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Abstract
Diffraction-enhanced imaging (DEI) is an x-ray-based medical imaging
modality that, when used in tomography mode (DECT), can generate a threedimensional map of both the apparent absorption coefficient and the out-ofplane gradient of the index of refraction of the sample. DECT is known to have
contrast gains over monochromatic synchrotron radiation CT (SRCT) for soft
tissue structures. The goal of this experiment was to compare contrast-to-noise
ratio (CNR) and resolution in images of human trabecular bone acquired using
SRCT with images acquired using DECT. All images were acquired at the
National Synchrotron Light Source (Upton, NY, USA) at beamline X15 A at
an x-ray energy of 40 keV and the silicon [3 3 3] reflection. SRCT, apparent
absorption DECT and refraction DECT slice images of the trabecular bone
were created. The apparent absorption DECT images have significantly higher
spatial resolution and CNR than the corresponding SRCT images. Thus, DECT
will prove to be a useful tool for imaging applications in which high contrast
and high spatial resolution are required for both soft tissue features and bone.

1. Introduction
Diffraction-enhanced imaging, alternately referred to as analyzer-based imaging (ABI) (Bravin
2003, Coan et al 2005, Davis 1996, Davis et al 1995, Forster et al 1980, Ingal and Beliaevskaya
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1997, Pagot et al 2003, Pavlov et al 2004), in computed tomography mode (DECT) has been
shown to have significant contrast gains over comparably obtained monochromatic synchrotron
radiation computed tomography (SRCT) for mammography (Fiedler et al 2004, Keyriläinen
et al 2008), a soft tissue imaging application. The goal of this experiment was to compare
the contrast-to-noise ratio (CNR) and spatial resolution for images of human trabecular
bone, a hard tissue imaging application, acquired using monochromatic synchrotron radiation
computed tomography (SRCT) with those acquired using diffraction-enhanced computed
tomography (DECT).
2. Background
2.1. Assessing trabecular structure
Osteoporosis is a disease of the bone that leads to a reduction in bone mass and a decrease
in bone strength. It most severely affects trabecular bone—the spicular scaffolding present at
the end of long bones and in vertebrae—where osteoporotic fractures often occur (Keaveny
et al 2001). Correlations have been drawn between the biomechanical strength of trabecular
bone and certain trabecular measures (Ulrich et al 1999, Keaveny et al 2001, Link et al 1999).
The most common of these morphological parameters are the average spacing between the
trabeculae (Tb.Sp), the average trabecular thickness (Tb.Th), the number of trabeculae in a
region (Tb.N) and the ratio of the bone volume to total volume in a region of trabecular bone
(BV/TV).
Imaging methods that can accurately determine bone strength are essential to diagnose
osteoporosis, to evaluate bone deterioration and to assess the effectiveness of treatment
methods. High-resolution, micro-computed tomography (microCT) has been shown to be an
effective method to predict bone strength and to assess trabecular structure. When measuring
these parameters with microCT, the data must first be thresholded—a process whereby each
voxel is marked as being either bone or marrow—then proprietary software is used to determine
the morphological parameters. The spatial resolution and contrast-to-noise ratio (CNR) of the
imaging system affect the ability to accurately measure these parameters (Kothari et al 1998,
Muller et al 1996).
2.2. Diffraction-enhanced imaging experiments
Though still in its early stages of development and testing as a medical imaging modality,
diffraction-enhanced imaging (DEI), sometimes referred to as analyzer-based imaging (ABI),
has shown much promise in several different areas of medical imaging. The largest thrust
has been toward using DEI for mammography where it has shown contrast advantages over
radiography for both planar (Hasnah et al 2002, 2005, Kiss et al 2004, Pisano et al 2000,
Chapman et al 1996, 1997) and CT imaging (Fiedler et al 2004, Keyriläinen et al 2008, Arfelli
et al 2000, Bravin et al 2007). DEI has also been shown to have contrast advantages over
standard radiography for the imaging of soft tissue in joints (Li et al 2004, Majumdar et al
2004, Mollenhauer et al 2002, Muehleman et al 2002, 2003, 2004a, 2004b, Wagner et al
2004). Other studies have been done for testing DEI’s effectiveness in imaging kidneys (Gang
et al 2004), the brain (Mannan et al 2004, Connor et al 2007, 2009), the thyroid (Rocha et al
2004) and bone (Connor et al 2005, 2006, Wagner et al 2006, Majumdar et al 2004). Of these
experiments, three are particularly pertinent to this study. Kiss et al (2004) have shown that
DEI, because of additional extinction contrast, has considerable contrast gains over standard
radiography for the imaging of calcifications in breast tissue. This is pertinent because the
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calcifications are dense and scattered and lying in a bed of soft tissue, not unlike trabecular
bone (dense and scattering) lying in a bed of marrow. Fiedler et al (2004) were the first to
report on DECT of biological tissue. They showed that DECT achieves appreciable contrast
gains over SRCT in the imaging of invasive lobular carcinoma in adipose tissue in the breast.
In a prior study, the author (DMC) has shown that bone has measurable ultra-small angle
scattering (USAXS) (Connor et al 2005).
2.3. DEI description
DEI is a type of phase contrast imaging in which physical properties of an analyzer crystal are
exploited to reject or selectively accept scattered x-rays and to retrieve refraction information
from a sample (Chapman et al 1996, 1997, Zhong et al 2000, Dilmanian et al 2000, Wernick
et al 2003, Oltulu et al 2003, Pagot et al 2003). For x-ray energies that are usable in medical
imaging (20–60 keV), an analyzer crystal has a reflectivity profile, called a rocking curve, with
a width on the order of microradians (Zachariasen 1945). Any transmitted x-rays that deviate
by more than a few microradians from the analyzer crystal’s Bragg peak will not be reflected
by the analyzer crystal. This means that all small-angle x-ray scattering (SAXS; on the order
of milliradians) and all but a very narrow range of ultra-small angle x-ray scattering (USAXS;
on the order of microradians) are rejected by the analyzer crystal. This rejection of scattered
x-rays leads to additional contrast, called extinction contrast, in the DEI projection image.
Several different forms of DEI are now being used. In all DEI forms, the analyzer crystal
is tilted to positions relative to its peak reflectivity position. For this study, the two-image
DEI method, previously described for both planar imaging (Chapman et al 1997) and CT
(Dilmanian et al 2000), is used. In the two-image method, the analyzer crystal is tilted to the
high-angle and low-angle sides of the rocking curve that correspond to half the peak reflectivity.
By combining these high-angle and low-angle projection images, an apparent absorption image
and a refraction image can be created. The apparent absorption image should appear similar
to a standard radiography image, but with additional extinction contrast. Scattering materials
(such as bone) will appear to be more absorbing in the apparent absorption image than they
would in a standard radiograph. As with SRCT, the apparent absorption images are used to
create a three-dimensional map of the absorption coefficient in the sample. In tomography
mode, the refraction projection images are used to create a three-dimensional map of the
out-of-plane gradient of the index of refraction within the sample (Dilmanian et al 2000), so
image contrast is related to the change in the index of refraction along the vertical direction.
Because trabecular bone has a structure on a scale that can be visualized using the current
diffraction-enhanced imaging (DEI) system and its structure both refracts and scatters, it is a
good test of two-image DEI.
3. Materials and methods
Formalin-fixed human tibial trabecular bone samples were obtained from the Gift of Hope
Organ and Tissue Donor Network with Institutional Review Board (IRB) approval. The
samples were cut into cylindrical cores measuring about 0.8 cm in diameter and about 1 cm
in height and fixed to a small metal platform using epoxy. The metal platform was placed in
a water-filled acrylic cylinder that was attached to a rotating sample stage which was attached
to a scanning stage.
The data were obtained at the National Synchrotron Light Source (NSLS) beamline
X15A. A diagram of the experimental setup at X15A is included in figure 1. Two major
changes have been made to the original DEI setup (Zhong et al 2000): the rotation stage has
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Figure 1. Diagram of the experimental setup at Beamline X15A at the National Synchrotron Light
Source, Upton, NY, USA.

