchrotron light 
sources like Elettra represent unique opportunity to investigate novel X-ray imaging approaches that can be 
extended out also to medical radiology. These techniques are based on the observation of the phase shifts 

produced by the object on the incoming wave. In the energy range of 15�25 keV, the phase shift is up to 1000 
times more sensitive to variation of the structure and composition of soft biological tissues when compared to 
absorption. Therefore it is possible to reveal phase effects even if the absorption is negligible.  In the diagnostic 
radiology energy range three different approaches for phase effect-based techniques can be considered: the 
PHase Contrast (PHC) radiography, the Diffraction Enhanced Imaging (DEI) and the X-ray interferometry. 
 
At Elettra a dedicated research program is carried out at the SYRMEP beamline where the use of PHC and DEI 
techniques in different contexts of diagnostic radiology is studied. Recent results obtained with test objects and 
specimens of medical relevance are shown.  
 
Particular interest is devoted to the application of the PHC technique to breast imaging. Several samples of full 
mammary gland have been studied and the obtained images have been compared to conventional radiographs.  
 
PHC and DEI techniques bring significant improvements to the quality of images and do not require an increase 
in the delivered dose. For instance, with the PHC technique a reduction of 30-40% on the mean glandular dose 
has been obtained with respect to conventional images.  
 
In the near future the beamline will be upgraded and a medical facility will be built to perform in vivo clinical 
studies in mammography.  The sketch of the new beamline and the proposed protocol of examinations will be 
presented. 
 

6 



New Results of the Large Human Study on Intravenous Coronary Angiography 
with Synchrotron Radiation 

 
W.-R.Dix(a), W.Kupper(b), M.Lohmann(c), J.Metge(a), B.Reime(a), E.Rubenstein(d) 

 
(a)HASYLAB at DESY, Hamburg, Germany 
(b)Heart Center, Bad Bevensen, Germany 

(c)University of Siegen, Dept. of Physics, Germany 
(d)Stanford University School of Medicine, Stanford CA, USA 

 

The method of dichromography with synchrotron radiation was first developed at SSRL. It was applied for 
intravenous coronary angiography, and the first human subjects were examined in 1986. Meanwhile the 
investigation of patients using this technique are performed at several synchrotron radiation laboratories. The 
method allows the visualization of very low contrast of iodine down to a mass density of 1 mg/cm2, 
corresponding to a dilution of the contrast agent by a factor of 40 in small coronary arteries of 1 mm in diameter. 
 
At the Hamburger Synchrotronstrahlungslabor HASYLAB at DESY in Hamburg, the NIKOS-system was 
developed for the new method. To date a total of 379 patients were investigated with the system with 230 of the 
379 patients included in a study with a fixed protocol. The goal of the study was validation of the intravenous 
method versus conventional selective coronary angiography with the hypothesis that satisfactory diagnostic 
quality for follow-up patients can be reached with the new intravenous method compared to the conventional 
selective one. As a result, the independent reviewers reached a positive predictive value of 83% for all segments 
of all target vessels including side branches down to 0.8mm in diameter, stents and bypasses, and a negative 
predictive value of 96%. 
 
Furthermore, the intravenous coronary angiography is compared with the competing methods such as MRI, 
EBCT and MSCT. The advantages and disadvantages of the different methods are determined. One major 
advantage of MRI is the possibility of determining not only the morphology, but also function parameters such 
as perfusion, vitality and cardiac function.  It is therefore possible that this same information might be 
determined from the study of intravenous angiograms.  Very preliminary results are promising.  
 
Overall the work shows that the method will not replace selective coronary angiography but it could be used for 
several applications without risk and with good results to the patients. One obvious application is the control of 
stents. Another interesting application could be early and late post-operative control of bypasses.  
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Intravenous Coronary Angiography System II at the PF-AR 
 

K. Hyodo a, M. Ando a, S. Ohtsuka b, I. Yamaguchi b, T. Takeda b, and Y. Itai b 

 
a Photon Factory, Institute of Materials Structure Science, KEK 

1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan 
b Institute of Clinical Medicine, The University of Tsukuba 

1-1 Ten-nodai, Tsukuba, Ibaraki 305-0001, Japan 
 

 
The two-dimensional imaging system (System I) for intravenous coronary angiography using synchrotron 
radiation produced by a multi-pole wiggler (MPW) was completed in 1996 at the AR. After further 
improvement, System II has been employed for clinical examination since 1999 under collaboration between the 
University of Tsukuba and the Institute of Materials Structure Science.  
 
