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Fourier X-ray Scattering
Radiography Yields Bone
Structural Information’

Han Wen, PhD p . To characteri . ts of the micr o str
EricE. Bennett, MS urpose: 0 characterize certain aspects ol the microscopic struc-

. t f cortical and trabecular b by using Fourier x-
Monica M. Hegedus, BS ures of cortical and trabecular bone by using Fourier x-ray

. . scattering imaging.
Stanislas Rapacchi, PhD

Materials and Protocols approved by the National Institutes of Health
Methods: Animal Care and Use Committee were used to examine
ex vivo the hind limb of a rat and the toe of a pig. The
Fourier x-ray scattering imaging technique involves the use
of a grid mask to modulate the cone beam and Fourier
spectral filters to isolate the harmonic images. The tech-
nique yields attenuation, scattering, and phase-contrast
(PC) images from a single exposure. In the rat tibia cortical
bone, the scattering signals from two orthogonal grid ori-
entations were compared by using Wilcoxon signed rank
tests. In the pig toe, the heterogeneity of scattering and PC
signals was compared between trabecular and compact
bone regions of uniform attenuation by using F tests.

Results: In cortical bone, the scattering signal was significantly
higher (P < 107'%) when the grid was parallel to the
periosteal surface. Trabecular bone, as compared with
cortical bone, appeared highly heterogeneous on the scat-
tering (P < 107**) and PC (P < 10~27) images.

Conclusion: The ordered alignment of the mineralized collagen fibrils in
compact bone was reflected in the anisotropic scattering
signal in this bone. In trabecular bone, the porosity of the
mineralized matrix accounted for the granular pattern
seen on the scattering and PC images.

© RSNA, 2009

Supplemental material: http://radiology.rsnajnls.org/cgi
/content/full/2521081903/DC1
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-rays of 10-120-keV energy can

penetrate high-density material and

thus are the radiation source of
choice for noninvasive evaluation of bone.
With increasing demands for the diagno-
sis and treatment of orthopedic diseases
in our aging society, x-ray—based tech-
niques have advanced continuously from
planar radiographic examinations to dual-
energy radiography, computed tomo-
graphic (CT) densitometry, and other ap-
proaches (1,2). These techniques have in
common attenuation-based contrast: X-
rays passing through the body are vari-
ably attenuated according to the density
and elemental composition of the local
material. Because the x-ray is a form of
high-energy light, the numerous contrast
mechanisms that are standard in visible-
light microscopy (3), such as dark field,
phase contrast (PC), fluorescence, and
confocal microscopy, have also inspired
parallel developments in x-ray-based
procedures.

Dark-field, or scattering-based, con-
trast arises from the microscopic density
fluctuations of the scatterers. Imaging the
distribution of x-ray scattering remains a
difficult task, even though, to our knowl-
edge, the first such demonstrations in
phantoms were reported in the 1980s
(4), owing to requirements for specialized
x-ray optical components and/or high-
intensity x-ray sources. The majority of
techniques described (4-12) tended to be

Advances in Knowledge

B The Fourier x-ray scattering im-
ages obtained at rat and pig ex-
aminations showed features that
could be traced to microscopic
structures of bone.

B [n cortical bone, the dependence
of the scattering intensity on the
orientation of the grid filter re-
flects the ordered anisotropic
alignment of the mineralized col-
lagen fibrils.

B [n trabecular bone, heteroge-
neous scattering intensity reflects
heterogeneous collagen fiber ori-
entation and material density gra-
dients of the mineralized porous
matrix on the length scale of ap-
proximately 100 wm.

lengthy procedures involving the use of
raster or line scans of narrowly collimated
beams that were produced with single-
crystal filters or pinhole and slit aper-
tures.

An additional challenge in using
beam-scan methods is the need for in-
tense x-ray sources. Generally, electron
density fluctuations of length scale [ cause
coherent scattering over an angle of ap-
proximately N/I, where \ is the wave-
length of the x-ray. For assessment of
0.1-1.0-pm biological structures, scatter-
ing angles on the order of 10™* radians
should be resolved. Consequently, for
current techniques, the pencil or planar
beam needs to be narrower than 107
radians. Without effective optical compo-
nents, one can achieve this level of colli-
mation by blocking the x-rays outside the
small cone angle—albeit at the expense of
the output flux. For this reason, a number
of current techniques involve the use of
intense synchrotron x-ray sources
(5,6,9,10,12).