been added to the scanning stage to allow for CT and the imaging plate has been replaced by
a Rad-icon Shad-o-BoxTM 2048 X-Ray Camera which generates 2048 by 1024 images with a
50 μm by 50 μm pixel size. This study was done with future clinical applications in mind;
a detector with a 50 μm detector element is on the lower end for a clinically relevant CT
resolution. The double-crystal monochromator and analyzer crystal of the DEI system were
tuned to 40 keV using the silicon [3 3 3] reflection. To create a full DECT image set, 720
projection images were taken rotating the sample in 0.5◦ increments with the analyzer crystal
tuned to +0.8 μrad and then −0.8 μrad with respect to the Bragg peak. The exposure time
for each projection image was 1 s. Since there was a delay of about 1 s between each of the
images, the total acquisition time for each 720 image set was approximately 20 min. Prior
to CT reconstruction, the projection images were combined to form refraction and apparent
absorption images using the DEI equations of Chapman et al (1997).
The SRCT images were acquired as described above with 720 projection images in 0.5◦
increments and a 1 s acquisition time per image, but with the analyzer crystal removed.
Apparent absorption DECT, refraction DECT and SRCT reconstructions of the trabecular
bone were created using filtered back-projection with a Shepp–Logan filter and ring artifact
correction using a modification of IDL (ITT Visual Information Systems, Boulder, CO) code
developed by Rivers (1998). These 2D slices were then exported from IDL as 8-bit TIFF files.
The files were imported to Photoshop where they were histogram- and gamma-corrected.
As a measure of system resolution, line profiles were taken through the smallest trabecular
features that were perceptible in the apparent absorption DECT, refraction DECT and SRCT
slices. The line profiles from both the apparent absorption DECT and SRCT profiles were fit
to a Gaussian and the FWHM from each was recorded. All three line profiles were also used
to determine an average CNR for these small features in bone. For the apparent absorption
and SR profiles, the CNR was determined using
CNR =

