
ABSTRACT 

 

CONNOR JR, DEAN MICHAEL.  Application of diffraction enhanced imaging to bone.  

(Under the direction of Hans D. Hallen) 

 

Diffraction enhanced imaging (DEI) is a new x-ray-based medical imaging modality that is 

in its early stages of development and testing.  In images generated using DEI, contrast is 

from absorption and refraction of x-rays and from ultra-small angle x-ray scattering 

(USAXS).  Though accepted values for x-ray absorption in biological tissues have been 

established, only recently have investigators began probing for characteristic refraction and 

USAXS from biological tissues.  For this work, a series of four experiments were performed 

at the National Synchrotron Light Source (Upton, NY, USA) beamline X15A to help 

characterize DEI of bone.  In the first experiment, the USAXS profile was measured for pre- 

and post-fatigue loaded cortical bone.  Though no clear pattern of change in the USAXS 

profile was found, the bone samples were shown to have a measurable USAXS signal and it 

was found that large refracting structures within bone (>100 microns) could be visualized.  In 

the next two experiments, the contrast of DEI’s refraction and apparent absorption images 

was compared to the contrast in synchrotron radiation (SR) radiographs for planar imaging of 

gap regions in bone and for imaging of trabecular structure in tomography mode.  DEI was 

shown to have significant contrast-to-noise ratio gains over SR radiographs in both 

experiments.  The planar refraction and apparent absorption signals in the gap imaging 

experiment were shown to be consistent with their theoretically predicted values.  DEI in 

tomography mode (DECT) was found to have significant resolution gains over comparably 

 



obtained SRCT images.  In the final experiment, a computer model was developed to predict 

USAXS from cortical bone and the computer model results were compared to USAXS data 

obtained using DEI.  The scattering widths, as predicted by the computer model, suggest that 

osteocyte lacunae cause the experimentally measured angular spreading of the x-ray beam.  

The findings of these experiments provide the impetus for further studies of bone with DEI 

emphasizing clinical applications. 
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He is like a man which built an house, and digged deep, and laid the 

foundation on a rock: and when the flood arose, the stream beat vehemently 

upon that house, and could not shake it: for it was founded upon a rock. 

Luke 6:48 
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In memory of Dr. Dale Sayers and Pastor Joe Sarver, the two most profound influences on 

my scientific, personal, and spiritual growth in my graduate school life.   
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I was born in Hibbing, Minnesota on January 23, 1978.  The first nine years of my 

life were spent enjoying the mild spring-like summers and the arctic winters of northern 

Minnesota.  Much of my childhood life involved school, church, hockey (an inevitability, 

given my geographic location, paired with the fact that my dad played varsity hockey at the 

University of Wisconsin), playing ninja in the woods surrounding my friends’ lake homes, 

and building Barbie houses with my Construx (unavoidable in a house with three sisters and 

no brothers).   

After several years and a couple moves, my family ended up in Farmington Hills, 

Michigan, where began the most influential year of my life so far.  It was my junior year at 

Harrison High School, when I decided to take the introductory physics course with Mr. 

Dennis King.  He had an enthusiasm for teaching in general, and for teaching physics 

specifically, that made a lasting impression on me.  Unfortunately, during that school year 

my family was forced to move again, this time to Hartland, Wisconsin.  As luck would have 

it though, I went from one incredibly gifted and enthusiastic teacher in Michigan to another 

equally enthusiastic and gifted teacher in Wisconsin, Mrs. Cheryl Kaiser.  The move away 

from established friendships in Michigan was a very rough one, but it ended up that I was not 

alone—three other guys had just moved to the area as juniors in high school.  As luck would 

have it, two of the other guys were on the hockey team, we had three classes together, and we 

went to the same church youth group.  Our little group of vagabonds bonded over physics 

problem sessions, tough hockey practices, and youth group activities.  It was during this year 

that I decided I would really like to share my teachers’ enthusiasm towards physics, to pass 
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on the torch to the next generation of students.  It was also during that year I decided 

Christianity was a very important part of my life.  In one way or another, most of my life 

choices since that year have been molded by those two decisions.     

Though I had it in my head that it would be great to be a physics teacher, I decided to 

take a somewhat circuitous route to get there.  After finishing up with high school, I moved 

out to rural Wisconsin to attend school at the University of Wisconsin-Platteville, where I 

chose to study Engineering Physics (they did not have a plain physics degree program).  As 

graduation approached I had to decide whether to try to find an engineering job or to go to 

graduate school.  Though I had an enthusiasm for teaching physics, I still was not completely 

sure this was what I wanted to do with my life.  After more than a little bit of indecision, I 

decided to go to graduate school at North Carolina State University to study physics.   

The decision to go to NC State ended up being a far better one than I had anticipated.  

To start off with, they were very understanding of my situation coming in—that I did not 

have the physics background that many students had coming into graduate school.  They 

agreed to let me take some master’s level coursework in my first year to catch up with the 

other graduate students.  It was during this year of playing catch-up, that I started working as 

a teaching assistant with Dr. Robert Beichner.  He has the same enthusiasm for teaching that 

I had seen in my high school teachers.  It was then that I was convinced I wanted to continue 

with graduate school so I could eventually teach at the collegiate level. 

One of the responsibilities of graduate students at NC State is to interview perspective 

faculty members.  During my second year in school, the physics department must have had 

an influx of money because we were seemingly interviewing perspective faculty members 
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every other day.  When the physics department would bring in these perspective faculty 

members, they would have a senior faculty member escort them around for the day, and the 

senior faculty member that they chose the most was Dr. Dale Sayers.  My first interactions 

with Dr. Sayers were all in this context.  It was there that I saw his devotion to the university 

and his great character.  When he let me know he was looking to hire on a new graduate 

student, I jumped at the chance to work for him.  After I began working for him, my respect 

for him only grew.  As I started into the experiments for my dissertation, he took a hands-off 

approach.  He let me make mistakes and figure things out on my own, but he was always 

there to lend a helping hand during our weekly, and then—as time progressed—daily 

meetings.  Though Dr. Sayers’ passing on November 25, 2004 was a major blow to me—and 

to everyone else who knew him—personally and professionally, the lessons that he taught me 

about what it means to be a scientist and what it means to be a person of character will not be 

forgotten. 

As I end my time as a graduate student and move on, I am a stronger person, I have a 

stronger faith, and I am certainly a better scientist.  And I have a duty to pass my enthusiasm 

and wisdom on to the next generation of scientists.      
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1 INTRODUCTION 

Diffraction enhanced imaging (DEI) is a new medical imaging modality that is in its 

early stages of development and testing.  Like conventional x-ray imaging, it has contrast that 

is due to absorption in the sample.  But beyond the limits of conventional x-ray imaging, it 

can produce additional contrast from refraction and from rejecting or accepting x-rays that 

experience ultra-small angle x-ray scattering (USAXS).  Though accepted values for x-ray 

absorption from biological tissues have been established, only recently have investigators 

began looking at the refraction and USAXS of x-rays from biological tissues.  Of particular 

interest to this work, little has been done to characterize refraction and USAXS of x-rays 

from bone.  Though divided into smaller experiments, the overall purpose of this work is to 

provide a starting point in the discussion of whether or not DEI could provide diagnostically 

useful information that is not available through conventional x-ray imaging. 

This work starts with a presentation and description of the DEI experimental 

apparatus.  The properties of the imaging system and how those properties affect the final 

image are the primary focus of this section.  The foundational theory of DEI is then presented 

along with the results of several proof-of-principle experiments.  The background then 

concludes with a look at the structure that is present within bone.  The first experiment that is 

presented in this work looks at pre- and post-fatigue loaded bones to determine if DEI can 

detect a change in the scattering profile caused by microfractures within the bone structure.  

Though no consistent change in the ultra-small angle x-ray scattering (USAXS) profile was 

observed between the pre- and post-fatigue loaded samples, it was observed that there was 

measurable USAXS from the bone samples and that, even with the measurable USAXS, 
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there was refraction contrast for large structures (vascular channels) within bone.  In the 

second experiment presented here, DEI was used to image bone samples with metal implants 

in them to determine if DEI presented contrast advantages over synchrotron radiation (SR) 

radiographs.  DEI is shown to have contrast-to-noise ratio gains over SR radiograph for the 

imaging of bones with gap regions in them.  In addition, the experimentally measured 

refraction and absorption values from DEI are compared with their predicted values from 

DEI theory.  The experimentally measured refraction and apparent absorption signals are 

shown to be consistent with their theoretically predicted values.  In the next experiment, 

diffraction enhanced computed tomography (DECT) and synchrotron radiation computed 

tomography (SRCT) of trabecular bone were acquired and the resulting image contrast and 

resolution were compared.  DECT is shown to have contrast-to-noise ratio gains over SRCT.  

DECT is shown to have statistically significant resolution gains over SRCT as well.  In the 

final experiment considered here, a computer model was developed to predict USAXS from 

cortical bone and the computer model results were compared to USAXS data obtained using 

DEI.  It will be argued that the scattering widths, as predicted by the computer model, 

suggest that osteocyte lacunae cause the experimentally measured angular spreading of the x-

ray beam.   

This work concludes with a summary of the findings from the four experiments and a 

look towards what future work needs to be done to establish DEI as a useful imaging 

modality for characterizing bone.       



2 BACKGROUND 

2.1 Description of DEI experimental setup 

In the following section the DEI experimental setup will be briefly described.  The 

properties of the components will be considered along with the way in which they affect 

imaging with DEI.  The focus will be on describing the experimental hutch, though the x-ray 

source will be considered.  A diagram of the experimental setup for DEI is included as figure 

2.1. 

. 
 

Figure 2.1.  Diagram of experimental setup at the NSLS beamline X15A
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2.1.1 X-ray source 

The x-ray source at the National Synchrotron Light Source (NSLS) beamline X15A is 

a bending magnet.  Prior to insertion into the storage ring, electrons at the synchrotron are 

accelerated to near the speed of light.  In the storage ring, the electrons are steered using 

bending magnets.  Because the direction of the electrons is changing while being steered by 

the bending magnets, the electrons emit light (light emitted from accelerating charged 

particles is called synchrotron radiation).  Because the electrons are traveling at relativistic 

speeds, the emitted light is in a forward facing cone that is tangent to the arc traversed by the 

electron.  The opening angle of the emitted cone of light is approximately 1/γ, where 

22

1

1
cm

E

c
v e

electron

e

=

⎟
⎠
⎞

⎜
⎝
⎛−

≡γ           Equation 2.1 

and ve is the speed of the electron, c is the speed of light, Eelectron is the energy of the electron 

(which is useful because synchrotrons are generally categorized by the electron energy, and 

not by the electron speed), and me is the rest mass of an electron.  The rest energy, mec2, of an 

electron is 0.511 MeV.  The NSLS operates at 2.8 GeV, meaning Eelectron=2.8 GeV, so the 

cone of light has an opening angle of approximately 180 µradians (0.0105 degrees).  Because 

the electron is emitting light the entire time it is being accelerated by the bending magnet, the 

emitted light cone traces out a line in the plane of the electron acceleration.  For this reason, 

the width of the x-ray beam is much greater than the height of the beam when it is allowed 

into the experimental safety enclosure (hutch).   
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2.1.2 Source to hutch 

The bending magnet source is separated from the experimental hutch by 16.3 m at the 

NSLS beamline X15A.  Because the x-rays are diverging from the source and because the 

electrons are emitting light throughout the time they pass through the bending magnet, the 

bending magnet source generates an x-ray beam that measures approximately 10 cm wide by 

3 mm high when it enters the experimental hutch.  Between the source and the experimental 

hutch is a tube that is kept at ultra-high vacuum (~10-8 torr) to minimize attenuation of the 

beam between the source and the hutch.  Because the tube is kept at vacuum, it has to be 

capped by a material that minimally absorbs x-rays.  A beryllium window is placed at the end 

of the pipe.  The intensity of light as a function of photon energy is included in figure 2.2.  
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Figure 2.2.  Spectral distribution of x-ray intensity at the NSLS beamline X15A 
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The power delivered to the hutch by the x-ray beam is the integral of the intensity curve.   

2.1.3 Aluminum filters 

In order to understand the importance of the aluminum filters, it is important to first 

consider the properties of the incident x-ray beam.  From figure 2.2, it is clear that the 

intensity of light is very high for energies less than 10 keV, and because of that, a high 

percentage of the power delivered by the beam is from x-rays with energies under 10 keV.  