Recently, the use of nonraster simul-
taneous scattering imaging with polychro-
matic x-ray tubes has been proposed
(13,14). This method enables one to take
advantage of the scattering-induced blur-
ring of sharp features that results from
the disruption of x-ray spatial coherence.
One such technique, the Talbot inter-
ferometer method (13), involves the use
of several high-density x-ray phase grat-
ings to modulate the transmitted beam
and a series of x-ray exposures at differ-
ent grating positions to quantify the ef-
fects of scattering. The x-ray gratings re-
quire unique fabrication (13) and remain
challenging. With Fourier x-ray scattering
imaging (14), a commercially available
grid mask is used to modulate the cone
beam of an x-ray tube; the process is sim-
ilar to that of coded-aperture illumination
in visible-light microscopy (15). This
method does not require the use of spe-
cialized hardware and yields attenuation,
scattering, and PC images from a single
exposure. The speed and ease of imple-
mentation make this method suitable for
radiologic applications.

The purpose of this study was to char-
acterize certain aspects of the micro-
scopic structures of cortical and trabecu-
lar bone by using the Fourier x-ray scat-

tering imaging method. Our hypothesis
was that the contrast of scattering images
would differ from the contrast of the at-
tenuation images and reflect the fine
structures of the bone.

Materials and Methods

Instrumentation and Imaging Protocol

A detailed theoretic description of the
Fourier x-ray scattering imaging tech-
nique is presented in Appendix El
(http://radiology.rsnajnls.org/cgi/content
/full/2521081903/DC1) and in a previous
report (14). The imaging device is illus-
trated in Figure 1. The x-ray tube is a fixed-
anode tungsten-target tube operating at 50
kVp and a tube current of 0.6 mA (SB-80-
1k; Source-Ray, Bohemia, NY). The tube
has a beryllium window, and the grid mask
(described below) effectively adds 1.7 mm
of aluminum filtration. No other filters are
used. The half-value layer of the x-ray cone
beam is 1.3 mm of aluminum. An exposure
lasts 10 seconds and delivers 0.19 mGy of
mcident radiation to the sample, as deter-
mined by using an ionization chamber do-
simeter (PTW Freiburg, Freiburg, Ger-
many).

The grid mask is a 200-lines-per-
inch, 10:1 grid ratio parallel radiogra-
phy antiscatter grid (MXE, Los Angeles,
Calif). The grid is interposed between
the x-ray source and the camera, with

Published online before print
10.1148/radiol.2521081903
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the sample placed immediately down
beam from it. We considered two fac-
tors when determining the geometry of
the device: the scattering length scale
and the exposure time. The scattering
length scale (d) is the maximal length
scale of the electron density fluctuation
in the sample that still gives rise to ap-
preciable scattering signal. For exam-
ple, particles with a radius of d" scatter
x-rays into a cone. For a given device
geometry, the scattered cone from a
single x-ray appears as a dispersed pat-
tern on the x-ray camera. When this
pattern is superimposed on the grid
shadows, those x-ray photons with ra-
dial distances greater than the period of
the grid shadows will greatly blur the
shadows, and this blurring leads to the
scattering signal. In Appendix E1 (Scat-
tering Length Scale section [http:
//radiology.rsnajnls.org/cgi/content
/full/2521081903/DC1]), it is shown
that for a given device layout, the size of
the dispersion pattern on the camera is
inversely related to the size of the par-
ticle and the x-ray wavelength. The size
of the structure whose scattering can be
detected by means of this process is
limited to an upper threshold size that is
dependent on the x-ray wavelength \;
the grid period Py; distances D, D,,
and D, (Fig 1b); and the order of the
harmonic peak n (14),

0 <d' ={[\n-D,D;)/[Py(D, + D,
+ D)L (1)

and the upper threshold is defined as
the scattering length scale of the nth-
order harmonic image of this specific
device setup:

d, = (\n/P,)-[D\D,/(D; + D5 + D5)].
(2)

Generally, the larger this length scale,
the higher the scattering signal. The
sample-to-grid distance is small (=0).
Then, for a given total length of the lay-
out, the scattering length scale is maxi-
mized when the grid and the sample are
placed midway between the x-ray tube
and the camera. In addition, the scatter-
ing length scale increases with the cam-
era-to-source distance, but at the cost of

exposure time. With our hardware, a
camera-to-source spacing of 1 m re-
quired an acceptable 10 seconds of x-
ray exposure. The distance between the
grid and the camera, then, was 0.5 m.