μmax − μmin
,
σback

(1)
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where σ back is the standard deviation in a 30 by 30 pixel section of the slice containing only
water, and μmax and μmin are the maximum and minimum values, respectively, of the absorption
coefficient along the line profile. For the refraction profiles, the CNR was determined using
 
 ∂n 
− ∂n
∂z max
∂z min
CNRrefr =
,
(2)
σback
where σ back is the standard
 ∂n deviation in a 30 by 30 pixel section of the slice containing only
and
are the maximum and minimum values, respectively, of the zwater, and ∂n
∂z max
∂z min
gradient of the index of refraction as measured along the line profile. The apparent absorption
and refraction gains, defined as the ratio of the CNR from the DECT slices to the CNR from
the SRCT slices (CNRappab/CNRSR and CNRrefr/CNRSR), were then recorded.
In order to get a more accurate measure of the true trabecular sizes, high-resolution
images were obtained at beamline X15A of the NSLS using an x-Ray Image VHR 1:1 detector
(Photonic Science Limited, UK) with a 9 μm pixel size. The system optics were configured to
the 23 keV, silicon [1 1 1] reflection. The 23 keV, [1 1 1] reflection was chosen because of its
optical stability (due to its wide rocking curve), scatter-rejection properties and relatively low
sensitivity to refraction. With the analyzer crystal set to the peak position, images were taken
in 0.18◦ increments over a range of 360◦ (nimages = 2000) with an exposure time of 0.4 s per
image. The images were reconstructed in IDL. After reconstruction, five of the resulting slice
images were opened in ImageJ (National Institutes of Health, Bethesda, MD, USA). Using
the line measurement tool in ImageJ, the thickness of the trabeculae was measured at 736
different image locations.
4. Results
Four SRCT and apparent absorption DECT slice images of corresponding sections of bone are
displayed in figure 2. Qualitatively, the apparent absorption image appears sharper than the
radiograph image. The SR image shows more connectedness between trabecular structures
than the apparent absorption slice does.
Figure 3 includes slice image comparisons between corresponding apparent absorption
and refraction slice images. The trabecular structures that can be seen as a dot in the apparent
absorption image can be seen at the same location in the refraction image, but as a white
and black dot surrounded by gray. Because the refraction slice presents a measure of the
out-of-plane gradient of the index of refraction, the refraction image contains information on
the orientation of the trabecular structures within the slice.
A high-resolution peak DECT slice image is displayed in figure 4(a). The average
thickness of the trabeculae is 90 ± 50 μm and the distribution of trabecular thicknesses is
plotted in figure 4(b). Though there are still errors in the trabecular size due to the partial
volume effect, the trabecular thickness as measured by this high-resolution CT is considered
here to be the true thickness of the trabeculae.
The average FWHM for the line profiles in the apparent absorption DECT slice was
160 ± 20 μm and for the SRCT slice was 200 ± 40 μm using a total of 18 line profiles
from each image set. The median 1-sigma error estimate for the FWHM measurements
from the individual line profiles is 12 μm for the apparent absorption CT and 17 μm for
the SRCT image. The measured sizes represent 180% ± 60% and 220% ± 60% of the true
trabecular sizes for the apparent absorption DECT and the SRCT measurements, respectively.
As expected, because of the greater relative partial volume effect for the 50 μm pixel size
compared to the 9 μm pixel size, both the apparent absorption DECT and the SRCT images
yielded significantly larger average trabecular size than the high-resolution CT image did.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 2. Example slice images of trabecular bone. Images (a)–(d) are consecutive slices from
monochromatic synchrotron radiation computed tomography. Images (e)–(h) are from apparent
absorption diffractionenhanced computed tomography.

(a)

(b)

Figure 3. Comparison slice images of trabecular bone from (a) apparent absorption DECT and
(b) refraction DECT.