The properties of the monochromator crystal will be considered in the next section, but it is 

sufficient for now to state that it is beneficial to minimize the power delivered to the 

monochromator.  Because aluminum is highly absorbing for lower energy x-rays, it was used 
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Figure 2.3.  Comparison of pre- and post-filtered intensities.   
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to filter out lower energy x-rays while only minimally absorbing higher energy x-rays.  With 

an aluminum filter thickness of 3mm, typically used when the desired x-ray energy for 

imaging is above 30 keV, the new spectral distribution of x-rays is shown in figure 2.3.  

Since the x-ray energies used for medical imaging start at around 20 keV, figure 2.4 displays 

the same plot as figure 2.3, but just for energies from 20-60 keV.  From about 30 keV to 40 

keV, the aluminum attenuates approximately half the incident x-rays.   
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Figure 2.4.  Comparison of pre- and post-filtered intensities for energies from 20 to 
60 keV 

2.1.4 Double crystal monochromator 

The properties of the double crystal monochromator were considered in detail by 

Zhong et al,1 so they will only be summarized here.  The crystals are both perfect silicon 



crystals.  The first crystal measures 150 mm wide, 60 mm long, and 10 mm thick.  The 

second crystal measures 150 mm wide, 90 mm long, and 10 mm thick.  They are both cut so 

their [111] plane is parallel to the surface plane.  To a first-order approximation, the crystals 

follow Bragg’s law which states that 

θλ sin2 hkld=         Equation 2.2 

where λ is the wavelength of the incident light, and θ is the angle the light makes with the 

diffracting plane.  Since silicon crystals have a diamond structure with face-centered cubic 

symmetry,  

222

2
2

lkh
adhkl ++

=         Equation 2.3 
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where a is the lattice spacing (which is 0.543 nm at room temperature) and h, k, and l are the 

Miller indices used to define the crystal plane (such as the [111] plane, where h=k=l=1).  For 

the experiments described in this work, the x-ray energy used was primarily 40 keV which 

corresponds to a wavelength of approximately 0.031 nm.  The experiments generally use the 

[333] reflection (h=k=l=3), so this means that the plane of the crystal surface has to be 

rotated so the beam makes a 8.5272 degree angle with the crystal surface.  In addition to 

reflecting 40 keV x-rays at this angle, the crystal also has harmonic reflections.  For the [333] 

plane in silicon, there are [111], [444], and [555] harmonics.  These harmonics are at 1/3, 4/3, 

and 5/3, respectively, the energy of the [333] reflection (13.3, 53.3, and 66.7 keV).  So, to a 

first-order approximation, the first monochromator crystal perfectly reflects 13.3, 40.0, 53.3, 

and 66.7 keV x-rays when its surface is at a 8.5272 degree angle with respect to the incoming 

polychromatic x-ray beam and x-rays of all other energies are either absorbed by or 

transmitted through the monochromator crystal.  When determining the energy of light 



reflected by the monochromator crystals, the divergence from the source must also be taken 

into account.  Since the opening angle of the cone of x-ray light is 0.0105 degrees, the x-rays 

hit the crystal at an range of angles from 8.5272-0.0105/2 to 8.5272+0.0105/2 (8.5220 to 

8.5325) degrees.  From beam divergence alone, the ∆θ/θ  is 0.001231 for when the crystal is 

at a 8.5272 degree angle with respect to the incoming polychromatic x-ray beam. This 

corresponds to a range of reflected wavelengths from 0.03098 to 0.031015 nm, or a ∆λ/λ of 

0.001222.  Because E=hc/λ (where h is Planck’s constant), ∆E/E is 0.001222.   

Bragg’s law and the x-ray beam divergence do not give a complete description of the 

x-ray interaction with the crystal though.  Because the monochromator crystals are thick, 

perfect crystals, they reflect a very narrow range of energies surrounding the Bragg energies 

mentioned above.  The crystal can equally be thought of as reflecting x-rays at a narrow 

range of angles surrounding the Bragg angle, θB.  The width of that range of angles 

surrounding the Bragg angle is called the Darwin width.  For the x-ray energies used for 

medical imaging, the Darwin width for the [333] reflection is on the order of 1-10 µradians.  

The reflection curve for the perfect crystal is roughly box-shaped with a the box width equal 

to the Darwin width.2,3  The Darwin width, ω, decreases with an decrease in x-ray 

wavelength as 

( BH
e

c KF
r
V

θ
π
λω 2sin2 2

= )        Equation 2.4 

where Vc is the volume of a unit cell in the crystal, re is the classical electron radius, K is the 

polarization factor, and FH is the structure factor.1,3  Equation 2.4 can be rewritten in terms of 

x-ray energy as 

 
9



( ) ( BH
e

c KF
r
V

E
hc θ

π
ω 2sin2

2

2

= )        Equation 2.5 

which is more convenient here because x-ray energy is more commonly used than x-ray 

wavelength. 

The x-ray beam that leaves the monochromator is affected by each of the above 

mentioned phenomena.  The beam is the convolution of the incident beam, which has an 

intensity that is a function of x-ray energy and is diverging, with each of the reflectivity 

curves of the monochromator crystals.  The reflectivity curves of the monochromator crystals 

are themselves a function of energy.  The alignment of the monochromator crystals will be 

considered below.   

2.1.5 Ion chamber 

The transmitted x-rays then pass through an ion chamber.  Since x-ray radiation is 

ionizing radiation, some x-rays will interact with the air in the ionization chamber causing 

electrons to be stripped from atoms.  The ion chamber has top and bottom plates that 

generate a large electric field inside the chamber.  The free electrons and positively charged 

ions can then flow towards the plates.  The flow of ions and electrons is related to the amount 

of ionizing radiation that is passing through the chamber, so the measured current is 

proportional to the amount of ionizing radiation that is incident on the next—and most 

important—part of the imaging system, the sample.  In medical imaging terms, the ion 

chamber can be used to determine the surface dose to the imaging sample.   
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2.1.6 Imaging sample 

After passing through the ion chamber, the transmitted x-rays are incident on the 

imaging sample.  The sample can interact with the incident x-rays in several ways.  The 

different types of samples, and their interaction with the incident x-rays, are considered in 

detail in Chapters 3-6.  What is important to consider for now is that the x-rays can be 

absorbed, scattered, or refracted within the sample and that each interaction mechanism is a 

function of energy.  Because the x-ray beam that is incident on the sample is narrow along 

the vertical direction—the beam is about 3 mm high—the sample must be scanned through 

the x-ray beam in order to produce images that are greater than 3 mm high.  The scanning 

stage that the sample is place on allows the sample to be scanned through the fixed x-ray 

beam.   

2.1.7 Analyzer crystal 

The analyzer crystal is what sets DEI apart from all other types of x-ray imaging.  As 

with the monochromator crystals, the analyzer crystal is a perfect silicon crystal with is 

surface plane parallel to the [111] plane.  It measures 150 mm wide, 90 mm long, and 10 mm 

thick (the same as the second monochromator crystal).  With no sample in the x-ray beam, 

the analyzer crystal can be tilted so the x-ray beam incident from the monochromator is at its 

Bragg angle.  For the remainder of this work, the Bragg angle of the analyzer crystal will be 

where θ=0, and all analyzer crystal angles are measured with respect to the Bragg angle.  The 

analyzer crystal can be rotated to an angle, θ, with respect to its Bragg angle and the reflected 

intensity can be measured.  The reflectivity profile of the analyzer crystal, R(θ), also referred 

to as the rocking curve, can be found by rotating the analyzer crystal and measuring the 



reflected intensity as a function of the detuning angle, θ.  The reflectivity profile is a 

combination of beam divergence from the source, the spectral intensity incident on the hutch, 

and the angular setting of the monochromator crystals (relative to the incident light and 

relative to each other).  In mathematical terms, the reflectivity profile is the convolution of 

each of the imaging components. 

The relative detuning of the monochromator crystals will now be considered.  Plots of 

the analyzer reflectivity profile with the second monochromator crystal detuned from the first 

monochromator crystal by some amount, ε (meaning the second crystal is set such that the 
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amounts for the second monochromator crystal. 
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beam from the first crystal is incident to the plane of the second crystal at some angle, θB+ε), 

are shown in figure 2.5.    With slight detuning, the peak of the analyzer reflectivity profile 

shifts.  With increasing amounts of detuning, there is a drop in peak reflectivity, an increase 

in the angular deviation of the peak, and an increase in the full-width half-maximum 

(FWHM) of the reflectivity curve.  In practice, the effects of this monochromator crystal 

detuning have been observed as a drifting of the rocking curve.  For the time scale of most of 

the imaging done in the subsequently described experiments, the observed drifting of the 

analyzer peak was around 0 to 0.4 µradians. 

All of the above considerations for the analyzer crystal are with no sample in the x-

ray beam.  With the sample in the beam, the analyzer crystal can be used to reject or 

selectively accept x-rays by rotating the analyzer crystal relative to the Bragg peak.  The 

properties of the analyzer crystal, and how they are exploited to gain information about the 

sample, are considered in detail along with each of the subsequently described experiments. 

2.1.8 Detectors 

Three different detectors were used in the experiments described below.    Each of the 

detectors gives a two-dimensional map of the intensity of x-rays incident on the detector.  In 

order to measure the x-ray intensity, the detectors generally work in steps.  In the case of the 

two different x-ray cameras that were used (Rad-icon Shad-o-Box™ 2048 X-ray Camera and 

Photonic Science X-ray Imager VHR 150) a phosphor layer is coated onto a flat surface.  The 

VHR 150 is coated with a phosphor that has 30 mg/cm2 of Gd.  X-rays that are incident on 

the surface are absorbed by the phosphor coating.  The energy gained by the phosphor 

coating is then released in the form of visible light.  For the Rad-icon detector, the phosphor 



 
14

material is coated directly on top of the CMOS detector.  In the Photonic Science detector, 

fiber optic cables are placed on the side of the coating opposite the incident x-rays.  The 

cables are then coupled to a CCD detector that measures the intensity of incident visible 

light.  The intensity of the measured visible light is related to the intensity of the incident x-

ray light.  In the case of the image plate (Fuji HRV), the plate is covered with phosphor 

particles.  When x-rays are incident on the phosphor particles, the particles transition to a 

metastable energy state.  They stay in this metastable state until the image plate is read out 

using the image plate reader (Fuji BAS2500).  The image plate reader works by shining a 

laser at the imaging plate which causes the phosphor to transition from the higher energy 

metastable state back to the lower energy ground state.  In the process of returning to the 

ground state, the phosphor releases visible light, which is recorded by the image reader.  The 

intensity of visible light released while reading the image plate is related to the intensity of x-

rays incident on the image plate. 

In order to better describe the detectors, the quantum efficiency needs to be taken into 

account.  All three of the detectors use phosphor to translate the intensity of x-rays to the 

intensity measured by the camera.  The quantum efficiency for measuring visible light is very 

high, so the camera and the scanner can be assumed to be close to 100% efficient at 

measuring the visible light released from the phosphor.  What limits the quantum efficiency 

of the detectors then is the phosphor coating.  In terms of incident x-ray intensity, the 

quantum efficiency is the percentage of the x-rays that are absorbed by the phosphor coating.  

Because the absorption coefficient of the phosphor is related to x-ray energy, the phosphor 

coating will have a quantum efficiency that is a function of the energy of the incident x-rays.  



 
15

For the coatings used on the x-ray cameras, there is a quantum efficiency of approximately 

20% for 40 keV x-rays.      

 

2.2 Summary of past DEI work 

In this section, key findings from several completed DEI experiments will be 

summarized.  It will begin with looking at experiments that establish DEI, both theoretically 

and experimentally, as an imaging modality and will end with looking at applications of DEI. 