A further consideration regarding
the scattering length scale is that the
spectrum of a tungsten-target tube op-
erating at 50 kVp peaks at approxi-
mately 27 keV and has a full width half
height of approximately 20 keV (16,17).
Therefore, the scattering length scale is
not a single value but rather a distribu-
tion of values corresponding to the dis-
tribution of x-ray energies. On the basis
of the peak of the energy spectrum, the
first-order scattering length scale ob-
served in our study was approximately
100 nm.

The x-ray camera is a 16-bit charge-
coupled-device camera (PI-SCX-4096;
Princeton Instruments, Trenton, NJ)
with a matrix size of 2048 X 2048, a
pixel size of 30 pm, and a Gd,0,S:Th
phosphor screen for x-ray-to-light con-
version. The screen conversion effi-
ciency is 16%, and the camera charge-
coupled-device array has a quantum ef-
ficiency of 33% for the green emission
of the screen. The 30-pm resolution of
this camera can resolve the projected
grid period of 254 pm on the camera
surface. To reduce the dark-current
noise accumulated during the 10-second
exposure period, we cooled the camera
with 5°C chilled water.

Figure 2 shows the procedure used
to obtain the attenuation, scattering,

Vertical grid

X-ray tube

X-ray tube

b

sample and camera.

Figure 1:  Schematic illustration of Fourier x-ray scattering imaging with (a) vertical grid or (b) horizontal
grid. (a) Cone beam from x-ray tube is amplitude modulated by vertical grid before illumination of a sample of
vertical fibrous composition. X-ray scattering in sample is broadest in plane perpendicular to the fibers and
results in substantial blurring of the grid shadows on the projection image. Fourier transformed image con-
tains zero-order (green) peak, which is not modulated by the grid, and first-order (red) and second-order
(blue) modulated signals. The color boxes mark the mask filters used to obtain the smaller images corre-
sponding to the peaks. (b) In experiment similar to that illustrated in a but with horizontal grid, the sample
scatters x-rays weakly in vertical direction to result in less blurring of grid shadows. Zero-order and higher-
order peaks, and their corresponding mask filters, are arrayed in vertical direction in Fourier space. D, =
distance between x-ray source and grid, D, = distance between grid and sample, D, = distance between
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Figure 2

Raw image Fourier spectrum

Inverse FT

1st harmonic Attenuation image

Phase shift of 1st -
harmonic image

E  Phase-contrast image

Figure2: A Image from x-ray camera. Grid period is finer than spatial resolution of the graph, which causes the faded
appearance. B, Fourier transformation (FT)of raw image contains zero-order peak at center that corresponds to central peak
in spectrum ofthe grid and harmonic peaks that correspond to periodicity of the grid. Areas surrounding zero- and first-
order peaks are selected, with masks outlined by dotted lines, and multiplied with Hanning filters spanning respective mask
areas before inverse Fourier transformation. C, Magnitude of inverse Fourier transform of first-order harmonic peak in B is
normalized with corresponding no-sample reference image (Eq [41) and then shown in natural log scale. D, Magnitude of
inverse Fourier transform of zero-order peak is normalized with corresponding no-sample reference image (Eq [3]) and
then shown in natural log scale. £ Inverse Fourier transform of first harmonic peak in B results in complex image, phase of
which s shown here after subtraction of phase of the corresponding no-sample reference image (Eq [5]). £, Ratio of magni-
tude of normalized first-order harmonic image (C) to magnitude of normalized zero-order image (D) in natural log scale.
Thisratio reflects solely the effect of scattering in sample. In this example, the phantom consists of vials of water (left), aga-
rose powder (middle), and detergent powder (right) in Styrofoam frame. Although water and detergent samples absorb
morex-rays (D), F shows that agarose sample exhibits greater scattering than water sample and detergent sample exhibits
the greatest scattering. Styrofoam frame is hardly visible in D but is effective scattering medium (F).

