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Purpose: It has been shown that coherently scattered x rays can be used to discriminate and
identify specific components in a mixture of low atomic weight materials. The authors demon-
strated a new method of doing coherently scattered x-ray tomography with a thin sheet of x ray.
Methods: A collimated x-ray fan-beam, a parallel polycapillary collimator, and a phantom consist-
ing of several biocompatible materials of low attenuation-based contrast were used to investigate
the feasibility of the method. Because of the particular experimental setup, only the phantom
translation perpendicular to the x-ray beam is needed and, thus, there is no need of Radon-type
tomographic reconstruction, except for the correction of the attenuation to the primary and scattered
x rays, which was performed by using a conventional attenuation-based tomographic image data
set. The coherent scatter image contrast changes with momentum transfer among component ma-
terials in the specimen were investigated with multiple x-ray sources with narrow bandwidth
spectra generated with anode and filter combinations of Cu/Ni (8 keV), Mo/Zr (18 keV), and Ag/Pd
(22 keV) and at multiple scatter angles by orienting the detector and polycapillary collimator at
different angles to the illuminating x ray.

Results: The contrast among different materials changes with the x-ray source energy and the angle
at which the image was measured. The coherent scatter profiles obtained from the coherent scatter
images are consistent with the published results.

Conclusions: This method can be used to directly generate the three-dimensional coherent scatter
images of small animal, biopsies, or other small objects with low atomic weight biological or
similar synthetic materials with low attenuation contrast. With equipment optimized, submillimeter

spatial resolution may be achieved. © 2010 American Association of Physicists in Medicine.
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I. INTRODUCTION

Coherently scattered x ray has the same photon energy as the
illuminating x-ray photons, whereas incoherently scattered
x-ray and fluorescent x-ray photons have lower x-ray photon
energy than the illuminating x-ray photons.1 The coherent
scatter conveys information about chemical bonds rather
than just atomic number, the mechanism underlying conven-
tional x-ray attenuation-based imaging, due to the interfer-
ence between the x rays coherently scattered by the atoms
separated by the chemical bonds. Coherent scatter can, there-
fore, in principle, differentiate between different chemical
materials even though the atomic numbers are very similar
and cannot be easily distinguished by attenuation-based
X-ray imaging.

The coherent scattering is described by the effective cross
section of the materials,2

a0 n_ 2 2 o2
dQ(ﬁ)—re/2(1+cos OF(q,Z), (1)

where 6 is the scattering angle, r, is the classical electron
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radius (2.82X 107> m), F?(¢,Z) is the molecular structural
form factor, and ¢ is the momentum transfer of the coher-
ently scattered photons expressed as

_ sin(6/2)

N )

where \ is the x-ray wavelength in angstroms (A). If a poly-
chromatic x-ray source is used to illuminate the specimen,
then the cross-section function can be measured with an
energy-selective x-ray detector at a fixed angle because the
range in 6 can be provided by the range in photon energies
(E) (keV) via A=12.3/E.> In amorphous materials and fluids,
the spatial arrangement of atoms is disordered in long range
so that the scattered x rays spread over a range of angles
about the illuminating beam® rather than as sharp rings or
dots as it does in powdered crystalline5 or single crystalline6
materials, respectively. In bioengineering and biomedical ap-
plications, some materials are made of polymers that have
somewhat longer ordering range, but most materials fall into
the amorphous and fluid categories. Because the coherently
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FiG. 1. Experimental setup of direct coherently scattered x-ray tomography. An x-ray cone beam is collimated with a slit aperture to form a thin fan beam. The
scattered rays emerging from all points in the cross section of the beam and the object are collimated by the multichannel polycapillary collimator and then
recorded by an array detector, such as a CCD. The object is translated in the x direction perpendicular to the x-ray beam. [Reproduced with permission from
C.-W. Cui, S. M. Jorgensen, D. R. Eaker, and E. L. Ritman, Proc. SPIE 7078, 70781S (2008).]

scattered x-ray provides a ‘“‘characteristic” of the molecular
structures of the material, the coherent x-ray scattering pat-
tern can be used to identify a specific component in a com-
plex material.

Because biomedical synthetic materials often consist of
composites that have similar densities, the contrast between
x-ray attenuations of real tissue and tissue scaffolds (made of
biocompatible materials) is often low and therefore hard to
image by conventional attenuation-based x-ray methods.
However, the different x-ray photon coherent scatter charac-
teristics of two materials make it possible to get sufficiently
high contrast between two different materials that differ little
in the attenuation contrast.