2.2.1 Two-image DEI theory 

In a study by Chapman et al,4 the theory behind two-image DEI was established.  The 

theory will be considered in part here and in greater detail in the experiment descriptions in 

the subsequent sections.  By taking images with the analyzer crystal detuned to its half 

intensity points (referred to at the high-angle and low-angle points) and combining them, it 

was shown that two new images could be created.  It is important to understand what exactly 

is being measured at these half intensity points to have a firm grasp of the two-image DEI 

method.  One can consider the analyzer crystal to act as an angular notch filter.  When the 

crystal is detuned to one of its half intensity points, the notch filter accepts 50% of the x-rays 

that have no angular deviation.  X-rays that have an angular deviation within the sample, can 

be directed towards or away from the angular acceptance of the notch filter.  If the beam is 

directed towards the notch filter, then greater than 50% of the x-rays are reflected.  If  the 

beam is directed away from the notch filter, less than 50% of the x-rays are reflected.  So the 

high-angle or low-angle images are combinations of the effects of absorption and refraction 



within the sample.  In the two image DEI method, the high-angle and low-angle images are 

combined in two different ways to separate the absorption information from the refraction 

information.  One of these images is a scatter-reduced absorption image called an apparent 

absorption image.  The apparent absorption image is calculated on a pixel-by-pixel basis 

using 
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where IL and IH are the measured low-angle and high-angle intensities, R(θ) is the reflectivity 

of the analyzer at an angle, θ, with respect to the Bragg angle, and dR/dθ is the slope of the 

rocking curve.  All x-rays that were scattered outside of the angular acceptance range of the 

detuned analyzer crystal were not reflected by the analyzer crystal, so they were not 

measured by the detector.  The high-angle and low-angle images can also be combined to 

form a refraction image.  The refraction is calculated on a pixel-by-pixel basis using 

( ) ( )

LH
d
dRI

d
dRI

RIRI

HL

HLLH
z

θθ θθ

θθθ
⎟
⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛

−
=∆       Equation 2.7 

where ∆θz is the upward or downward (not leftward or rightward) angular deviation of the x-

ray beam in the direction.  For most biological specimens the angular deviation of the x-rays 

due to refraction were shown to be on the order of 10-6-10-7 radians. 

In the derivation of the two DEI equations two major assumptions were made.  The 

first major assumption is that the slope of the rocking curve is approximately linear near the 

analyzer crystal detuning angle, θ.  This approximation allows for the reflectivity profile in 
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that region to be approximated using only the first two terms of the Taylor series expansion.  

The second major assumption is that there is little ultra-small angle x-ray scattering 

(USAXS) within the sample.  If there is significant USAXS, then the x-ray beam diverges 

within the sample.  Greater divergence of the x-ray beam means that the width of the 

reflectivity profile will increase and the slope of the rocking curve will decrease for a given 

analyzer crystal detuning angle.    

2.2.2 Wedge phantom 

As part of the test studies for the implementation of DEI at the NSLS and the 

Advanced Photon Source (APS), Zhong et al1 describe the imaging of the a wedge phantom.  

The wedge phantom was made from an acrylic block that was cut to have slopes of -0.8 to 

+0.8 in steps of 0.2 with respect to the perpendicular to the beam direction.  This means that 

the wedge phantom caused only an upward or downward deflection of the beam.  The 

angular deviation of the beam due to refraction can be calculated by 

αρλθ tan103.1 24−×=∆ z        Equation 2.8 

where ρ is the electron density of the acrylic wedge (in g/cm3), λ is the x-ray wavelength (in 

nanometers), and α is the angle the incoming beam makes with the normal to the wedge 

surface.  It was found that there was agreement between the theoretically predicted angular 

deviation and the angular deviation measured experimentally using DEI. 

2.2.3 Diffraction enhanced computed tomography theory 

Dilmanian et al5 showed that the two-image DEI method described by Chapman et al4 

could be used in tomography mode to generate three dimensional information about the 
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sample.  It was shown that, under the assumptions of DEI, the apparent absorption and 

refraction signals were linear and could therefore be reconstructed using filtered back 

projection (FBP) .  The apparent absorption projection images could be combined to generate 

a three dimensional map of the absorption coefficient within the sample.  The refraction 

projection information could be combined to generate a three dimensional map of the out-of-

plane gradient of the index of refraction.  A cylindrical acrylic phantom was imaged in 

tomography mode.  The phantom had drill holes cut into it at four different angles with 

respect to the cylinder axis.  Each drill hole was filled with oil.  The experimentally measured 

values for the out-of-plane gradient of the index of refraction and for the absorption 

coefficient were found to agree with their theoretically predicted values. 

2.2.4 DEI contrast 

In a study by Kiss et al6, DEI images of multiple different refracting cylinders were 

measured.  The smaller radii cylinders were nylon wires (fishing line; diameters of 0.101, 

0.2032, 0.5588, and 0.7112 mm).  The largest radius cylinders were acrylic rods (diameters 

of 6.35, 12.7, and 25.4 mm).  It was shown that DEI produces enhanced contrast as compared 

to comparably obtained synchrotron radiation (SR) radiographs.  The contrast gains of DEI 

over SR radiography increased with a decrease cylinder diameter.  It was also found that the 

experimentally obtained refraction and apparent absorption values agreed with the 

theoretically predicted values.     
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2.2.5 Multiple image radiography 

Recently, Wernick et al7,8 have developed a variation of DEI called multiple image 

radiography (MIR) that generates attenuation, refraction, and ultra-small angle x-ray 

scattering images.  Data collection in the MIR method is essentially the same as the process 

described to measure the intrinsic rocking curve of the system.  The analyzer crystal is 

detuned by some angle, θ, and the sample is scanned through the x-ray beam. This is 

repeated multiple times for multiple analyzer angles.  Corresponding pixels from the images 

taken at different analyzer crystal positions then represent the rocking curve through the 

corresponding section of the sample.  If there is USAXS in the sample, then the rocking 

curve will be wider than the intrinsic rocking curve of the system.  If there is refraction in the 

sample, then the peak of the rocking curve will shift with respect to the intrinsic peak.  The 

MIR images are generated by mathematically processing the rocking curves on a pixel-by-

pixel basis.  The refraction for each pixel is the deviation of the centroid of the rocking curve 

from the centroid of the intrinsic rocking curve.  The USAXS for each pixel is represented by 

the change in width of the rocking curve relative to the intrinsic rocking curve.  The 

attenuation for each pixel is related to the total intensity measured from all the images (just 

adding all of the images together).   

An experiment was performed in which the test object was an acrylic rod (refracting 

object) with varying numbers of paper strips (large amount of USAXS) behind it.  Using the 

two-image DEI method to produce refraction images showed increasing errors, as compared 

to the theoretically predicted results, for increasing numbers of sheets of paper (error in 

refraction increased with the amount of scattering present).  Though there was not exact 
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agreement between the MIR refraction image and the predicted refraction, the agreement was 

much better than the agreement between the two-image DEI refraction and predicted 

refraction.         

2.2.6 Applications of DEI 

Even though DEI is in its earlier stages of development as a medical imaging 

modality, it is already being used in several different medical imaging applications.  The 

primary focus of DEI thus far has been towards its use in mammography9-14 where it has 

shown contrast advantages over SR radiography in both planar9,12 and tomography modes.13  

DEI has also shown contrast advantages over SR radiography in imaging soft tissue in and 

around joints.15-21  It has also been used to image kidneys,22 thyroids,23 and brain tumors.24     

       

2.3 The structure of bone 

In a review article written by Wiener and Wagner,25 seven different structure levels 

for bone are defined.   In the following sections, each of these structure levels will be briefly 

described starting with the smallest structures (dahllite crystals and collagen fibrils) and 

ending with the largest structure level (whole bone).  At each structure level, applicable 

current imaging modalities will be related. 

2.3.1 Collagen fibrils and dahllite crystals 

The smallest scale components that make up bone are Type I collagen, dahllite 

crystals, and water.25  Individual collagen fibrils are cylindrical and measure approximately 

300 nm in height and 2 nm in diameter.26  The dahllite crystals are plates that measure on the 
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order of tens of nanometers high and wide and nanometers thick.26  Transmission electron 

microscopy (TEM) or small-angle x-ray scattering (SAXS) must be used to measure these 

small structures.25  Both these imaging types require the sample to be imaged ex vivo and 

require that the sample be very thin.   

2.3.2 Mineralized collagen fibrils  

The water, collagen, and dahllite from the first structure scale combine to form a 

composite material at the next structure scale.  The mineralized collagen fibrils are 

cylindrical and approximately 100 nm in diameter and vary greatly in length.27  Within the 

fibril, the long axis of the type I collagen aligns with the fibril axis.  The dahllite crystals are 

interspersed between the collagen.  The perpendicular to the plane of the crystal plate surface 

is perpendicular to the long axis of the cylindrical fibril.  As with the last structure level, this 

structure level can only be measured ex vivo using TEM, SAXS, or atomic force microscopy 

(AFM).25    

2.3.3 Fibril arrays 

The mineralized collagen fibrils pack closely together into fibril arrays.  These arrays 

tend to align over a region and are best understood when considered at the next structure 

scale.   

2.3.4 Packed fibril arrays 

At this structure scale the fibril arrays of the previous structure scale are packed 

together in one of 3 types of ways.  The weakest type of bone, woven-fibered bone, is 

comprised of randomly laid down fibril arrays.28  There is no preferred orientation of the 
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fibril arrays,25 but this type of structure has two main advantages over the subsequently 

described packed fibril arrays:  it can be rapidly generated and it does not need to be laid 

down on existing bone.28  In plexiform bone, the packed fibril arrays generally align with the 

long axis of the whole bone.28  As with woven-fibered bone, plexiform bone can be laid 

down very rapidly, but plexiform has increased structural rigidity due to the greater fibril 

alignment.28  Plexiform is primarily present in rapidly growing animals (e.g. cows25).  The 

Haversian canals that are present in osteonal bone (considered below) are surrounded by 

circular layers of aligned fibrils.  Within a layer, the mineralized fibrils have a preferred 

orientation, but the preferred orientation varies from layer to layer in such as way as to make 

a plywood-like structure.25,26,28,29  

The alignment of the fibrils is generally measured using polarized light microscopy.  

Polarized visible light is incident on a thin-sectioned region of bone.  A polarizing plate is 

placed on the opposite side of the bone and rotated to 90 degrees with respect to the incident 

light polarization.  The fibrils that are aligned perpendicular to the plane of the sectioning do 

not rotate the polarization of the incident light so they appear black in the polarized light 

microscopy image.  Fibrils that are aligned with the plane of the sectioning do rotate the 

polarization of the light so they are white in the image.  Fibrils that are not either aligned 

parallel or perpendicular to the sectioning plane will appear gray in the image.   

2.3.5 Osteons, lacunae, and canaliculi 

Osteons are present primarily, and almost exclusively, in cortical bone (discussed 

below).  They are regions that include a central vascular channel (50-90 µm in diameter28), 

also referred to as a Haversian canal.  Surrounding the Haversian canal are layers of aligned 
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mineralized fibrils called lamellae; the thickness of each lamellae is 3-7 µm.28  In the more 

developed osteonal bone (secondary osteons), the individual osteons are separated by a 

cement line (~1-5 µm thickness28).  Structures on this scale can be observed with a 

microscope.  High resolution micro-CT can be used to visualize and characterize the 

Haversian canals.30 

Though they are not limited to osteonal bone, osteocyte lacunae and the canaliculi 

that connect them will be considered here.  Osteocyte lacunae are roughly elliptical caverns 

that exist within bone.  The major axis of the lacunae ellipse aligns with the mineralized 

collagen fibrils in the region.28  When measured with the major axis of the lacunae 

perpendicular to the bone cross-section, the lacunae measure about 6 µm in diameter.  The 

canaliculi are channels that extend outward from and connect the lacunae.  These channels 

have been measured with AFM to be about 500 nm in diameter.31 

2.3.6 Trabecular and Cortical bone 

Whole bone is made up of two types of bone, trabecular and cortical.  Distinguishing 

between the two types of bone can be done with the naked eye (though the bone has to be 

first removed from the animal).  Trabecular bone, also called cancellous or spongy bone, 

consists of a spicular scaffolding.  The individual trabeculae range from about 50 to 200 µm 

in diameter.32  Though visible with the naked eye, histological sectioning and microscopy or 

micro CT are usually used to assess trabecular structure.  Cortical bone, also called compact 

bone, is mostly solid.  Cortical bone runs along the shaft of long bones and provides 

structural rigidity.  The structures present in cortical bone were considered in the previous 

sections.        
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2.3.7   Whole bone 

This is the structure scale in which bone is considered as a whole (e.g. femur, tibia).  

The whole bone is a combination of all of the structures discussed in the previous sections.  