Radiology: V/olume 251: Number 3—June 2009 = radiology.rsnajnis.org

and PC images from a single exposure.
The raw image from the camera was
first Fourier transformed to reveal sev-
eral distinct peaks, including the zero-
order peak at the center containing ra-
diation unmodulated by the grid mask
and the first- and higher-order peaks
from the grid shadows. Similar to the
manner in which physical apertures are
used in dark-field visible light (3) or
electron microscopy (18), these peaks
were individually selected with mask fil-
ters in the Fourier space and then in-
verse Fourier transformed to yield the
zero-, first-, and higher-order images
separately. As a result of the filtering,
the spatial resolution of these harmonic
images—and ultimately of the attenua-
tion and scattering images—was re-
duced from the resolution of the camera
to the period of the grid. With the 200-
lines-per-inch grid, the image spatial
resolution was 127 pm.

To remove native imperfections of
the grid, we normalized all harmonic im-
ages with reference images acquired
without samples (not illustrated herein).
The zero-order image depicted the distri-
bution of attenuation of the x-rays trans-
mitted through the sample:

SO(X) )’) = 71[1[[0()(, y)/IOg(x! y)]! (3)

where S is the normalized zero-order im-
age, I, is the magnitude of the zero-order
image, Iy, is the magnitude of a zero-or-
der image without samples, (x, y) refers
to the coordinates on the image, and the
natural log yields values that are linearly
related to the sample thickness (Appendix
E1, http://radiology.rsnajnls.org/cgi/
content/full/2521081903/DC1). This
was a regular radiographic attenua-
tion image. The higher-order images
were frequency-modulated versions of
the zero-order image and therefore
more severely attenuated by the blur-
ring effect of scattering in the sample.
The magnitude ratio of high-order im-
age to zero-order image is a measure
of the degree of blurring of the grid
shadows. The expression for an image
that is solely dependent on x-ray scattering
in the sample is as follows (Appendix E1,
http://radiology.rsnajnls.org/cgi/content/
Sull/2521081903/DC1):
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L(x, y)/1(x, y)
Sn(x, y) lnI()(X, y)/IOg(X’ y)’ (4)
where S, is the nth-order scatter image,
I, is the magnitude of the nth-order har-
monic image, and I,,, is the magnitude of
an nth-order image without samples.
The normalization relative to the no-
sample reference images removes all
features of the grid itself, and the natu-
ral log makes the values linearly related
to the thickness of the sample. The
same set of reference images, which
were obtained from an average of eight
acquisitions to reduce their noise levels,
were used in all experiments. As shown
in Appendix E1 (Scattering Length Scale
section |http://radiology.rsnajnls.org/
cgi/content/full/2521081903/DC1]), scat-
tering images of different orders reflect
structures of different length scales. In prac-
tice, the first-order peak usually has the
highest intensity and yields the best signal-
to-noise ratio, as illustrated in Figure 2.

In addition to the magnitude, the
phase of the high-order images is influ-
enced by the slight bending of x-rays
during refraction. X-ray refraction in
the direction perpendicular to the grid
will shift the grid shadows (19-21) to
result in phase shifts on the high-order
images. PC images and scattering im-
ages can be obtained concurrently:

Pn(x) .V) = [d)n(x’ .V)] - [d)n()(x) y)]) (5)

where P, is the nth-order PC image, ¢,
is the phase map of the nth-order im-
age, and ¢, is a reference phase map
without samples (Fig 2).

The processing steps just described
were automated with use of a program
written in Interactive Data Language,
version 6.4 (ITT, White Plains, NY).
We further considered the fact that
very sharp edges in the sample can in-
terfere with the fine grid shadows, or,
equivalently, adjacent peaks may over-
lap in the Fourier spectrum (Fig 2, B).
One can prevent these phenomena by
slightly moving the sample in the direc-
tion perpendicular to the grid lines over
a distance equal to the grid period dur-
ing the x-ray exposure. The result is that
all sharp edges in the sample itself will
be blurred to widths that are greater

than the grid period while the grid shad-
ows are not affected. The motion blur-
ring effectively limits the extent of each
peak in the Fourier spectrum to less
than half the distance between the
peaks, and, thus, any chance of interfer-
ence between the peaks is avoided. (See
Frequency Band Limiting the Sample
Image with Motion Blurring section in
Appendix E1 [http://radiology.rsnajnls
.org/cgi/content/full/2521081903/DC1].)