Coherently scattered x-ray imaging has been studied by a
number of investigators over the past two decades.”'® One
major impediment toward routine use of coherent scatter im-
aging has been the use of a pencil-beam x ray, which leads to
the need of both scanning transaxially and rotation at small
angular increments. The feasibility of coherent scatter to-
mography using a fan-beam x-ray has been explored.lL21 In
this approach, a fan-beam, a collimated detector, and long
tungsten lamellas are used to collect the scatter in a wide
scatter angle range simultaneously. While being fairly
straightforward to implement, the configuration lacks flex-
ibility because the lamella collimator, the detector, and the
x-ray source are highly correlated and it can only be used in
applications with relatively large regions of the same mate-
rial within an object because the recorded line integral of
scatter is then predominately through one substance. For sub-
millimeter applications, the high precision collimator, crucial
to the resolution, is difficult to fabricate. Also, since the sig-
nal to noise ratio is relatively low, averaging pixels improves
image quality but, in order to minimize partial volume effect,
requires large areas of similar material and thus decreases
spatial resolution of the image. Our method, however, does
not require that as it images scatter emanating from small
areas of the material.

To image the coherent scatter from different component
materials in a complex object (e.g., a complex tissue or a
small animal), a collimator is necessary to deconvolve the
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scatters from the neighboring regions. Decoupling the corre-
lation between the collimator and the source is critical for
designing high precision collimator for high spatial reso-
lution and small objects. A parallel beam and a parallel col-
limator will greatly reduce the complexity.

In this paper, we demonstrate a method that uses a parallel
multichannel polycapillary collimator® to generate three-
dimensional images directly. By using a thin x-ray fan beam
and a polycapillary collimator, only transaxial translation of
the x-ray beam through the object is needed. The coherently
scattered x rays are measured at either selected scatter angles
with a monochromatic or a quasimonochromatic x-ray
source or at a fixed angle with a polychromatic x-ray source
with an energy dispersive array detector.

Il. METHODS AND MATERIALS

Our experimental setup is shown in Fig. 1. An x-ray cone
beam is generated by an x-ray tube with a specified anode
material and filter. The cone beam is collimated with a slit to
form a fan-beam. The scattered x rays in the cross section of
the x-ray beam and the object meet an array of parallel col-
limators provided by a polycapillary x-ray optic and then
measured by an array detector, e.g., CCD or x-ray flat panel.
The collimator accepts only those x rays falling within the
angle of acceptance of the device. To obtain a three-
dimensional coherent scatter image of the object, the object
is translated across the x-ray beam along the x direction, as
shown in Fig. 1.

To minimize the complexity, a parallel beam is desirable.
While it is easy to acquire an essentially parallel x-ray beam
with synchrotron radiation,23 it is not trivial with traditional
x-ray sources that mostly generate cone beams, although a
cone-to-parallel converting polycapillary x-ray optic could
be used to accomplish this with point-source x-ray sources.”*
However, a fan-beam can be used if the object is small and
far away from the source so that the beam can be treated as
a quasiparallel beam. For a fan-beam, the recorded scatter



6319

x rays corresponding to the incident x rays away from the
central ray of the fan-beam have higher scatter angles. The
true scatter angle (6) at those locations is

0= a cos(cos(¢)cos(7n)), (3)

where ¢ is the nominal scatter angle at the center of the
fan-beam and 7 is the half fan-angle at the point where the
incident x ray is scattered. For a typical small object of 2 cm
in diameter, if the fan-beam divergence is 2° (which corre-
sponds to a source-object distance of 115 cm), at ¢p=2°, the
maximum difference between 6 and ¢ is 0.06°. This is tol-
erable for small object imaging with x-ray sources at 20 keV.