The characteristics of the imaging systems are summarized in Table 1. A monochromatic X-ray beam is obtained 
via an asymmetrically cut silicon crystal with (311) reflecting planes installed 40 m from the center of the MPW, 
yielding a field size of 120-140 mm (V) by 75 mm (H). Images are taken at above the K-edge energy of iodine 
(33.2 keV - 37 keV) using an image intensifier/television (II-TV) system, and recorded by digital video tape 
recorder. The X-ray exposure dose to patients and motion blur of the heart in an image are minimized by 
inserting a new high-speed X-ray shutter synchronized with TV camera operation in front of the crystal. 

 

Table 1. Characteristics of two-dimensional imaging systems (Systems I and II) 

Acceleration energy 5.0 GeV 
 Ring current 38-18 mA (initial current: 40 mA) 

Monochromator 
Asymmetrically cut Si(311): 655 mm � 80 mm 

Bragg angle at 33 keV: 6.5°  
Magnification ratio:17.5 

X-ray energy  
Intensity 

Beam size 

33 - 37 keV (∆E/E = 5 � 10-3) 
109 - 1010 photons/(mm2/s) 
120 mm (V) � 75 mm (H) 

System System I (1996) System II (1999) System II (2000-) 
Exposure rate (images/s) 30 10 6 - 10 

Exposure time (ms/image) 4 5 - 6 5 - 6 

Detector II-TV system (RTP9211G, Toshiba) 
Spatial resolution : 2.5 - 3.0 lp/mm 
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Preliminary experiments on stereo-imaging were performed using a phantom to determine the three-dimensional 
structure of coronary arteries for intravenous coronary angiography and micro-angiography by rotating the 
object or using a Laue crystal. Figure 1 shows an example of a pair of stereoscopic images of a heart phantom 
taken by the rotating method. 

                 

(1)                                       (2) 

Fig. 1 A pair of stereoscopic images of a heart phantom 

 
The details of two-dimensional intravenous coronary angiography system II and the results of the preliminary 
experiments on stereo-imaging will be presented.  
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Quantitative Functional Lung Imaging with Synchrotron Radiation using Inhaled 
Xenon as Contrast Agent 

 
W. Thomlinson1, S. Bayat1,2, G. Le Duc1, S. Monfraix1, G. Berruyer1, T. Brochard1, C. Nemoz1,  L. Porra3, P. 
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Small airways play a key role in the distribution of ventilation, and in the matching of ventilation to perfusion. 
The purpose of this study is to introduce an imaging method that allows the measurement of regional lung 
ventilation and to evaluate the function of airways with a small diameter.  
 
The experiments are performed at the Medical Beamline of the European Synchrotron Radiation Facility. 
Monochromatic synchrotron radiation beams are used to obtain quantitative, respiration-gated, K-Edge 
subtraction images of lungs and airways in anaesthetized and mechanically ventilated rabbits using inhaled 
stable xenon (Xe) gas as contrast agent. Two-dimensional projection and tomographic images are obtained 
showing spatial distribution of Xe concentrations within the airspaces, as well as the dynamics of filling with 
Xe. 
 
Bronchi down to 1 mm in diameter are visible both in the subtraction radiographs and in tomographic images. 
Absolute concentrations of Xe gas are calculated within the tube carrying the inhaled gas mixture, small and 
large bronchi, and lung tissue. Local time constants of ventilation with Xe can be obtained by following the 
evolution of gas concentration in sequential computed tomography images. 
 