Animal Protocols

National Institutes of Health Animal
Care and Use Committee guidelines
were followed for the rat and pig radio-
graphic examinations. A 0.41-kg male
Sprague-Dawley rat and a 35-kg male
Yorkshire farm pig (both animals sup-
plied by Charles River Laboratories,
Germantown, Md) used for acute study
protocols unrelated to the present study
were examined. After the rat was eu-
thanized, a hind limb was removed and
the tibia and toe area of the hind limb
were imaged. After the pig was eutha-
nized, the front foot was removed and
imaged.

Statistical Analyses

To compare the scattering intensity in
the cortical bone of the rat tibia be-
tween two grid orientations, we calcu-
lated the attenuation and scattering val-
ues of the pixels in the cortical bone by
using Equations (3) and (4), respec-
tively. The pixels were then divided into
four 0.1-interval bins according to their
attenuation levels. Within each bin, the
scattering values of the pixels from the
two grid orientations were compared
to see which grid orientation yielded
the greatest scattering. The null hy-
pothesis was that for the pixels in each
bin, the mean difference in scattering
intensity between the two grid orien-
tations was zero. This hypothesis was
tested for each bin by using the Wil-
coxon signed rank test (22) and the
program written in Interactive Data
Language, version 6.4.

To evaluate the heterogeneity of
the scattering and PC signals in corti-
cal and trabecular bone in the pig foot,
we selected regions of uniform atten-
uation in the cortical bone and the

trabecular bone. To determine which
region had more heterogeneous scat-
tering and phase values, the variances
in the scattering and phase values of
the pixels in these two regions were
compared by using F tests. All nu-
meric results are cited as means *
standard deviations.

X-ray attenuation and scattering im-
ages of the rat’s hind limb are shown
in Figure 3. Differences in scattering
intensity between perpendicular align-
ment and parallel alignment of the grid
and the bone axes are visible. In the
dense superficial cortical bone of the
tibia, the scattering signal was higher
when the bone axis was parallel to the
grid (Fig 3d). There were 34208 pixels in
the bins (e = .03, P < 10~" for all bins).

Compared with cortical bone, tra-
becular bone appeared highly granular
on the scattering image, as seen on the
images of the pig’s toe in Figure 4. A
similar pattern of highly granular tra-
becular bone is seen on the PC image
(Fig 4¢). The areas of cortical bone and
trabecular bone outlined in Figure 4a
had mean attenuation levels (Eq [3])
of 0.71 = 0.04 (standard deviation) and
0.90 £ 0.03, respectively. The mean
scattering signal values in the cortical
bone and trabecular bone areas were
0.0459 = 0.0077 and 0.0580 = 0.0182,
respectively. The variance of scattering
in the trabecular bone was significantly
greater than that in the compact bone
(P <107** Ftest). The mean PC signal
values in the cortical bone and trabecu-
lar bone areas were 0.0002 = 0.0090
and —0.0001 = 0.0190, respectively.
The variance of PC also was significantly
greater in the trabecular bone (P <
10727, F test).

In the cortical bone of the rat hind limb,
the change in scattering intensity with
grid orientation can be explained by the
structure of the bone. The current
model of compact bone is a lamellar
formation of bundles of mineralized col-
lagen fibrils with crystalline material be-
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tween them (23). The bundles are
aligned in each layer, and the size of a
fibril is about 80 nm, on the same order as
the length scale of the scattering image
(described in Materials and Methods).
When x-rays pass through the ordered

Figure 3

-

Attenuation

e 0o

.