In our experiment shown in Fig. 1, the x-ray beam was
collimated with a vertical slit (150 wm wide) to generate a
fan-beam. The slit housing was aluminum with tungsten
blades. The source-object distance was 115 cm. The slit to
object center was 43 mm and the beam width at the object
was 220 um. The detector pixels were 20 um?. The imag-
ing array is 1340 X 1300; however, only a small portion of
the array actually had data because of the angle of detector
array plane to scattered data. The CCD detector was fiber-
optically coupled; hence, a fixed detector pixel size. The
scattered x rays at the cross section of the phantom and the
beam were collimated by a polycapillary collimator coupled
to a CCD, which was oriented at 7.3°, 9°, and 12.2° angles to
the primary x-ray beam (see Fig. 1, “scattered x rays at 6
angle,” for clarification). The distance between the collima-
tor front surface and the phantom was about 20 cm. The
optic was 25 mm in diameter and consisted of a 2.7cm long
bundle of ~907 000 closely packed 27 um channel diam-
eter hollow boron glass capillaries.

To fully identify a material and to observe the change of
contrast with the momentum transfer, the coherent scatter
images need to be measured at different momentum transfer
q. Because of the limit of our current equipment, it is incon-
venient to frequently reorient the collimator and detector as-
sembly. Therefore, we used three different x-ray source an-
odes and appropriate foil filters (copper/nickel, molybdenum/
zirconium, and silver/palladium) to obtain three quasimono-
chromatic x-ray illuminating beams centered on the 8, 17.5,
and 22 keV K, emission lines of the respective anodes.” The
measured x-ray spectra are shown in Fig. 2. At each x-ray
energy, the collimator and detector were oriented to three
scatter angles (12.2°, 9.0°, and 7.3°, respectively).

The phantom used is a cylinder of 2 cm in diameter and
2.5 cm in length made of lucite. It consisted of several ma-
terials, i.e., nylon, polycarbonate, polycaprolactone (PCL),
water, propylene fumarate, and olive oil, with similar x-ray
attenuation contrast.

During the measurement of the three-dimensional coher-
ent scatter image, multiple contiguous slices in the vertical
direction were obtained, while the object is translated across
the illuminating x-ray beam in the direction perpendicular to
the x-ray beam (Fig. 1). By orienting the collimator/CCD
system at different angles and using the three different x-ray
photon energies, the scattered x rays at multiple momentum
transfers were recorded for each voxel within each illumi-
nated plane. The exposure time for each 103 translation steps
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FiG. 2. The spectra of the x-ray sources used in experiment. Note: The
spectra are generated with anode and filter combinations of copper/nickel,
molybdenum/zirconium, and silver/palladium, respectively. An energy dis-
persive detector (AMPTEK Inc., Bedford, MA, model: XR-100T-CdTe) was
used to measure the spectra.

was 60 min and the peak voltage and x-ray current per
anode/filter were as follows: Ag/Pd, 50 kVp, 30mA; Mo/Zr,
45 kVp, 60 mA; and Cu/Ni, 25 kVp, 50 mA.

The attenuation of the object to both the primary and the
scattered x rays was corrected with an attenuation CT image.
The attenuations of voxels along the path of both the incident
x rays and the scattered x rays were summed and then the
transmissions calculated with the total attenuations were
used to correct the intensities of coherent scatter signal. The
attenuation images were generated with the same three x-ray
source anodes as stated above for the scatter experiment. The
exposure time per view was 10 s.

In our data processing, the Compton scatter and multiple
scatter were not considered. It has been shown that coherent
scatter in biotissue materials dominates in the low angle
range and drops rapidly with increasing angle, while Comp-
ton scatter mainly happens at higher angles.18 At low angles,
both Compton scatter and multiple scatter can be treated as a
low frequency background.

lll. RESULTS

The coherent scatter profiles of scatter intensity versus
momentum transfer of several of the materials used were
generated by a conventional method so as to provide the
“truth” for comparison to our phantom data. The experimen-
tal setup is show in Fig. 3. The generated profiles are shown
in Fig. 4. They were generated with a pencil beam by colli-
mating the x-ray source to a 100 um diameter pencil beam
that transilluminated the 125 um thick sheet of the material
(nylon, polycarbonate, lucite, and PCL). Water’s momentum
transfer was obtained from the published data.”®

X-ray sources with Mo and W anode were used in these
experiments. The Mo source was operated at 35 kVp and 60
mA. The W source was operated at 60 kVp and 40 mA. A Zr
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FiG. 3. Experimental setup of direct coherently scattered x-ray data collection. An x-ray cone beam is collimated with a pinhole aperture to form a pencil
beam. The scattered rays emerging from all points in the thin sheet of the selected material transversed by the scatter about the pencil beam were recorded by
a CCD array. [Left schematic is modified and reproduced with permission from C.-W. Cui, S. M. Jorgensen, D. R. Eaker, and E. L. Ritman, Proc. SPIE 7078,