The results of these initial studies indicate that KES imaging of lungs with Xe gas as contrast agent has a great 
potential in studies of the distribution of ventilation within the lungs and of airway function.  
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Anatomy and Physiology of the Ear: A Potential Site of Medical Application of 
Synchrotron Radiation 

 
Joseph Roberson, MD 

 
CEO and Medical Director 

California Ear Institute at Stanford 
 
The human ear utilizes a finely tuned and delicate system of soft tissue and bone to transfer mechanical energy 
from the air medium of our daily environment to the fluid filled inner ear.  The auditory ossicles are the smallest 
bones within the human body are a relatively common site of disease and dysfunction.  Receptor nerve cells 
(hair cells) located in the cochlea transform the mechanical energy of the resultant fluid wave into electrical 
energy.  Hair cells transmit their signals to second order neurons located in the central core of the cochlea in the 
spiral ganglion.  Spiral ganglion cell efferent processes make up cochlear (or 8th cranial) nerve that synapse in 
the brainstem at the cochlear nucleus. 
 
Many of these temporal bone structures have been outside of current clinical imaging techniques due to their 
size.  Hearing loss is a major source of disease and disability among our aging population.  The purpose of this 
presentation is to describe and detail the peripheral auditory system with the aim of aiding interpretation of past 
studies and potential future medical applications of Synchrotron Radiation.  
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 Dark Field Imaging 
 

 
Masami Ando1,2,† 

1PF, IMSS,KEK, Oho 1-1, Tsukuba, Ibaraki 305-0801, Japan; 2Department of Photo-Science, School of 
Advanced Studies, GUAS, Hayama, Miura, Kanagawa 240-0193, Japan; † masami.ando@kek.jp 

 

We report an X ray optical system “Owl,” capable of dark field imaging which is available by a drawing shown 
below. It is comprised of a Bragg case asymmetric monochromator and a monolithic X-ray optics housing a 
collimator C and an analyzer A that can select only the refracted light by 4,4,0 diffraction and the crystals C and 

A with 1.08 mm thickness. The angular width of diffraction is 0.3 �rad at X-ray energy of 35keV. It has been 
proven that one can obtain a forward diffracted beam which corresponds to the dark field imaging and the other 
a diffracted one corresponding to the bright field or vice versa depending on the specified thickness of the 
analyzer. Images due to refraction contrast in the dark field are clearly shown. In this report design and test of 
this X-ray optics will be described in detail. For demonstration of its application a variety of samples have been 
attempted: a dried phalanx, human auditory ossicles and a mammographic phantom. Visual observation was 

performed with spatial resolution of approximately 30 �m or better. Exposure time for each picture was 
approximately 1–2 min. 
(a)

(b)

(d)

(c)

(e)

(f )

(g)  
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In Vivo, Synchrotron Radiation Tomography in Osteoporosis Research 
 

J.H. Kinney 
 

Lawrence Livermore National Laboratory and U.C. San Francisco 

 
Osteoporosis is a condition of low bone mass often associated with fracture. However, bone mass, or bone 
mineral density (BMD), is not perfectly correlated with fracture; there is significant overlap of normal and 
osteoporotic populations when fracture frequency is compared. To explain this overlap, investigators have 
proposed risk factors in addition to bone mass, such as deterioration of trabecular bone architecture. 
 
Trabecular bone is a highly porous structure consisting of a latticework of interconnecting rods and plates. It is a 
significant fraction of the total bone mass in the vertebral bodies and the femoral neck, anatomic sites normally 
associated with osteoporotic fracture. Relating trabecular architecture to fracture risk is difficult. Trabecular 
bone is a dynamic system; its architecture can adaptively compensate for local deficiencies in strength through 
remodeling or micromodeling. 
 
Our group has developed a three-dimensional, in vivo x-ray microscope that allows us to image trabecular bone 
in small animals. With this tool, we have been able to follow the evolution of trabecular bone architecture in the 
same animals for several months after removal of the ovaries to simulate menopause. Two significant findings 
have come from these studies: 1) there is a significant decrease in the connectivity of the trabecular lattice that 
parallels the loss of bone mass, and 2) even if bone mass is regained with anabolic treatments (like intermittent 
parathyroid hormone injections), the connectivity is not restored. Subsequent studies with finite-element analysis 
of the images suggest that in cases of severe bone loss, strength cannot be recovered unless the connectivity of 
the trabecular lattice is increased. 
 