Scattering horizontal grid

(3
Figure 3:  (a) Regular attenuation radiograph of rat hind limb. (b) Scattering image of same limb acquired with vertical placement of grid. (c) Scattering image of same
limb with horizontal placement of grid. The image intensities (unitless values, scales at right) are defined by Equation (4). Blug and red arrows in band ¢ indicate areas
where the bone axes are parallel and perpendicular to the grid, respectively. (d) Graph of scattering versus attenuation in rat tibia cortical bone derived from data in band
c. Pixels are divided into four bins according to their attenuation values. Mean values of scattering of the bins, with corresponding standard deviations, are plotted. For all
bins, scattering is greater when grid is parallel (b) to tibia than when it is perpendicular (c) (P < 10~ for all bins, Wilcoxon signed rank test).

fibrils of an individual layer, the angular
distribution of scattering is the broadest
in the equatorial plane (24). The accumu-
lated effect through multiple layers is
broader dispersion in the direction per-
pendicular to the layers, or to the perios-

teal surface. Therefore, when the stripes
of the grid mask are parallel to the bone
surface (bone axis), the shadows of the
stripes are maximally blurred by x-ray
dispersion, the result of which is the high-
est scattering intensity.

Scattering vertical grid
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Figure 4

Attenuation

Phase contrast

Scattering

b.

0.1

_1 Figure 4: (a) Regular attenuation radiograph, (b) scattering image, and (c) PC im-
age of pig toe. Dotted line outlines region of cortical bone of uniform attenuation, and
solid line outlines region of trabecular bone of uniform attenuation. In b, trabecular
bone appears granular compared with cortical bone shell (P<< 10734, Ftest of vari-
ance). Inc, a similar granular pattern is seen (P << 10~%", F test of variance). Granular
pattern can be explained by heterogeneity of the orientation of mineralized collagen
fibrils and density gradients in porous trabecular structure.

The notion that the anisotropy of
the scattering image reflects the or-
dered structure of compact bone is con-
sistent with previous small-angle x-ray
scattering measurements of bone sec-
tions (8,24). These measurements indi-
cate that the azimuthal scattering distri-
bution of a single fibril bundle has an
ellipsoidal shape, with the short axis in
the direction of the bundle, and that the
scattering distribution of a plate-shaped

mineral particle is an ellipsoid, with the
long axis perpendicular to the plate.

To explain the granular pattern of
trabecular bone on scattering and PC
images, we note that the structure of
this bone is a porous matrix of mineral-
ized material and soft tissue (23). Thin-
section x-ray scattering measurements
indicate that the mineralized scaffold is
similar in scattering distribution to cor-
tical bone (8), but the collagen bundles

are locally aligned with the wall of the
trabecula and thus distribute randomly
over distances greater than the pore
size, which is approximately 100 pm
(26). For this reason, the scattering
intensity for a given grid orientation
should appear heterogeneous at the
scale of 100 wm and beyond. The image
pixel size of 127 pm in the present study
resolved this heterogeneity and led to
the granular appearance. The phase val-
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ues of the PC images reflected the spa-
tial gradients of material density at the
scale of the image spatial resolution
(27). In the porous matrix of trabecular
bone, the calcified compartment is denser
than is the soft-tissue compartment, and
the higher density leads to local density
gradients in random directions at the
scale of the pore size of 100 pm. This
characteristic is reflected in the granular
pattern on the PC image.

Currently, noninvasive assessment
of bone is based mainly on gross min-
eral density. However, the fine struc-
ture also has an important role in de-
fining the biomechanical competence
of the skeleton, and bone structure
changes dynamically to adapt to load
conditions (28) during growth, healing,
and disease processes (29,30). Much of
the current knowledge of bone struc-
ture is gleaned from detailed x-ray-
scattering examinations of thin sections
that have been performed since the
1950s (31). The described results indi-
cate that some of the capabilities of x-
ray scattering can be extended to rapid
imaging in situ.

The described Fourier x-ray scatter-
ing radiography technique in its current
form has limitations that point to indica-
tions for further technical development.
The final spatial resolution of the scatter-
ing and attenuation images is equal to
the period of the grid, which is 127 pm
with commercially available radiogra-
phy grids. Linear grids can be used to
detect scattering in only one direction.
The second- and higher-order scatter-
ing images have a relatively low signal-
to-noise ratio, so they are not practically
useful. These factors should prompt ef-
forts to construct grids composed of
square or hexagonal cells to enable imag-
ing of scattering in multiple directions
during a single exposure. Grids that con-
sist of narrow passing slits will distribute
the transmitted x-ray energy more evenly
among the Fourier harmonic peaks and
enable scattering imaging at two or more
length scales simultaneously.