In vivo imaging of whole bone can be done with any one of many medical imaging 

modalities including planar x-ray imaging, CT, MRI, and ultrasound.  
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Abstract

In an effort to explore Diffraction Enhanced Imaging of bone tissue, experiments were performed to determine if it

was possible to use Diffraction Enhanced Imaging to detect microdamage in bovine cortical bone. Measurements were

made at the National Synchrotron Light Source where pre- and post-fatigue rocking curve widths of the bone were

studied. The rocking curve widths were then compared. Since no consistent pattern of narrowing or broadening of the

rocking curve emerged, it is likely that the ultra-small-angle X-ray scattering present in the bone overshadowed any

additional changes to rocking curve caused by microdamage of the bone. Larger bone structures were able to be

visualized which suggests that microdamage may be visualized with a higher resolution detector.

r 2005 Elsevier B.V. All rights reserved.

Keywords: Diffraction enhanced imaging; Darwin width; Fatigue damage; Microfracture; Rocking curve

1. Statement of problem

The purpose of this experiment was to deter-
mine if Diffraction Enhanced Imaging (DEI)
could be used to detect microdamage that results
from fatigue loading bovine cortical bone.

2. Background

2.1. Bone fracture

In order for fracture to occur in any material
there needs to be small ‘‘seed’’ fractures called
microfractures. Since microfractures can progress
to macrofracture (‘‘broken bone’’) or can be
symptomatic in and of themselves (‘‘stress frac-
ture’’), an imaging modality that is capable of
displaying microfractures, or at least signatures of
them, would be a great help to the bone mechanics
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research community. DEI is a new imaging
modality that could potentially be capable of
doing just that.

The existence and potential physiologic signifi-
cance of microdamage accumulation in bone tissue
has engendered considerable interest in the past 10
years. Part of the interest comes from the likely
role of damage accumulation to the etiology of
stress fractures [1–3]. In addition, microdamage
accumulation may contribute to osteoporotic
fractures [4] and loosening of dental or orthopedic
implants [5]. Microdamage, in addition to having a
direct role on the degradation of bone mechanical
properties [6–8], may contribute to clinical frac-
tures and implant loosening by inducing bone
remodeling, which under certain circumstances
could lead to failure [2]. Some current treatments
for osteoporosis work by inhibiting bone remodel-
ing and there are now a number of reports that
these treatments lead to accumulation of micro-
damage, sometimes with associated decrements in
bone mechanical properties [9]. There is good
evidence that microdamage accumulation in-
creases with age [3,10], is associated with decreased
mechanical properties [6–8] and initiates bone
remodeling [11–13].

Current methods of identifying and characteriz-
ing microdamage in bone include stiffness loss in
mechanical testing [14,15] as well as a number of
microscopic techniques [3,13]. Here, we propose to
determine if DEI has the potential to serve as a
non-invasive way of directly identifying and
characterizing microdamage in bone. The DEI
method currently depends on a synchrotron as the
source of X-rays, but in principle could be adapted
to work with conventional X-ray sources.

2.2. X-ray interaction with matter

When X-rays pass through an object they can
interact in three ways. The first interaction
mechanism, and the interaction mechanism for
standard radiography, is photoelectric absorption.
Regions of the object that are denser absorb more
X-rays, so the contrast of standard radiography is
due to variations in density and thickness. A
second mechanism of interaction is refraction. As
X-rays pass from a region of high electron density

to a region of lower electron density (or vice versa)
the X-ray beam can deviate from its straight line
path. The index of refraction for most biological
structures differs from that of free space by one
part in 106. The deviation in the angle of the
outgoing X-rays from that of the straight line path
depends on the angle of the surface, the difference
between indices, and the X-ray energy. For
biological tissues, the deviations from straight line
path are on the order of tenths of microradians. A
third mechanism of interaction is scattering. As X-
rays pass through the object, they can be elastically
(coherently) or inelastically (incoherently) scat-
tered. This scattering ranges from wide angle X-
ray scattering (WAXS; on the order of tenths of
radians to radians) to ultra-small angle X-ray
scattering (USAXS; on the order of tenths of
microradians). The amount of scattering that
occurs in an object is related to the X-ray energy,
to the density of the object, and to geometrical
properties of the object. In standard radiography,
scattering is considered to be a problem as it
causes deterioration in image clarity. Since the
only contrast mechanism of conventional radio-
graphy is absorption, any information contained
in the scattering is lost.

2.3. DEI

Several papers have been written that relate the
theory of DEI in far greater detail than will be
presented here [16–18]. DEI was considered as a
possible way of visualizing microdamage in bone
because of its ability to filter out all but a very
narrow range of angles and energies through the
use of an analyzer crystal. In DEI, nearly
collimated and monochromatic light exits the
monochromator and passes through an object. A
perfect Silicon analyzer crystal is placed between
the object and the detector. For a given crystal
reflection, e.g. [1 1 1], and energy, the analyzer
crystal has a reflectivity profile, called a rocking
curve, that is a function of angle and has a full-
width at half-maximum (FWHM) that is highly
energy dependent, but usually on the order of a
few microradians [16,19]. The peak of the reflec-
tivity profile is at the Bragg angle associated with
that particular energy and reflection. The intrinsic
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rocking curve of the whole system is the convolu-
tion of the analyzer reflectivity with the light
leaving the monochromator. Since the analyzer
crystal only reflects X-rays of a very narrow range
of angles and energies, all X-rays that are outside
that narrow range are no longer diffracted by the
analyzer. If the analyzer is tuned at the Bragg
peak, then any X-rays that are scattered by more
than a few microradians are rejected by the
analyzer. This property of DEI can be exploited
in two different ways. First, it can be used to
remove scattered X-rays from the image which
should result in a sharper image. Secondly, and
more importantly here, the analyzer can be tilted
away from the peak and the intensity of X-rays
scattered to this angle can be measured.

Placing an object in front of the X-ray beam
before the analyzer crystal will result in a change in
the measured rocking curve of the crystal. Con-
sider an example of X-rays traversing through
bone. Small scale structures in bone tissue (fibers,
hydroxyapatite crystals, etc.) refract the X-rays.
Since each X-ray is likely to be refracted by many
of these structures as it passes through the bone,
the overall effect on the X-ray beam is that there is
a net angular spread about the straight-line path.
This symmetric spreading of the beam due to
multiple random refractions is referred to as ultra-
small angle X-ray scattering (USAXS). In addition
to the smaller scale structures, there are also
structures within the bone that are larger than the
imaging resolution of the system. Refraction from
these larger structures should result in a measur-
able shift of the rocking curve peak angle.

The ultimate goal of this experiment was to take
strides toward developing a system in which
microfractures in bone can be visualized. Given
the detector resolution, even ignoring further loss
of resolution due to its intrinsic point spread
function, one could not expect to be able to
visualize the microfractures with the current
system. What was proposed for this experiment
was that the introduction of microdamage into
bone through fatigue loading would cause a
further broadening of the rocking curve width.
Microdamage would be expected to introduce
additional surfaces in the interior of the bone. It
was hypothesized that the cumulative effect of the

X-ray beam passing through microdamage would
be broadening of the rocking curve width.

3. Materials and methods

Machined bovine cortical bone samples were
prepared at Rush University Medical College and
shipped to the National Synchrotron Light Source
(NSLS). The samples measured approximately
4mm� 4mm� 40mm. The samples were secured
to an aluminum sample holder, to minimize
movement during the imaging process, and then
placed in a water-filled Lucite container. Image
sets were obtained for each of the bone samples.
The bones were then shipped to Rush where some
bones were fatigue loaded, while the control bones
were not fatigue loaded. After the bones were
shipped back to the NSLS, image sets were again
obtained for all of the bones. The complete
experiment took place in 4 parts over a 2-year
period of time. For the first two parts one control
bone and four fatigue-damaged bones were tested.
For the third part, one control bone and ten
fatigue-damaged bones were tested. For the fourth
part, eight control bones and seven fatigue-
damaged bones were tested. The total number of
cortical bone samples for the study was 36 (control
n ¼ 11; fatigue damaged n ¼ 25). The advantage
of doing the experiments in steps was that it gave
adequate time to process all of the data and time
to make minor adjustments to the experiment.
All data were obtained at the NSLS Beamline

X15A. A diagram of the experimental setup used
to acquire all of the DEI and standard radiography
data is included in Fig. 1. White light entered the
hutch through the beryllium window. Aluminum
filters reduced the intensity of light entering the
monochromator, removing most of the lower X-
ray energies. The monochromator then selected out
40KeV X-rays using [3 3 3] diffraction. An ion
chamber then read the radiation dose to which the
sample was exposed during imaging.
For each image set, a group of 101 images was

obtained. The sample was positioned such that
both the ambient (water only) and bone (bone
surrounded by water) were in the field of view. The
sample position remained fixed during all of the
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scans. Images were acquired for each analyzer
crystal position as it was scanned from �10 to
+10 mrad in 0.2 mrad steps. The analyzer crystal
was tilted using the tangent arm which has a
minimum resolution of about 0.1 mrad. The shutter
was closed for the last 5 images in order to
determine the detector background. The exposure

time for each image was 5 s. The detector that was
used was a Rad-icon Shad-o-BoxTM 2048 X-ray
Camera which generates 2048� 1024 images at
50 mmresolution.
The rocking curve widths were obtained using

Interactive Data Language (IDL). The portion of
the image that contained data (approximately
500� 30 pixels) was cut out of the original image
and the rest was discarded. The median for each
individual step of the scan was found in the y-, or
vertical, direction. For each value in the x-
direction the median y value for each step was fit
to a Gaussian and the FWHM was found. The
procedure was done both for the ambient and
bone portion of each data set. Corrected rocking
curve widths were calculated using Eq. (1).

FWHMcorrected

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðFWHMboneÞ2 � ðFWHMambientÞ2

q
. ð1Þ

4. Results and discussion

A sample of a rocking curve fit with images at
several points on the rocking curve is included in
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Fig. 1. Diagram of DEI experiment at NSLS Beamline X15A.

Fig. 2. Normalized plot of image intensity versus analyzer crystal angle relative to Bragg angle for pre-fatigue-loaded bovine cortical

bone. Sample data for 5 different rocking curve angles are included on the left.
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Fig. 2. The images are X-ray snapshots of the bone
region of the image taken with the analyzer crystal
tilted by an angle, y, with respect to the Bragg
angle. The graph includes the Gaussian fit to the
rocking curve data. The peaks of both the ambient
region and the bone region have been normalized.
Note that, even though the sample bone had not
yet been fatigue loaded, the rocking curve width of
the bone is greater than the ambient rocking curve
width. This broadening is expected because of
USAXS occurring in the bone. There are clear
structures (vascular channels) in the center of
images 1, 2, 4, and 5. Refraction at the bone/
vascular channel interface leads to an edge
enhancement effect at the interface. The ability
to image vascular channels with DEI is very
important because they are objects that are close
in size to the imaging resolution of the current DEI
system. Since the ultimate goal of this experiment
was to take strides toward developing a system in
which microfractures can be visualized, these
results suggest that, with a higher resolution
detector, it should be possible to image micro-
fractures.