In light of these findings, we have recently explored the use of a growth factor (basic fibroblast growth factor, or 
bFGF) to regenerate new trabecular bone with the goal of reestablishing trabecular connectivity. We have 
established that bFGF can generate new bone-like members in the marrow cavity, but it is questioned whether 
the new bone reconnects mechanically with the original lattice. In this presentation, we will present our most 
recent results where we demonstrate that bFGF restores lost trabecular connectivity. 
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 Microbeam Radiation Therapy at the National Synchrotron Light Source 
 

F. Avraham Dilmanian1, Nan Zhong1, Gerard M. Morris1, 2, Tigran Bacarian1, Alexander Fuchs3,  
James F. Hainfeld1, John Kalef-Ezra4, Renat Yakupov1, and Eliot M. Rosen3 

 
1Brookhaven National Laboratory, Upton, NY; 2Oxford University, Oxford, UK; 3Long-Island Jewish Medical 

Center, New Hyde Park, NY; and 4University of Ioannina, Ioannina, Greece  
 
Conventional radiation therapy has limited success in treating brain tumors because of its potential damage to 
the surrounding normal central nervous system (CNS) tissue.  This limitation makes treating high-grade gliomas 
palliative rather than curative.  Radiation is thought to damage the normal CNS in part by injuring the 

microvasculature.  Microbeam Radiation Therapy (MRT) 1-9, an innovative approach to therapy, appears to 
address this limitation.  MRT, initiated at the National Synchrotron Light Source (NSLS), BNL, and currently 
pursued also at the European Synchrotron Radiation Laboratory (ESRF), Grenoble, France, uses segmented x-
ray beams as parallel, thin (<100 µm wide) planes of synchrotron-generated x rays (microplanar beams, or 
microbeams).  Single-exposure unidirectional MRT is tolerated at in-beam doses up to 10-fold larger than that of 

broad-beam irradiation by the normal brains of adult rats1, 2, weanling rats3, duck embryos4, and piglets5.  All 
these studies used beam widths of about 27 µm and beam spacings of 75-200 µm on-center.  Furthermore, 
unidirectional MRT preferentially kills the intracranial rat 9LGS tumor at doses quite tolerated by the normal 

brain2, 6, 7.   MRT demonstratively has a larger therapeutic index for 9LGS (ratio of maximum dose tolerated 
by normal tissue to minimum dose ablating tumor) than do broad beams7.   
 
MRT’s 10-fold advantage in the brain’s tolerance for in-beam microbeam doses represents about a 3-fold 
advantage when the average (or “integrated”) dose is used instead, indicating that it is not merely due to the 
“volume factor” (the ratio of total tissue volume to the volume of in-beam tissue, which was about 3 in the 

studies)7.  Therefore, a biological effect must be involved. We hypothesize that normal-tissue-sparing of MRT is 
due to the replacement of lethally injured endothelial cells in the direct microbeam paths with their neighbors 

surviving between the beams1.  This repair may fail in the tumor because of its lesser-developed 
microvasculature. 
 
Studies with the subcutaneous murine mammary carcinoma EMT-6 also revealed a larger therapeutic index for 
MRT (manuscript submitted).   Cross-planar MRT (i.e., two microbeam arrays propagating in the same 
direction, one with vertical and one with horizontal microplanar beams) way compared to broad-beam 
irradiations from the same beamline.  The beam used was 90-µm wide with 300-µm spacing; this wider beam 
spacing may be important in human studies as it will better accommodate tissue pulsations.  In particular, at 
doses that ablated about 80% of the tumors, i.e., 650 Gy in-beam cross-planar MRT and 45-Gy broad beams, 
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there was full hair regrowth in 3/6 mice about two months after MRT, but in none (0/4 ) in the broad-beam 
group. 
 