In terms of the clinical applications
of the described x-ray scattering tech-
nique, further studies should be focused
on the correlation between pathologic
changes in bone structure and corre-

sponding imaging indications. When the
device is scaled for clinical trials, sev-
eral parameters will need to be adjusted
in concert (Appendix E1 [http://radiology
.rsnajnls.org/cgi/content/full/2521081903
/DC1,] Interdependencies of Hardware
Specifications and System Layout section).
A typical mobile clinical radiographic unit
(eg, GE Proteus XR/a; GE Healthcare, Mil-
waukee, Wis) may have a peak current of
300 mA and a focal spot of 0.6 mm. On the
basis of the interdependencies of focal spot
size, grid period, and final image spatial res-
olution, the grid period and the spatial res-
olution will be approximately 0.5 mm if the
patient stays behind the grid. The peak cur-
rent will be 300 times the one used in the
present study, and the operating tube volt-
age will be higher. To reach the signal level
achieved in the present study, the expo-
sure time should be two orders of magni-
tude shorter than the current 10 seconds,
which is consistent with the current pa-
rameters used for chest radiographic ex-
aminations (32).

The resolution of the camera or
flat-panel detector needs to be suffi-
cient to sample the first-order modu-
lation of the grid. According to the
Nyquist sampling theorem, the detec-
tor pixel should not be larger than
one-third the size of the grid shadow,
or 0.17 mm (0.5 mm/3). Current clin-
ical flat-panel detectors already meet
these criteria (eg, 0.143-mm pixels and
43 X 43-cm field of view for Siemens
Pixium 4600 [Siemens Medical Solu-
tions, Malvern, Pa]). These detectors
are designed to have fields of view suf-
ficient for large-area patient examina-
tions. However, the final spatial resolu-
tion of 0.5 mm may not be sufficient for
some imaging applications. Another
trade-off from using lower-density grids
and higher tube voltages is the reduced
scattering length scales relative to those
in the present experiments—that is, the
range of sizes of the microscopic struc-
tures whose scattering effect can be
seen is reduced. As a result, the scatter-
ing signal per unit thickness of sample is
lower; however, the lower signal is off-
set by the fact that human bones are
larger than the rat and pig bone samples
used in the present study and therefore
yield more scattering overall.

One way to achieve better spatial
resolution with clinical radiographic
units is to decrease the distance be-
tween the grid and the detector. For
example, a grid period and final spatial
resolution of 0.2 mm is feasible if the
grid is placed 25 cm from the detector
and 75 cm from the x-ray tube. The
trade-off is that the patient may not fit
into the 25-cm space and thus may need
to be positioned in front of the grid.
Without screening of the grid, the pa-
tient’s radiation exposure may increase
by approximately a factor of two. Given
all of the above considerations, the opti-
mal device parameters and layout for
imaging humans need to be determined
experimentally.

Finally, the thickness of the sample
affects Fourier scattering imaging and
PC imaging in different ways. With in-
creasing sample thickness, the trans-
mitted x-rays become more dispersed
and the scattering signal increases pro-
portionally with the sample thickness in
the same fashion that regular x-rays at-
tenuate. In contrast, the phase signal
originates from the refractive bending
of the x-rays at tissue interfaces and
depends on the number of interfaces
the x-rays pass through and the direc-
tion of the density gradients at these
interfaces. Generally, the phase signals
from different segments along an x-ray
path do not increase constructively and
become weaker when the x-rays be-
come more dispersed. For these rea-
sons, scattering imaging is more suited
for thick samples.

In summary, the described Fourier x-
ray scattering radiography technique en-
ables one to acquire attenuation and scat-
tering images in bone that depict material
density and fine structure, respectively,
during a single exposure. The key hard-
ware component of the technique is the
large-format x-ray camera. Digital x-ray
cameras and flat-panel detectors, which
enable one to readily perform this type of
imaging, are becoming widely used com-
merecially and clinically.
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