Table 1 presents the mean results for the control
and fatigue-loaded bones from each of the four
experiments along with the mean results of all of
the experiments combined. Experiment 1 showed
narrowing of the rocking curve in three of the four

fatigued specimens from the first set of images
(pre-fatigue loading) to the second set of images
(post-fatigue loading) and narrowing in the con-
trol specimen from the first set of images to the
second set of images. Experiment 2 showed an
increase in the width of the rocking curve in all
four fatigued specimens and the control specimen.
Experiment 3 showed an increase in the width of
the rocking curve in eight of nine fatigued speci-
mens and the control specimen. Experiment 4
showed decreased rocking curve width in all seven
fatigued specimens and all eight control specimens.
Even though all of the rocking curve widths

tended to become narrower from image set 1 to
image set 2 in experiments 1 and 4, this narrowing
was less in the specimens that were fatigued,
suggesting that there was evidence of relative
broadening of the rocking curve in the damaged
specimens in these two experiments. However, in
experiments 2 and 3 the rocking curve width
increased more in the controls than in the
damaged specimens, suggesting that there was
evidence of relative narrowing of the rocking curve
in the damaged specimens in these two experi-
ments. Thus, the data did not support the
hypothesis that induction of fatigue damage would
lead to broadening of the rocking curve width.
There are several factors that may have con-

tributed to the measured rocking curve widths.
Drifting of the monochromator crystal, which is
caused by temperature changes in the crystal, will
cause a net broadening or narrowing effect on the
rocking curve width. Calculating the corrected
FWHM of the rocking curve was done to
ameliorate this, but possibly did not fully rectify
the problem. A second factor that could have
affected the results is physical change in bone
hydration due to water seeping either into or out
of the bone. A third possibility is physical
deterioration of the bone during the experiments,
but this does not seem likely since they were stored
in a 10% formalin solution when they were not
being imaged. Lastly, since the bones needed to be
removed from the sample holder in order to
be fatigue-loaded, it was not possible to fully
preserve the bone’s angular orientation with
respect to the incoming X-ray beam between the
two imaging sets.
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Table 1

Adjusted differences of the FWHM between the first and

second imaging sessions

Experiment

dates

Type n Pre-fatigue loading minus

post-fatigue loading

(standard deviation)

07/02 C 1 0.27(0.15)

07/02 FL 4 0.18(0.32)

10/02 C 1 �0.33(0.27)

10/02 FL 4 �0.21(0.25)

02/03 C 1 �0.57(0.23)

02/03 FL 10 �0.14(0.18)

07/03 C 8 0.20(0.13)

07/03 FL 7 0.22(0.11)

Combined C 11 0.12(0.15)

Combined FL 25 �0.02(0.20)

Control bones are labeled C while fatigue loaded bones are

labeled FL.
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5. Conclusions and future research

Overall, the rocking curve width experiments
did not confirm the hypothesis. No clear relation-
ship between fatigue damage and rocking curve
width could be determined. Several factors may
have contributed in such a way as to make the
results inconclusive. The experiments did have
positive results in some respects. Images along the
rocking curve clearly resolved objects of sizes that
are within the resolving abilities of the detector.
This, along with other DEI research [20,21],
suggests that, with a higher resolution detector,
microfractures within the bone could be directly
imaged. This experiment also led to a redesign of
the monochromator. Temperature controls have
been added which greatly reduce the amount of
crystal drift within the monochromator.
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4.1 Abstract 

Gap regions between a bone and an implant, whether existing upon insertion or 

developing over time, can lead to implant failure.  Currently, planar x-ray imaging and CT 

are the most commonly used methods to evaluate the gap region.  An alternative to these 

available clinical imaging modalities could help to better evaluate bone resorption.  Previous 

experiments with Diffraction-Enhanced Imaging (DEI) have shown significant contrast 

advantages over monochromatic synchrotron radiation (SR) imaging.  DEI and planar SR 

radiography images of bone samples with drill holes and gap regions of known geometry 

were acquired at the NSLS beamline X15A (Upton, NY, USA).  The images acquired with 

DEI show measurable contrast-to-noise gains when compared to the images acquired using 

SR radiography. 

 

4.2 Introduction 

It is possible for interface gaps to develop in the region of a bone implant causing the 

implant to loosen and eventually fail.  Interface gaps are a tissue layer between the bone and 

the implant that can compromise implant stability.  Patients will often receive clinical x-rays 

to assess the development and growth of these interface gaps.  Though these methods have 

shown to be helpful in assessing interface gap progression, a new medical imaging 

modality—diffraction enhanced imaging (DEI)—may prove to be more effective at 

evaluating interface gap progression.  In previous studies, DEI has shown contrast 

advantages over monochromatic synchrotron radiation (SR) radiography.  Of interest to the 
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present study, it has shown edge-enhancement as compared to planar SR radiography for the 

specific applications for which it has been tested.  The synchrotron-generated x-ray beam 

used in SR radiography is highly collimated and can be tuned to the optimum x-ray energy 

for the subject being imaged.  It has been shown both theoretically1 and experimentally2 to be 

superior to x-ray tube-based clinical x-rays.  Thus, SR radiography, obtained at the same x-

ray energy as DEI, is used as a gold standard for clinical x-rays.  Few studies have 

specifically looked at the application of DEI to the imaging of gap regions in bone.  As a 

preliminary probe into the possibility of using DEI to image interface gaps, the purpose of 

this experiment was to qualitatively and quantitatively compare images obtained using 

Diffraction Enhanced Imaging (DEI) with monochromatic, synchrotron radiation radiographs 

to determine if DEI has contrast advantages over SR radiography in imaging gap regions 

within bone.  Towards this goal, three separate experiments were performed in which images 

were acquired of bone with holes drilled into them, bones with a shaved titanium pin press-fit 

into them, and a reamed human distal femur that had a stepped radius implant press-fit into it. 

 

4.3 Background 

4.3.1 Interface gaps in bone implants 

 Bone implants may be needed for a variety of reasons.  Certain bone fractures 

require the use of pins or screws to stabilize the bone and aid in the healing process.  Bone 

and cartilage degradation in joints can make joint replacement surgery (total joint 

arthroplasty) necessary.  In total joint arthroplasty, affected regions of bone are removed and 

the remaining bone is reamed before the implant is fit into the reamed bone.  Proper 
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alignment of the implant is needed to ensure that the mechanical loads encountered by the 

implant can be properly handled.3  Regardless of the type of implant used, the initial 

apposition of the implant to the bone is a necessary—but not sufficient—condition for its 

long-term success.3-5  If there is not initial apposition, an interface gap exists between the 

bone and the implant.  Even if the implant initially abuts to and fixes with the surrounding 

bone, interface gaps can develop if there is net bone resorption at the bone-implant 

interface.3,6,7  These interface gaps allow relative motion between the implant and the bone.  

Any relative motion between the bone and the implant can cause wear debris from the 

implant to enter the interface gap region.  This wear debris from the implant accelerates the 

resorption process.3-5  

Two distinct geometries exist for interface gaps that develop through net bone 

resorption.3  In the linear geometry, the interface gap region runs parallel to the surface of the 

implant.  In the expansive geometry, the interface gap extends outward from the implant into 

the surrounding bone.  In order to assess the interface gap progression, clinical x-ray imaging 

is often used.  Because the interface gap region is less absorbing than both the implant and 

the bone, it appears as either a dark line surrounding the implant (in the case of a linear gap 

region) or as a dark region extending outward from the implant (in the case of an expansive 

gap region).  The key here is that the radiologist is assessing the development of the interface 

gap over time.  A relatively narrow interface gap that is not expanding outward over time 

into the surrounding bone may pose little or no threat to the joint, whereas an interface gap 

that is expanding outward over time will likely be a threat to the survival of the artificial 

joint.  Since the ability to assess the progression of the small interface gap into the 



 
39

surrounding bone is key to assessing joint failure, a high-resolution, high-contrast imaging 

method that provides enhanced contrast at the edge between the bone and interface gap may 

prove to be more useful than clinical x-ray imaging.     

4.3.2 X-ray interaction with matter 

When x-rays pass through an object they can interact in four ways.  Three of the 

interaction mechanisms, photoelectric absorption and coherent and incoherent scattering, are 

included in the absorption coefficient, µ, used in standard radiography and SR radiography.  

A fourth mechanism of interaction is refraction.  Just as visible light can deviate from its 

straight line path when it encounters an interface between two different indices of refraction, 

transmitted x-rays passing from a region of high electron density to a region of lower 

electron density (or vice versa) deviate from their straight line path.  The index of refraction 

at x-ray wavelengths for most biological structures differs from that of free space by one part 

in 106.  The deviation in the angle of the outgoing x-rays from that of the straight line path 

depends on the angle of the surface, the difference between indices, and the x-ray energy.  

For biological tissues, the deviations from straight line path are on the order of tenths of 

microradians.   

4.3.3 Brief review of DEI experiments 

 Though still in its early stages of development and testing as a medical imaging 

modality, diffraction enhanced imaging (DEI) has shown much promise in several different 

areas of medical imaging.  The largest thrust has been towards using DEI for mammography 

where it has shown contrast advantages over SR radiography for both planar8-13 and CT 
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imaging.14  DEI has also been shown to have contrast advantages over SR radiography for 

the imaging of soft tissue in joints.15-22  Other studies have been done testing DEI’s 

effectiveness in imaging kidneys,23 brain tumors,24 thyroids,25 and bone.26  Three DEI 

experiments are particularly pertinent to the study presented here.  Kiss et al27 studied DE 

image contrast in comparison to SR radiography image contrast for test objects of a range of 

radii (three different radii fishing lines and one acrylic rod).  For these refracting objects, DEI 

refraction images showed significant contrast gains over SR radiograph images, and the 

contrast gains increased with a decrease in test object radius.  In another experiment by 

Connor et al,26 it was shown that cortical bone has measurable ultra-small angle x-ray scatter 

(USAXS).  The vulnerability of the two-image DEI method (discussed below) to USAXS 

and object orientation were presented in a series of papers by Wernick et al28,29 and Oltulu et 

al.30  They showed that the measured refraction signal, as measured by the two-image DEI 

method, decreases with an increase in USAXS.  They also showed that refraction contrast 

goes to zero—even for highly refracting objects—if they are oriented such that the refraction 

causes only a leftward or rightward angular deviation of the transmitted x-rays.         

4.3.4 DEI description 

4.3.4.1 General description of DEI 

Several papers have been written that relate the theory of DEI in far greater detail 

than will be presented here.12,31-33  In DEI, nearly collimated and monochromatic x-rays exit 

the monochromator and pass through the subject.  A perfect silicon analyzer crystal is placed 

between the subject and the detector.  For a given crystal reflection, e.g. [111], and energy, 

the analyzer crystal has a reflectivity profile, called a rocking curve, that is a function of 
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angle and has a width that is energy dependent, but usually on the order of a few 

microradians.34  The peak of the reflectivity profile is at the Bragg angle associated with that 

particular energy and reflection.  Since the analyzer crystal only reflects x-rays of a very 

narrow range of angles and energies, all x-rays that are outside of that narrow range are not 

reflected by the analyzer.  If the analyzer is tuned at the Bragg peak, then any x-rays that are 

scattered by more than a few microradians are rejected by the analyzer.  The narrow 

reflectivity profile of the analyzer crystal can be exploited in two different ways.  First, it can 

be used to remove scattered x-rays from the image which gives additional extinction contrast.  

Second, and more important here, the analyzer can be tilted away from the peak in order to 

extract refraction (described below) and scattering information from the sample as described 

in several DEI theory papers.9,12,28-30,32,35,36   

4.3.4.2 Two-image DEI method 

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, as described for planar imaging by Chapman et al,12 is used.  In the two-

image method, the analyzer crystal is tilted to the high-angle and low-angles sides of the 

rocking curve that correspond to half the peak reflectivity.  The DEI equations (presented 

below) convert the intensity at the high-angle and low-angle analyzer position into a measure 

of the angular deviation of the beam (in the case of the refraction image) and an image that 

combines absorption information with scatter-rejection (in the case of the apparent 

absorption image).  In planar imaging, the refraction image represents the total angular 

deviation of the transmitted x-rays in the vertical direction as they pass through the sample—



upward deflection is white, while downward deflection is black and zero deflection is mid-

tone gray.  The apparent absorption image should be similar in appearance to a standard 

planar radiograph.  The contrast in the apparent absorption image—as with the contrast in 

standard planar radiographs—is from variations in transmitted intensity due to absorption or 

scattering of the incident x-rays, though scattering objects will appear to be more absorbing 

in the apparent absorption image due to the additional extinction contrast.  Under the 

approximation that the images are taken symmetrically about the rocking curve peak at the 

half-intensity points, the apparent absorption (Ir) and refraction (∆θz) images can be 

calculated on a pixel-by-pixel basis using equations 4.1 and 4.2 (simplified versions of the 

DEI equations presented by Chapman et al12) below, where IH and IL are the pixel intensities 

in the high-angle and low-angle images, R(θ) is the reflectivity profile of the imaging system, 

θ is the angle of the analyzer crystal relative to the Bragg peak, and dR/dθ is the slope of the 

reflectivity profile.   
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4.3.4.3 DEI limitations 

 All forms of DEI have several limitations in common.  As stated above, DEI is only 

sensitive to refraction that is either upward or downward in the diffraction plane of the 

analyzer (and not leftward or rightward, perpendicular to the diffraction plane).  Because of 

this, refraction contrast is related to object orientation within the sample.  There is an edge-
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enhancement effect associated with DEI’s additional refraction contrast, but because a planar 

image is an overlaying of all the refraction effects within the sample, objects one desires to 

see may be obscured by other refracting objects.  There are other limitations specific to the 

two-image DEI method.  The two-image DEI method assumes little USAXS in the 

sample,12,31,32 so USAXS from the sample will lead to a reduction in refraction contrast.10,36  

Any mechanical vibrations or thermal variations cause a detuning of the analyzer from its set 

position.  The two-image method assumes that images are taken symmetrically about the 

rocking curve peak.  Since the reflectivity and the magnitude of the slope of the rocking 

curve are assumed to be equivalent at the two positions, any detuning of the system leads to a 

systematic error when calculating the refraction  contrast using equation 4.2.   