Research supported by a Laboratory Directed Research and Development grant of BNL, and by the Office of the Biological 

and Environmental Research, United States Department of Energy. 
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Diffraction Enhanced Imaging: New Directions and Methods 
 

Dean Chapman 
 

Illinois Institute of Technology 
 
A number of x-ray imaging methods have introduced new contrast mechanisms to radiography in addition to 
absorption.  The Diffraction Enhanced Imaging (DEI) technique has two additional contrast mechanisms, 
refraction gradient and ultra-small-angle scatter rejection (extinction), that have properties that are useful for soft 
tissue imaging as well as the potential to greatly reduce x-ray exposure.   
Some recent results of the application and analysis of DEI for breast cancer imaging and cartilage/joint imaging 
will be presented.  Also, new methods of image analysis that extract more information will be presented.  These 
new methods indicate that the potential exists to reduce the dose while still obtaining useful information.  
Finally, an update on efforts to assess if DEI can be developed into a viable laboratory / clinical system will be 
discussed. 
 

This work is supported by the National Institutes of Health grant R21 GM59395-01, the U. S. Army MRMC grant 

DAMD17-99-9217 (D.C.) and State of Illinois Higher Education Cooperative Agreement.  
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Selection of Silicon Crystal [333], [444] and [555]  
Harmonic Orders in DEI  

 
Z. Zhong 

 
National Synchrotron Light Source, Brookhaven National Laboratory Upton, NY 11973, USA 

 
The refraction angle of x rays as they pass through a refractive prism is proportional to the square of the x-ray 
wavelength.  This was used to discriminate between different harmonic orders, which have different energies, 
created by a two-crystal 111 monochromator [1].  Refractive prisms inserted between the two monochromator 
crystals allowed selection, between the 111, 333, 444 and 555 diffractions, in our Diffraction Enhanced Imaging 
program at NSLS’s X15A beamline, and facilitated convenient change of sensitivity in our efforts to optimize 
DEI system for mammography and other radiographic applications.  The selection of 111 and 333 refractions 
were straight-forward since the necessary angle of refraction is small.  The challenge of selecting 444 and 555 
reflections were met by designing an acrylic prism that offered an angle of refraction much larger than 10 micro-
radians and was compact enough to be manipulated in the small space between the crystals.  Examples are given 
on use of the prism for studying the effects of diffraction orders on DEI’s refraction and extinction contrasts.  Its 
modes of operation and limitations are discussed.  The principle of harmonics selection through prism and the 
specific design of the device could be relevant for other synchrotron monochromators that have a harmonics 
concern or can benefit from change of energy, through selection of harmonic orders, without changing crystals.   
 
The work was supported by US DOE contract DE-AC02-76CH10886. 
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The objective of patient treatment planning protocols in cancer radiotherapy is to deposit maximum energy per 
gram of tumor and minimize the dose to surrounding normal tissues. However, within the tumor treatment 
volume, only the cellular DNA, whose mass is merely 0.25% the mass of the entire cell, has been identified as 
the critical target for killing the cell with radiation.  Therefore, the probability that the quanta of energy emitted 
by photons will interact and be absorbed at the DNA target site is extremely small. One approach that can be 
taken to increase the efficacy of the radiation is to introduce high Z atoms into the DNA.  These atoms have a 
higher probability for absorbing radiation than that of the ordinary biological atoms (C, O, H, and N). 
Furthermore, when activated by photons whose energies are suitable for inducing a photoelectric effect in the 
atom, the emission of low energy, short range Auger electrons, can act like an energy sink directly in the DNA. 
These electrons increase the effective radiation dose to tumor while sparing surrounding normal tissues. Auger 
Electron Therapy (AET) takes this approach in an attempt to improve cancer radiotherapy.  
 
AET utilizes a drug to transport and attach high Z atoms to tumor cell DNA, and photons whose energies are 
suitable for inducing a photoelectric effect in the atoms to impart dense, clustered ionization directly at the 
critical target and significantly increase the probability of non-repairable, lethal damage to the tumor cell.  This 
binary approach to cancer treatment can avail itself of either synchrotron radiation or implanted brachytherapy 
seeds as the sources of radiation, depending upon the required energy for activating the high Z atom.   
  