70781S (2008).]

filter for the Mo tube and a filter set of a 75 um Hf foil and
a 254 um Gd foil for the W tube were used, respectively, to
suppress the lower and higher energy radiation. The data
were corrected by subtracting the background. The radial
distribution of the scatter about the x-ray pencil beam was
used to generate the momentum transfer proﬁles.27

The coherent scatter images of the phantom were mea-
sured at multiple momentum transfers. Figure 21 of Ref. 28
shows the slices of the transaxial attenuation (right upper
panel) and two coherent scatter (lower panels) images of the
phantom, and the left upper panel shows the materials and
their location in the phantom. The coherent scatter images
are of axial slices coplanar with the x-ray fan beam. The
attenuation of both the primary beam and the scattered x rays
by the specimen was corrected with the use of the attenua-
tion CT image of the phantom.

The attenuation images were acquired using our custom-
made micro-CT scanner.”’ The detector was a CsI(TI) crystal
plate lens coupled to a CCD imaging array. The acquisition

was, in 1° increment, 360° and reconstructed using a modi-
fied Feldkamp cone beam algorithm. The units of attenuation
are cm™.
The coherent scatter intensities, corresponding to the scat-
ter cross sections, of the materials from all nine data sets
were combined to form the scatter profiles. Of them, the
profiles of nylon, polycarbonate, lucite, water, and PCL are
shown in Fig. 4. The data generated with the pencil beam as
described above, which we consider to be the truth, is also
plotted and compared to these results. The locations in the
phantom are located in the left upper panel of Fig. 5.

IV. DISCUSSION

The coherent scatter profiles of nylon, polycarbonate, lu-
cite, polycaprolactone, and water are compared to our truth
data in Fig. 4. To facilitate comparison to the truth data, the
data from our acquisitions were scaled by some factors in the
three figures above so that the momentum transfer profiles
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FiG. 4. Coherent scatter profiles of nylon, polycarbonate, lucite, PCL, and water obtained from scatter images measured at multiple momentum transfers. The
published momentum transfer profile for water was compared to that of Ref. 26. The solid lines are data generated from our coherent scatter x-ray experiment

(setup shown in Fig. 1) and the dotted lines are from the pencil-beam experiment (setup shown in Fig. 3), which we used to generate the truth data.
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FiG. 5. Coherent scatter and attenuation images. The left upper panel is a
schematic of the materials and their location in a transaxial slice of the
phantom. The right upper panel is a slice of the attenuation CT image, the
lower two panels, from left to right, are the transaxial slices of the coherent
scatter images measured at g=0.15 and 0.11 A~', respectively. The right
upper panel was windowed from —500 to —50 Hounsfield units (HU). The
HU for the materials in the micro-CT image of the test phantom are as
follows: water=0, nylon=-276, polycarbonate=-260, PCL2000=-246,
PCL1250=-252, and lucite=—191. The lower two panels from left to right
were windowed from O to 3.147 and 0.292 to 8.3 arbitrary scatter values,
respectively. The mean* SD for water in a region-of-interest of the right
lower panel image was 1.753 = 0.101 arbitrary units. [Modified with permis-
sion from R. A. de Kemp, F. H. Epstein, C. Catana, B. M. W. Tsui, and E. L.
Ritman, J. Nucl. Med. 51, 18S-32S (2010) (upper right and lower panels).]

would have a scale similar to the published data. Our data are
consistent with other published results. The lower two panels
show coherent scatter images in Fig. 5, corresponding to
moment transfers of 0.15 and 0.11 A~!, respectively. Note
that there are some distortions along the vertical direction in
the shape of the materials in the g=0.11 A~ image. Prob-
ably it is due to the misaligned collimator and detector as-
sembly to the scattered x rays. It is difficult to accurately
align, especially at low angles, the collimator and detector
surfaces with our current equipment.