4.3.5 Experimental justifications 

Prior to this experiment, it was not clear whether DE images, and specifically the 

refraction images, of bone would yield useful results because of USAXS in bone.  To help 

determine if DEI might be a useful imaging modality for the assessment of interface gaps in 

bone, three separate experiments were performed.  Since DEI of bone has not been 

thoroughly tested, a first experiment was performed with objects well within the resolving 

abilities of the imaging system.  Since the detector used in the present study has a pixel size 

of 50 microns, the test objects (water-filled drill holes in bovine cortical bone) were chosen 

to be larger than 300 microns.  The two goals in this experiment were to compare DE images 

to SR radiographs to determine if, for large refracting objects, the DEI refraction image had 

contrast-to-noise ratio (CNR) gains over the SR radiograph and to compare experimental data 

with the predicted absorption and refraction results from a computer model (presented 
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below).  The second study was done to simultaneously mimic the conditions of a minimally-

sized linear interface gap while also allowing the geometry to remain simple enough to 

reproduce with the computer model.  For this study a shaved titanium pin was press-fit into 

drill hole in a machined piece of bovine cortical bone.  As with the first experiment, the two 

goals were to compare image contrast and to compare experimental data with the computer 

model, but for this experiment the objects (the interface gaps) were sized near the imaging 

resolution of the detector. 

In the third experiment, the intent was to recreate a more clinically relevant scenario.  

In this experiment, a human distal femur was reamed and a stepped radius cylindrical implant 

was press-fit into the femur (described in detail below).  This represents a more physically 

meaningful scenario because the bone is of realistic diagnostic imaging thickness, the 

titanium implant is made of the same material and is the size of a real clinical implant, and 

the gap regions represent a realistic scenario in which the bone is overreamed prior to the 

press-fitting of the implant.  The goal of this experiment was to compare images and CNR 

between the DE images and the SR radiograph.  The  computer model was not used for this 

experiment  because of the complexity, in terms of the variation in shape and thickness, of 

the femur.  

 

4.4 Materials and methods 

4.4.1 Computer Model 

A computer model of the experiment was developed to understand how the 

experimental results compare with theoretical predictions.  It is based on a model described 
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by Kiss et al.27  The original model was developed to predict the absorption and refraction 

due to an acrylic rod in air.  It is a ray tracing program that measures both absorption and 

refraction of the ray along its path through the sample.  It tracks the ray from the x-ray 

source, through the monochromator, through the sample, through the analyzer crystal (in the 

case of DEI), and to the detector.  The underlying assumption of the model is that the bone, 

water, and titanium can be considered homogeneous materials, thus the only interactions that 

the x-rays experience with the materials are absorption in the bulk and refraction at the 

interfaces.  The values used in the model for the mass-attenuation coefficient and electron 

density (used to calculate the index of refraction) for air, water, and cortical bone were taken 

from NIST’s x-ray attenuation databases.37  The value of the mass attenuation coefficient and 

electron density in the alloy were calculated by using individual mass attenuation coefficients 

of the elements and the weight percentages of the metals in the alloy.  Since the model 

ignores the ultra small angle x-ray scattering (USAXS) caused by the non-homogeneity of 

the cortical bone,26 it is expected that the results will not exactly match those obtained 

experimentally.  In order to compare the theoretical results with those obtained 

experimentally, line profiles taken across the drill holes and interface gaps of the images 

were plotted with line profiles predicted by the computer model. 

4.4.2 Bovine cortical bone experiments  

Two experiments involving bovine cortical bone were performed.  The bone samples 

measured approximately 4mm by 4mm by 40mm with square ends and rectangular sides.  

The sides were smoothed to minimize refraction effects at the surface of the bone.  The 

sample for the drill hole experiment (figure 4.1a,b) had four parallel holes drilled 
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perpendicular to the axial direction.  The holes were separated by about 5 mm and measured 

0.37mm, 0.5mm, 0.75mm, and 1mm in diameter.  For the shaved pin experiment (figure 

4.1c,d), drill holes of radius 1mm were made through the center of the bone along the axial 

direction.  Two titanium alloy (Ti6Al4V) pins of the same radius were obtained.  This 

titanium alloy was chosen because it is commonly used for bone implants.  Each pin was 1.0 

mm in diameter and approximately 15 mm long.  For pin 1 (figure 4.1c,d), 0.2mm was 

shaved off opposite sides of the rod along the length of the rod.  For pin 2 (figure 4.1c,d), 

0.1mm was shaved off opposite sides of the rod along the length of the rod.  The pins were 

then press fit into 1 mm diameter drill holes.  Thus, pin 1 had 200 µm gaps along opposite 

faces of the bone-implant interface and pin 2 had 100 µm gaps.  The bone samples were 

placed so the x-ray beam went through the sample from left to right from the perspective in 

figure 4.1d (into the page from the perspective of figure 4.1c).  The rotational orientation of 

both the drill hole and interface gap samples with respect to the imaging system correspond 

to the maximum upward or downward refraction.  This means that this is the best-case 

scenario for DEI refraction contrast.  The samples were secured to an aluminum sample 

holder, to minimize movement during the imaging process, and then placed in a water-filled 

acrylic container (TPP model # TP90075) to reduce refraction at the surface of the bone.  The 

container had a flat front and back to limit the refraction at the boundary between the 

container and the surrounding air.  The container measured 3.5 cm deep by 8.5 cm wide by 

about 9.0 cm high and acrylic wall thickness was 2 mm.   
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4.4.3 Stepped implant in femur 

 A femur was obtained from the Gift of Hope Organ and Tissue Donor Network.  The 

distal aspect of the bone was drilled with progressively larger bits with the final 13 mm 

diameter cylindrical hole prepared with a 13 mm reamer.  A 13mm diameter cylindrical 

titanium alloy (Ti6Al4V) implant was machined to have five different radius coaxial 

cylinders (see figure 4.2), so that 0 mm, 0.5 mm, 1.0 mm, 2.0 mm, and 3.0 mm gaps between 

the implant and the bone could be modeled.  The distal femur was placed in a water-filled 

plastic container (Buddeez model # 00002R).  The container measured approximately 8.5 cm 

deep by 18.0 cm wide by 18.0 high and had a wall thickness of approximately 2 mm. 

4.4.4 DEI experimental configuration 

The experimental configuration for DEI was implemented as described by Zhong et 

al. 31.  All data were obtained at the NSLS beamline X15A (figure 4.3).  This beamline has a 

bending magnet source with high spectral brilliance up to an x-ray energy of approximately 

60 keV.  Polychromatic light from the bending magnet source entered the hutch through a 

beryllium window.  Aluminum filters (total thickness of 3 mm) reduced the intensity of light 

entering the monochromator, removing most of the lower x-ray energies.  This served to limit 

the power delivered to the monochromator and thereby minimizing the heat load.  The 

double crystal silicon monochromator selected 40 keV x-rays using the [333] reflection.  An 

additional benefit of the aluminum filters is that the 13.3 keV, [111] harmonic was 

effectively removed (intensity reduced by 99.99% by the filters) while the 40 keV x-rays 

were only minimally absorbed (only a 37% reduction in intensity).  An ion chamber read the 

radiation dose to which the sample was exposed during imaging.  A typical sample surface 
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dose incident on the sample and sample holder was 20 mrem for the bovine cortical bone 

experiments and 200 mrem for the stepped implant experiment.  Depending on the overall 

bone thickness of the sample, the dose rate was adjusted by changing the sample scan speed, 

in order to achieve optimum exposure level on the detector.  After passing through the ion 

chamber, the x-rays passed through the sample, which was on a sample stage that could be 

raised or lowered in 100 micron increments using a step motor.  After passing through the 

sample, the x-rays still within the angular acceptance of the analyzer crystal are reflected.  

Like the monochromator, the analyzer crystal is a perfect silicon crystal which was also set to 

the 40 keV [333] reflection.    

4.4.5 Acquiring diffraction enhanced images 

For each image set, a subset of high angle, low angle and peak images were obtained.  

Prior to performing the experiments, the reflectivity profile, R(θ), was measured by 

measuring the intensity of the reflected x-ray beam as a function of angle, θ, with no sample 

along the x-ray beam path.  The peak of the reflectivity profile, which is at the Bragg angle 

for a particular x-ray energy and reflection plane, is defined to be the θ=0 point, so θ is 

always measured with respect to the reflectivity peak.  Since the synchrotron source is a fixed 

source, samples larger than the beam must be moved through the beam.  All scans were 

started with the beam passing through the acrylic container approximately 1 cm above the 

bone sample.  The sample stage was raised until the beam was about 1 cm below the bone 

sample.  As the sample was raised through the beam, the detector was lowered to account for 

the beam reflection from the analyzer crystal.  The high angle images were obtained by first 

finding the peak of the analyzer crystal and then rotating it by +0.8 microradians.  Low angle 
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images were obtained at -0.8 microradians from the peak.  The angles (+/- 0.8 microradians) 

were chosen so the analyzer crystal was detuned to approximately half of its peak intensity 

where the rocking curve slope is the steepest, hence the most sensitivity to refraction.  In 

order to determine the detector’s dark current, four additional background images were 

obtained by keeping the shutter closed (no x-rays hitting the detector during the exposure 

time).  The detector that was used for the bovine cortical bone experiments was a Rad-icon 

Shad-o-Box™ 2048 X-ray Camera which generates 2048 by 1024 images with 50 micron 

pixel size.  For the stepped implant experiment, a Photonic Science X-ray Imager VHR 150 

with the a pixel size of 31.2 microns was used.   

4.4.6 Acquiring SR radiographs 

For SR radiography scans, an image-plate (Fuji HRV) was placed on the sample stage 

before the analyzer crystal.  The x-ray energy and surface dose were as described above.  The 

same region was scanned through the beam as in the DEI configuration.  The image-plate 

was scanned with a Fuji BAS2500 image-plate reader.  The image reader was set to read at 

50 micron resolution.  As a point of clarification, the intent of the SR radiographs is not to 

reproduce clinical imaging, but rather it is to hold constant as many variables (x-ray energy 

and dose) as possible to make the image comparisons more meaningful. 

4.4.7 Image analysis 

Image reconstruction was performed with Interactive Data Language (IDL).  First, a 

median background image was created using the four background images.  The background 

was then subtracted from each of the DE images.  For the stepped implant experiment, the 



images were resized to half their original size using the rebin function in IDL.  The pixels in 

the resized image correspond to a 62.4 micron pixel size to better match the 50 micron pixel 

size of the SR images.  The refraction and apparent absorption images were then created 

using equations 1 and 2.  The bone regions were isolated in all of the images and comparison 

images were created.  The contrast-to-noise ratio (CNR) was computed for each of the 

images.  A window that included bone and a drill hole or interface gap was selected from 

each image.  For the bovine cortical bone experiments, this region was approximately 15 

pixels wide by 100 pixels high.  For the stepped implant experiment, this region was 100 

pixels wide by 455 pixels high.  The median value was found across the width, so the 2D 

bone region was reduced to a 1D intensity profile.    For the SR radiograph and apparent 

absorption images, the CNR is defined by equation 4.3, where Ibone is the intensity of the x-

ray beam that passes through the thickest part of the bone (and not through a drill hole or 

interface gap), Imax is the maximum x-ray intensity through the region of interest.  The 

standard deviation of the background, σbackground,  for each image was calculated using the 

stdev function in IDL and applying it to a 50 by 50 pixel water region of the image. 

background

bone II
CNR
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)ln()ln( min+−

=        Equation 4.3 

For the refraction images, the CNR was calculated according to equation 4.4 where 

∆θz,max and ∆θz,min are the maximum and minimum values, respectively, of the refraction 

profile across the drill hole or interface gap region of the image.   
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4.5 Results  

4.5.1 Drill hole experiment 

A comparison of the SR radiograph, peak, apparent absorption, and refraction drill 

hole images is shown in Figure 4.4.  A table of contrast-to-noise ratio (CNR) gains is 

included in Table 4.1.  Plots of line profiles for the drill holes are included in Figure 4.5.  

Note that, since the measure of interest is the difference between absorption of bone and that 

of the water in the drill hole, the absorption of the bone is set to zero.  If a region is less 

absorbing than bone, it will have a value less than zero.  Setting the bone absorption to zero 

also allows the incident x-ray intensity to vary between the experiment and the model.     