Synchrotron radiation is an ideal source for use in AET because photon energies can be precisely tuned to the 
absorption edges of the various atoms to meet the requirements for the induction of a photoelectric effect, 
provided that the activating energy is capable of penetrating the body to the depth of tumor.  In those cases 
where the activating energy is too low to achieve penetration, the interstitial implantation of radioactive 
brachytherapy seeds directly into the tumor can be applied. The therapeutic gain from the implanted radiation 
sources, in combination with the DNA-localized high Z atom, can then be predicted through experimentation 
with synchrotron radiation.  X-ray micrography techniques using synchrotron radiation can also be used to 
search for and identify the intracellular localization of the high Z atoms within the cell.   
In previous studies at the National Synchrotron Light Source at the Brookhaven National Laboratory, V-79 
Chinese hamster cells were irradiated with monochromatic photons above (28 keV) and below (27.8 keV) the K 
absorption edge of indium (27.9 keV).  Resulting cell survival curves showed that Auger electron emission in 
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indium enhanced the radiation dose by a factor of ~2 compared to cells without indium. A factor of >1.5 was 
obtained in recent in vivo studies after an indium-labeled porphyrin, InTMPyP, was administered following the 
implantation of 125I brachytherapy seeds (average energy 28 keV) into the B16 murine melanoma born on the 
flank of C57 Blas mice.   
 
These results validate the fine-tuning capabilities of synchrotron radiation as a tool for predicting the therapeutic 
advantage that could be achieved in binary systems where drug/radiation combinations are exploited for 
improving cancer radiotherapy.  They also demonstrate the potential of synchrotron radiation as a clinical 
instrument for activating atoms such as gadolinium or platinum whose higher activation energies can achieve 
intracorporeal penetration. 
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The last two decades have produced significant progress in the development and application of synchrotron 
radiation (SR) source technology to medical imaging. Over the last decade, for example, both new techniques 
and modes of imaging have been either proposed or attempted and continuing technological advancements have 
made it possible to begin considering the development of newer and more economical X-ray sources. From a 
physical point of view, the primary factors in this promising evolution include the photon phase space 
requirements of the imaging technique, the machine and insertion device technologies used to generate the 
photons, the X-ray optics used to couple the source to the subject, and the components of the detection and 
imaging systems. In this presentation a brief overview of SR source technology in relation to the medical 
imaging field of coronary angiography will be outlined and trends and possible future directions involving newer 
imaging techniques and X-ray source technologies, in particular those involving insertion devices, will be 
discussed. 
 

21 
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Secondary X-ray imaging can serve either a complement to, or sometimes perhaps an alternative to the elegant 
K-Edge Subtraction and Dual Photon Absorbtiometry based imaging techniques. We intend to explore the 
improvements and advantages it may offer in conjunction with those well established methods, or by itself under 
certain conditions, as well as its drawbacks. Human Angiography will be considered as an illustrative example. 
 
The method can benefit from primary X-rays generated in wigglers and undulators on electron storage rings, 
particularly those from small emittance and short wavelength undulators. Since the method does not rely on the 
sudden change in cross section near an absorption edge, it can accept a broad range of primary photons. Because 
the photons generating the image are not the primary ones, their energy can be decoupled from the primary 
photon energy, which in turn leads to a reduction primary photon absorption in the human body. Also, higher 
primary harmonics are of no real concern, so that monochromatization is not required, which further decreases 
the demands on intensity, and should save expense. Only one (not two) pictures are required per image. All these 
factors contribute to a reduction of the primary photon intensity needed to achieve adequate image quality. The 
shadowing effect of dense tissue is expected to be decreased, because of the wide area detection inherent in the 
method. Furthermore, with this approach sharp imaging is compatible with (appropriately defined) “ locally 
quantitative “ measurements, and (depending on the detector) with a pixel by pixel elemental analysis. 
 
Drawbacks of the method are that the primary beam is to be rastered through the sample (e.g. the human heart) 
along both the x and y directions; the detector area has to be large (to capture a high fraction of secondary X-
rays), and if the primary photon energies are high, they will require reflectors operating at grazing incidence 
angles. 
 
An analysis of APS and PETRA II shows that both machines can produce significantly more photons than would 
be required for high quality Angiography imaging. 
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