Line profile plots from a corresponding feature in an SRCT slice and an apparent
absorption and refraction DECT slice are shown in figures 5(a), (c) and (e), respectively.
The region of each image used to create the line profile is circled in the corresponding SRCT,
apparent absorption DECT or refraction DECT image (figures 5(b), (d) and (f)). A paired t-test
was performed with the alternative hypothesis that the true mean FWHMappabDECT was less
than the true mean FWHMSRCT and a confidence interval of 99%. The paired t-test showed the
difference between the feature widths to be statistically significant (p < 0.001). The narrower
FWHM for the apparent absorption DECT images suggests that it offers higher resolution
than the SRCT image. The average apparent absorption CNR gain of 2.2 ± 0.7 compared to
SRCT was found.
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(b)

Figure 4. Example high-resolution peak DECT slice image with corresponding trabecular size
distribution. DECT slice image (a) was acquired at the peak of the 23 keV, [1 1 1] rocking curve
with a 9 μm pixel size detector. (b) The normalized plot of the size distribution of the trabulae.

A paired t-test was performed with the alternative hypothesis that the true mean
CNRappabDECT was greater than the true mean CNRSRCT and a confidence interval of 99%.
The paired t-test showed the difference between the CNR values to be statistically significant
(p < 0.0001), so the CNR gain was statistically significant. A gain in CNR means that the
bone region of the apparent absorption DECT slice stands out more against the background
(surrounding water) than it does in an SRCT slice. An average refraction CNR gain of
3.7 ± 1.4 compared to SRCT was found. A paired t-test was performed with the alternative
hypothesis that the true mean CNRrefrDECT was greater than the true mean CNRSRCT and a
confidence interval of 99%. The paired t-test showed the difference between the CNR values
to be statistically significant (p < 0.0001), so the CNR gain of refraction DECT over SRCT
was statistically significant.

5. Discussion
In this investigation of DECT of trabecular bone, we have found that apparent absorption DECT
has significant gains in both resolution and CNR over monochromatic synchrotron radiation
CT for imaging trabecular bone structure. Because measures for the morphological parameters
in trabecular bone are affected by system resolution, an increase in system resolution suggests
that the DECT could produce more accurate morphological parameters than SRCT. The gain
in both resolution and contrast, for a given radiation dose, x-ray energy and detector resolution,
will allow for thresholding of the data that more accurately represent the underlying trabecular
bone. With this more accurate representation of the bone tissue, measurements made of that
bone tissue will also be more accurate. Thus, DEI makes more efficient use of dose. Though
it is possible to generate more accurate assessment of trabecular structure with high dose
micro-CT, these findings suggest that it would not be possible to match DEI’s contrast and
resolution for a given dose, energy and detector resolution.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5. Example line profiles from small features in the trabecular bone slice images. Plots (a),
(c) and (e) are from the SRCT slice, the apparent absorption DECT slice and the refraction DECT
slice, respectively. The Gaussian fit is shown for the SR (a) and apparent absorption profile (c).
The slice image is shown in (b), (d) and (f) for SRCT, apparent absorption DECT and refraction
DECT images, respectively, with the trabecular feature from the line profile encircled.
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The CNR results may seem to be contradictory to the findings of Dilmanian et al (2000)
where apparent absorption DECT was shown not to have contrast gains over SRCT. In their
experiment, they imaged an acrylic cylinder with an angularly cut drill hole that was filled with
olive oil. Olive oil is far less scattering than bone so we should expect there to be very little
extinction contrast gain. So what little was gained with extinction contrast was lost through
the addition of noise caused by adding two images together to form the apparent absorption
DECT image.
The rejection of scatter that leads to additional contrast in the apparent absorption images
leads to a reduction in contrast in the refraction image. The large amount of USAXS in
bone means that the refraction image results must be considered qualitatively rather than
quantitatively, which limits the usefulness of the results. What can be inferred from the
data is whether the index of refraction is increasing, decreasing or remaining the same along
the vertical direction within the voxel. If one assumes there is no variation in the index of
refraction within materials (i.e. the entire region is composed of either nbone or nwater), then a
black or white pixel means there is an interface between materials within that voxel. If we
assume that the trabecular bone is uniform density bone interspersed with, in this case, water,
then a black pixel in the refraction DECT slice image means that there is an interface between
water and bone in which the water region of that volume is above the bone region of that
volume.
6. Conclusions
The findings presented here, when combined with the previous findings in DECT of soft tissue
features (Fiedler et al 2004, Keyriläinen et al 2008), show that DECT has enhanced contrast
over SRCT for both soft tissue features and bone; the CNR gains that are seen over SRCT for
soft tissue do not come at the expense of image quality for features within the bone. Thus
DECT will prove to be a useful tool for imaging applications in which high contrast and high
resolution are simultaneously required for both soft tissue features and bone.
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