All four drill holes can be observed in each image (Figure 4.4).  The refraction image 

clearly has the best drill hole contrast.  This is due to the reversal of contrast in the refraction 

image.  The contrast reversal occurs because the top half of the drill hole causes the x-rays to 

be refracted downward while the bottom half causes an upward refraction.  Overall for the 

drill hole images, DEI images show large CNR gains over the SR radiograph images, an 

effect that is most evident for the smaller drill hole diameters with a CNR 17 times higher in 

the refraction image than in the SR radiographic image (Table 4.1). 

4.5.2 Shaved pin experiment 

For the shaved pin experiment, comparisons of the SR radiograph, peak, apparent 

absorption, and refraction interface gap images are included in Figure 4.6.  The samples were 

oriented so that the gap regions should appear above and below the titanium pins.  Table 4.1 

also displays the comparison of CNR gains across the interface gap.  Line profiles taken from 
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the images are compared to those predicted by the computer model and are included in figure 

4.7. 

As with the drill hole experiment, DEI shows substantial CNR gains when compared 

to the SR radiograph images.  The interface gap region at the top and bottom edges of Pin #1 

(200 µm gap) is barely visible in the SR radiograph, but appears very clearly in the refraction 

and apparent absorption images.  The narrower interface gap surrounding Pin #2 (100 µm) 

cannot be seen in the SR radiograph image, but can be seen in the refraction and apparent 

absorption images and is most noticeable in the refraction image.  The CNR gains for the 

DEI images confirm the visual observations (Table 4.1), where large gains in CNR were 

found with the DEI images compared to SR radiographs.   

4.5.3 Stepped implant experiment 

For the stepped implant experiment, comparisons of the SR radiograph, peak, 

apparent absorption, and refraction interface gap images are included in Figure 4.8.  The 

samples were oriented so that the gap regions should appear above and below the titanium 

pins.  Table 4.1 also displays the comparison of CNR gains across the top interface gap.  Line 

profiles taken through the 1 mm gap region are included in Figure 4.9.   

As with the other two experiments, DEI shows substantial CNR gains when 

compared to the SR radiograph images.  As seen by Kiss et al,27 the refraction contrast gains 

over the SR radiographs is greatest for smaller objects (where the object imaged here is the 

gap region).  Unlike the first two experiments, the apparent absorption and peak images both 

show consistent CNR gains over the SR radiograph.    
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4.6 Discussion 

 The results of the drill hole experiment clearly point to DEI as producing increased 

contrast for bone gaps in comparison to SR radiographs.  These results alone are limited in 

their medical significance, but they do suggest that DEI may be an effective imaging 

modality for bone.  In particular, it suggests that the small angle scattering does not 

overwhelm the refraction gains.  It is important to note here that, though the SR radiograph 

and apparent absorption line profiles match up consistently with their predicted values, the 

refraction profile peak values are consistently lower than predicted, meaning that the 

measured and predicted values of ∆θz are different.  This discrepancy will be considered 

below.  What is important here is that, even though the amplitudes of the measured and 

predicted values are not completely consistent, the drill holes can be easily resolved and the 

drill hole diameters can be correctly measured. 

In the shaved pin experiment, as in the drill hole experiment, there were significant 

differences between the predicted and measured values of ∆θz.  The computer model used to 

predict ∆θz accounts for many properties of the system (beam divergence, detector point 

spread function, etc.), but it does not take into account USAXS.  This spreading of the beam 

is USAXS, which is symmetric about the rocking curve peak,28-30 results in loss of peak 

intensity and an increase in intensity on the wings of the rocking curve.  Rocking curves 

taken of the x-rays after they have passed through bone show in increase in FWHM.26  In 

theory, images taken symmetrically about the rocking curve peak should only be affected by 

the angular spread of intensity due to USAXS.  Even though the high-angle and low-angle 

images contain USAXS, they should contain equal parts due to the symmetric nature of 
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USAXS.  Thus the subtraction of the high-angle and low-angle images should eliminate the 

USAXS.  In practice, crystal detuning makes taking images symmetrically about the peak 

nearly impossible.  If, for example, the crystal is at +0.7 and -0.9 microradians for the high-

angle and low-angle images respectively, then the high-angle image will contain more 

USAXS than the low-angle image, causing some scattering to remain in the refraction image.  

The net result of this effect is that USAXS can be falsely registered as refraction.  The 

angular spreading and peak reduction caused by USAXS also can, in principle, cause a 

reduction or, in cases of large amounts of USAXS, elimination of the refraction signal.  

Scattering can cause a reduction in the measured value of ∆θz, up to the point that ∆θz is 

indistinguishable from noise.   

The importance of exact knowledge of ∆θz can only be answered on an application-

by-application basis.  Multiple Image Radiography can be used to measure ∆θz  more 

accurately by acquiring images with the analyzer on multiple points on the rocking curve and 

fitting for the centroid of intensity versus angle, on a pixel-by-pixel basis.28  Since for the 

interface gap experiment the primary concern was whether or not the interface gap can be 

resolved using DEI, it was not essential to have a quantitatively correct result for ∆θz.  The 

significant finding here is not the value of the refraction angle in the interface gap region, but 

that the interface gap region can be visualized with significant CNR gains over SR 

radiography. 

 



 
55

4.7 Conclusions and future research 

These experiments are excellent tests of DEI contrast levels because the structures 

being imaged were well within the resolving abilities of the detector.  DEI showed CNR 

gains over comparably obtained SR radiographs in all three experiments.  Thus, DEI has 

contrast advantages over comparably obtained SR radiographs for this type of samples.  The 

limited scope of this proof-of-principle study provides the impetus to explore DEI’s full 

potential for imaging of bone-implant interface gaps with further research.  This future 

research will require a significant reduction in the amount of drifting in the monochromator 

crystals, which should lead to more consistent DEI images and a better separation of 

refraction and apparent absorption effects.  The current DEI system is a testing ground for a 

new medical imaging modality.  Efforts are underway to develop a clinical DEI system.  

Clearly, a clinical system would need to be developed prior to this becoming a viable 

diagnostic medical imaging modality.   
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Table 4.1  Summary of CNR gains from drill hole, shaved pin, and stepped implant 
experiments 

 

 Gain (CNRi/CNRradio) 

 Peak App. Ab. Refraction

Drill Hole 1 (370 µm) 0.5 0.4 17.6 

Drill Hole 2 (500 µm) 1.2 0.7 16.8 

Drill Hole 3 (750 µm) 1.6 0.6 13.4 

Drill Hole 4 (1000 µm) 1.3 0.7 11.7 

Pin 1- 200 µm top gap 4.6 0.2 6.4 

Pin 1- 200 µm bottom gap 0.2 0.4 13.0 

Pin 2- 100 µm top gap 13.1 4.3 172.0 

Pin 2- 100 µm bottom gap 2.3 1.1 6.9 

Stepped implant 0.5 mm top gap 22.6 10.1 24.8 

Stepped implant 1.0 mm top gap 3.3 2.6 5.6 

Stepped implant 2.0 mm top gap 4.2 3.9 2.0 

Stepped implant 3.0 mm top gap 3.5 3.2 1.9 

 



 

Figure 4.1  Diagram of the bone configurations for (a), (b) the drill hole experiment and 
(c), (d) the shaved pin experiment. 
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Figure 4.2  (a) A contact x-ray (Faxitron) of the distal femur with the stepped titanium 
implant inserted.  Taken with Kodak Oncology Film (Kodak Portal Pack PP-L) 
using a tube source set to 110 KVP for 30 second.  (b) A diagram of the stepped 
titanium implant. 
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Figure 4.3  Diagram of the DEI experimental configuration at NSLS beamline X15A. 
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Figure 4.4  Images from the drill hole experiment.  Images (a)-(d) are the radiograph, 
peak, apparent absorption, and refraction images, respectively, taken from the drill 
hole experiment. 
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Figure 4.5  Line profiles taken from the drill hole experiment.  Profiles (a), (c), (e), 
and (g) are the predicted (dashed line) and experimental (dots) SR radiograph 
results as well as the predicted (solid line) and experimental (triangles) 
apparent absorption results for the 370, 500, 750 and 1000 micron drill holes 
respectively.  Profiles (b), (d), (f), and (h) are the predicted (solid line) and 
experimental (triangles) refraction results for the 370, 500, 750 and 1000 
micron drill holes respectively. 
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Figure 4.6 Images from the shaved pin experiment.  Images (a)-(d) are the SR radiograph, 
peak, apparent absorption, and refraction images, respectively, of the 200 micron 
interface gap.  Images (e)-(h) are the radiograph, peak, apparent absorption, and 
refraction images, respectively, of the 100 micron interface gap. 
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Figure 4.7  Line profiles taken from the shaved pin experiment.  Profiles (a) and (c) are 
the predicted (dashed gray line) and experimental (gray dots) SR radiograph 
results as well as the predicted (solid black line) and experimental (black triangles) 
apparent absorption results for the 100 and 200 micron interface gaps respectively.  
Profiles (b) and (d) include the predicted (solid black line) and experimental (black 
triangles) refraction results for the 370, 500, 750 and 1000 micron drill holes 
respectively. 
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Figure 4.8  Images from the stepped implant experiment.  Images (a)-(d) are the SR 
radiograph, peak, apparent absorption, and refraction images respectively. 
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Figure 4.9  Line profiles taken through the 1 mm gap in the stepped implant experiment.  
Profiles (a)-(d) are from the SR radiograph, peak, apparent absorption, and 
refraction images respectively. 
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5.1 Abstract 

Diffraction-enhanced imaging (DEI) is an x-ray-based medical imaging modality that 

incorporates the use of an analyzer crystal both to retrieve refraction information from a 

sample and to reject scattered x-rays.  When used in tomography mode, DEI can be used to 

create a three dimensional map of the out-of-plane gradient of the index of refraction of the 

sample.  The goal of this experiment was to compare images of human trabecular bone 

acquired using monochromatic synchrotron radiation computed tomography (SRCT) with 

images acquired using diffraction-enhanced computed tomography (DECT).  Trabecular 

bone was chosen both for the fact that its structure is on a scale that can be visualized using 

the current DE imaging system and because the structure is both refracting and scattering 

making it a good test of the approximations of two-image DEI.  All images were acquired at 

the National Synchrotron Light Source (Upton, NY, USA) at beamline X15A at an x-ray 

energy of 40keV.  To create a full DECT image set, two sets of projection images were taken 

with the analyzer crystal detuned to its half-intensity points.  The SRCT images were also 

acquired at X15A, but with the analyzer crystal removed.  SRCT, apparent absorption DECT, 

and refraction DECT slice images of the trabecular bone were created using filtered back-

projection.  Though the appearance of the trabecular structure is consistent between the 

apparent absorption and SRCT slice images, the apparent absorption DECT images have a 

higher resolution and a higher contrast-to-noise ratio than the corresponding SRCT images.  

Though similar structures are present in the refraction DECT slices, their appearance is much 

different due to the difference in contrast mechanism. 
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5.2 Introduction 

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.  

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.  Computed tomography (CT) has been shown to be an effective method to predict 

bone strength and to assess trabecular structure.  The goal of this experiment was to compare 

contrast and resolution of  images of human trabecular bone acquired using monochromatic 

synchrotron radiation computed tomography (SRCT) with those acquired using diffraction-

enhanced computed tomography (DECT) to determine if DECT offers advantages for the 

assessment of trabecular structure. 

 

5.3 Background 

5.3.1 Assessing trabecular structure 

Correlations have been drawn between the biomechanical strength of trabecular bone 

and certain trabecular measures.1-3  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).  When measuring these parameters 

with CT, the data must first be thresholded—a process whereby each voxel is marked as 
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being either bone or marrow—then proprietary software is used to determine the 

morphological parameters.  The spatial resolution of the imaging system affects the ability to 

accurately measure these parameters.4,5  For this study, it is assumed that the contrast-to-

noise ratio (CNR) in the imaging system limits the effectiveness of the thresholding 

procedure. 