In the coherent scatter images, it can be seen that the
contrast of the materials changes with the momentum trans-
fer through either x-ray energy or the scatter angle. For ex-
ample, the scatter intensity changes in polycarbonate, nylon,
lucite, and PCL are all consistent with their single material
scatter properties, as shown in Fig. 4. Therefore, the material
of a single voxel can be identified either with polychromatic
x-ray source by measuring scatter at a fixed angle or with a
monochromatic x-ray source by measuring scatter at multiple
scatter angles. By orienting the detector to a specific scatter
angle and using a monochromatic x-ray source, a material
can be identified to be present or absent. For all its potential
advantages, the use of coherent scatter for imaging presents
several technical challenges in its implementation.
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This approach is very inefficient in measuring the coher-
ent scatter. The coherent scatter is circularly symmetric
around the illuminating beam. With the multiple channel par-
allel collimators, only a very small fraction of the scatter is
measured. Therefore, long exposure time or high fluence
x-ray source is needed to get sufficient signal. Bringing the
x-ray source closer to the detector can reduce exposure time
by 1/distance?, but it should be far enough such that the focal
spot is less than the fan beam thickness. Also, increasing the
slit width can reduce exposure time at the price of spatial
resolution (i.e., the wider the slit, the less resolution). The
object was translated at right angles to the illuminating
x-ray “fan” in 103 steps of 150 um, as shown in Fig. 1. The
sagittal scatter images were stacked and the transaxial im-
ages computed for ROI material analysis. An additional scat-
ter imaging system located in the mirror-image location on
the other side of the specimen would double the data collec-
tion efficiency.

The spatial resolutions in the three directions are deter-
mined by three mechanisms, besides factors such as diver-
gence of the collimator, spectral resolution of x-ray source,
etc. In the x direction, which is the translation direction of
the object, as shown in Fig. 1, the resolution is determined
by the translation step size and the beam “thickness.” In the
y direction, which is in the cross section of the beam and the
object, as shown in Fig. 1, it is determined by the divergence
of the collimator channel, the distance of the collimator to
the object, and the detector resolution. In the z direction (i.e.,
the illuminating beam direction), the resolution depends on
the relative orientation of the detector to the scattered rays.
By having the imaging array at right angles to the collimated
scatter rays (Fig. 1), the detector array pixel (diameter of
20 wm) projects to a rectangular pixel w wide and is equal
to d/sin(#), where d is the pixel dimension of the detector
and 6 is the angle of the collimator to the illuminating x-ray
beam (the coherent scatter angle). This greatly reduces the
spatial resolution within the transaxial plane, especially at
low angles. If the imaging array is positioned parallel to the
x-ray beam, the resolution is not affected by the scatter
angle. However, this presents some collimator/detector inter-
facing challenges. In our experiment, the detector and the
collimator are oriented perpendicular to the scatter rays for
easier alignment.

While the spatial dispersive approach of measuring the
coherent scatters has mechanical challenges, a less mechani-
cal challenging approach is to use polychromatic x-ray illu-
mination and an energy dispersive array detector. We have at
least partially demonstrated the feasibility by using x-ray
sources with three different x-ray tube anode/filter combina-
tions. With the technical development in high sensitivity and
energy dispersive array detector, e.g., the CZT (CdZnTe)
detector,”””" that approach is likely to be well suited to mea-
suring the coherent scatter profile using bremsstrahlung x-ray
exposure as this would provide the range in x-ray photon
energies at each voxel using only a single angle of view.

Despite the technical challenges, it seems that the method
can be best applied to detecting the presence or absence of
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known materials that are essentially indistinguishable from
each other or from tissue by virtue of their very similar x-ray
attenuation coefficients.

V. CONCLUSION

In summary, we have explored the feasibility of discrimi-
nating and imaging the biocompatible materials in small ob-
jects with a test phantom with the presented method of three-
dimensional coherently scattered x-ray imaging. The
preliminary coherent scatter images at different scatter
angles suggest that tissue scaffolds or biotissues with low
attenuation contrast can be imaged with coherent x-ray scat-
ter and sufficient contrast can be obtained at proper scatter
angles with this method, which is difficult in the traditional
attenuation CT imaging. It is possible to track and map the
fate (e.g., its breakdown and/or removal) of specific compo-
nents within tissue scaffolds to characterize the solute trans-
port phenomena in biological systems including porous me-
dia such as tissue scaffolds, microvascular tree, etc. This
experimental setup method is relatively easy to implement
for coherent scatter x-ray imaging. Given sufficient x-ray
intensity, the spatial resolution is determined by the array
detector pixel size and the collimator channel size, which
make it possible to image small specimens with micrometer
or submillimeter resolution with the commercially available
techniques.
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