5.3.2 Diffraction enhanced imaging experiments 

Though still in its early stages of development and testing as a medical imaging 

modality, diffraction enhanced imaging (DEI) has shown much promise in several different 

areas of medical imaging.  The largest thrust has been towards using DEI for mammography 

where it has shown contrast advantages over standard radiography for both planar6-11 and CT 

imaging12.  DEI has also been shown to have contrast advantages over standard radiography 

for the imaging of soft tissue in joints.13-20  Other studies have been done testing DEI’s 

effectiveness in imaging kidneys,21 brain tumors,22 thyroids,23 and bone.24  Of these 

experiments, three are particularly pertinent to this study.  Kiss et al8 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 

calcifications are dense and scattering and lying in a bed of soft tissue, not unlike trabecular 

bone (dense and scattering) lying in a bed of marrow.  Fiedler et al12 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).24   
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5.3.3 DEI description 

In DEI, physical properties of an analyzer crystal are exploited to reject or selectively 

accept scattered x-rays and to retrieve refraction information from a sample.10,11,25-29  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.30  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) is 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, as described for planar imaging by Chapman et al10 and for CT by 

Dilmanian et al,26 is used.  In the two-image method, the analyzer crystal is tilted to the high-

angle and low-angles 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 (like 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 
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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,26 so image 

contrast is related to the change in 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. 

 

5.4 Materials and methods 

Human trabecular bone samples were obtained from the Gift of Hope Organ and 

Tissue Donor Network with institutional IRB approval.  The samples were cut into 

cylindrical cores measuring about 0.5 cm in diameter and about 1cm 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 Fig. 5.1.  Two major 

changes have been made to the original DEI setup:25  the rotation stage has been added to the 

scanning stage to allow for CT and the imaging plate has been replaced by a Rad-icon Shad-

o-Box™ 2048 X-ray Camera which generates 2048 by 1024 images with a 50 µm by 50 µm 

pixel size.  The double-crystal monochromator and analyzer crystal of the DEI system were 

tuned to 40 keV using the silicon [333] reflection.  To create a full DECT image set, 720 

projection images were taken rotating the sample in 0.5 degree 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 one second.  Since there was a delay of about one second 

between each of the images, the total acquire time for each 720 image set was approximately 

20 minutes.  Prior to CT reconstruction, the projection images were combined to form 

refraction and apparent absorption images using the equations 5.1 and 5.2, respectively, 

defined by Chapman et al10 where IR is the calculated intensity of the apparent absorption 

image, ∆θZ is the angular deviation of the x-rays,  IH and IL are the measured intensities in the 

high-angle and low-angle images, and R(θH) and R(θL) are the reflectivity of the rocking 

curve at the high-angle and low-angle positions.   
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Under the assumption that the images are taken symmetrically about the rocking 

curve peak at the half-intensity points, these equations reduce down to equations 5.3 and 5.4. 
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The SRCT images were acquired as described above, 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 code developed by Rivers.31  These 2D 
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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 where 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 contrast-to-noise ratio (CNR) for these small 

features in bone.  For the apparent absorption and SR profiles, the CNR was determined 

using  

back

CNR
σ

µµ minmax −
=           Equation 5.5 

where σback 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 

back

zz
refrCNR

σ
θθ min,max, ∆−∆

=          Equation 5.6 

where σback is the standard deviation in a 30 by 30 pixel section of the slice containing only 

water, and ∆θz,max and ∆θz,min are the maximum and minimum values, respectively, of the 

refraction signal 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. 
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5.5 Results 

Four SRCT and apparent absorption DECT slice images of corresponding sections of 

bone are displayed in Fig. 5.2.  Qualitatively, the apparent absorption image appears sharper 

than the radiograph image.  The SR image shows more connectedness between trabecular 

structure than the apparent absorption slice does. 

Figure 5.3 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. 

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.  Line profile plots from a corresponding feature in an SRCT slice and 

an apparent absorption and refraction DECT slice are shown in Figures 5.4(a), 5.4(c), and 

5.4(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 5.4(b), 

5.4(d), and 5.4(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 is higher resolution than the SRCT image.  The average apparent absorption 
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CNR gain of 2.2 +/- 0.7 compared to SRCT was found.  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.   

 

5.6 DISCUSSION 

The results of this experiment are promising, but it is important to keep in mind the 

scope of these findings.  It has been shown here that DECT has CNR and resolution gains 

over SRCT but only for the specific case of imaging bone in water.  The CNR results may 

seem to be contradictory to the findings of Dilmanian et al26 where apparent absorption  

DECT was shown to not 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. 
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There are considerable limitations to the two-image DECT method.  The two-image 

DECT method assumes little USAXS in the sample,10,25,26 so USAXS from the sample will 

lead to a reduction in refraction contrast.8,32  Any mechanical vibrations or thermal variations 

cause a detuning of the system.  The two-image method assumes that images are taken 

symmetrically about the rocking curve peak.  Since the reflectivity and the magnitude of the 

slope of the rocking curve are equivalent at the two positions, any detuning of the system 

leads to a reduction in contrast in the DE images through a mixing of refraction and 

absorption signals.  Another limitation of DEI is that it is only sensitive to the out-of-plane 

gradient of the index of refraction.  This means that the refraction contrast is not only related 

to the difference in indices of refraction between two materials, but also to the orientation of 

the interface between the materials.  If there is a vertical interface—meaning the interface 

between the two indices of refraction is perpendicular to the plane of the x-ray beam—within 

a voxel, then there is no refraction contrast. 

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 index of refraction 

within materials (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.  A black pixel in the 
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refraction slice image means there is an interface between water and bone in which the water 

region of that volume is above the bone region of that volume. 

 

5.7 Conclusions 

In this preliminary investigation of DECT of trabecular bone, we have found here that 

apparent absorption DECT has modest but statistically significant gains in both resolution 

and contrast-to-noise ratio over monochromatic synchrotron radiation CT for imaging 

trabecular structure.  Because measures for the morphological parameters in trabecular bone 

are affected by system resolution, an increase in system resolution suggests the DECT could 

produce more accurate morphological parameters than SRCT.  Significant contrast-to-noise 

ratio gains were also found for the small structures in the refraction DECT image as 

compared to the SRCT image.  Further studies are needed to more thoroughly compare the 

two imaging methods.   
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Figure 5.1  Diagram of experimental setup at Beamline X15A at the National 
Synchrotron Light Source, Upton, NY, USA 
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Figure 5.2  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 diffraction enhanced computed 
tomography. 
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Figure 5.3  Comparison slice images of trabecular bone from (a) apparent absorption 
DECT and (b) refraction DECT. 
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Figure 5.4  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.  The Gaussian fit is shown for the (a) 
SR and (b) apparent absorption profile.  The slice image is shown in (b), (d), 
and (f) for SRCT, apparent absorption DECT, and refraction DECT images 
with the trabecular feature from the line profile encircled. 
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6.1 Abstract 

A computer model was developed to help determine what structures within bone were 

causing the experimentally measured ultra-small angle x-ray scattering (USAXS) from bone.  

A Monte Carlo ray tracing algorithm is incorporated into the model.  The model simulates 

the USAXS by calculating the x-ray refraction from multiple randomly placed structures 

within the bone.  The results of the model were compared to the angular spreading of x-rays 

transmitted through bone as measured using diffraction enhanced imaging.  When the 

scattering is modeled as being from osteocyte lacunae which are small cavities in bone, the 

predicted angular spreading width (0.888 mu radians) agreed with the experimentally 

measured angular spreading width (0.62 +/- 0.24 mu radians).   

 

6.2 Introduction 

X-ray scattering has been used for almost a century to probe objects and reveal 

information about their internal structure.  Small-angle x-ray scattering (SAXS) has revealed 

the size of a variety of nanometer-scale objects ranging from colloidal gold1 to mineral 

crystals within bone.2,3  Ultra-small angle x-ray scattering (USAXS) can be used to reveal 

information about structures within an object that are too large to be studied by SAXS.  

Under the geometric optics approximation, USAXS can be viewed as the result of multiple 

random refractions from structures of different elemental composition (different indices of 

refraction) within an object.  The multiple refractions lead to an angular spreading of the 

transmitted x-ray beam.  A new x-ray imaging technique called diffraction enhanced imaging 
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(DEI) has shown the ability to measure the angular spreading of the x-ray beam, and hence 

can produce a measure of the USAXS within an object.4,5  The measured USAXS could 

prove to be useful if the angular spreading of the transmitted x-rays that is observed can be 

traced back to a structure within the object.  In order to trace the scattering back to structures 

within the bone, a model that predicts the scattering profile from these structures will need to 

be developed.  The purpose of this work is to develop a model to predict the USAXS width 

from structures within bone and to compare the model with experimental measurements of 

USAXS. 

 

6.3 Background 

6.3.1 Structure of plexiform bone 

In order to determine what structures within bone cause the measured USAXS, it is 

important to first look at bone structure.  The bones used in the previous experiment were 

bovine cortical bone.  Because bovine bone needs to develop very rapidly, bovine cortical 

bone is a specific type of cortical bone called plexiform, or fibrolamellar, bone.  The building 

blocks of all types of bone are strands of type I collagen and plate-like dahllite crystals.  

Individual type I collagen molecules are cylindrical and measure approximately 300 nm in 

length and 2 nm in diameter.6  The dahllite crystals measure on the order of tens of 

nanometers in length and width and approximately 2 nm thick.6  The collagen and crystals 

combine to form a composite mineralized collagen fibril.  These cylindrical mineralized 

collagen fibrils measure approximately 100 nm in diameter7 and are greatly varied in length.  

In plexiform bone, these mineralized collagen fibrils are roughly aligned with the long bone 
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axis.8  So the bulk of plexiform bone is composed of close-packed arrays of approximately 

aligned collagen fibrils.  Interspersed within the bulk of the plexiform bone are elliptically 

shaped cavities called osteocyte lacunae.  The major axis of the lacunae aligns roughly with 

the mineralized fibrils9 and therefore aligns with the long axis of the bone.  When a cross-

section of cortical bone is made such that the long axis of the bone is perpendicular to the 

cross-section plane, the average measured lacunae radius is about 3 µm.10  Within a cross-

section of cortical bone there are approximately 450 lacunae/mm2.10           

6.3.2 Model description 

6.3.2.1 Assumptions and approximations 

Several assumptions and approximations had to be made in the development of the 

USAXS computer model.  The first major approximation is that the USAXS observed in DEI 

can be modeled using geometric optics.  This is a reasonable approximation because the 

smallest structures being modeled have sizes three orders of magnitude greater than the x-ray 

wavelength.  Because of this assumption, all scattering is presumed to be from multiple 

refractions.  It was assumed that sufficient random refraction events would occur to justify 

the application of the central limit theorem.  In other words, it is assumed that the scattering 

leads to a normally distributed angular spread of the transmitted x-rays.  There are sufficient 

densities of mineralized collagen fibrils and osteocyte lacunae—the structures being modeled 

in bone—for the assumption of multiple refractions to be a valid one.  The refracting objects 

are approximated as having a circular cross-section.  It was assumed that the circles were 

randomly placed through the scattering region and did not overlap.  The circles were 
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assumed to all be of the same radius.  The scattering region was assumed to consist of only 

two different, uniform materials—the uniform density ambient region and the uniform 

density scattering circles.  It was assumed that the x-ray beam was monoenergetic.  Lastly, 

the path of the photons was assumed to be a straight-line path.   

6.3.2.2 Model algorithm 

This algorithm is a variation of an IDL code developed by Dean Chapman.  It is a 

Monte Carlo ray tracing algorithm consisting of two major procedures.  The first procedure 

randomly places a total of ncircles circles of radius, rcircles, into a rectangle nx pixels across and 

nz pixels high.  It checks to ensure that all circles are non-overlapping.  The positions of the 

circles are defined by random floating-point (~6-7 decimal places of significance) numbers 

generated using the randomu function in IDL which is a variation of a random number 

generator developed by Park et al.11  The procedure passes the positions of the circles to the 

second procedure.   

The second procedure models the photon interaction with the refracting circles.  All 

photons are modeled as moving horizontally (in the +x-direction).  All of the z-coordinates of 

the circles’ centers are saved in to an array, zcircles.  The function randomu is used again to 

pick the z-value of the incident photon, zphoton.  The procedure first checks to see if there are 

any circles within +/- rcircles of zphoton.  The array position of all the circles within +/- rcircles of 

zphoton are saved into a separate array.  Then, one-by-one, the angular deflection from each 

circle, ∆θ, is determined.  The angular deflection from each circle is related to the difference 

between zphoton and zcircle by equation 6.1.12  
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The index of refraction, n,  is defined by equation 6.2, so δcircle and δambient are the  

αδ in −−= 1           Equation 6.2 

difference from unity of the real part of the index of refraction (the imaginary part of the 

index of refraction, α, will be ignored since it is related to absorption).  This is repeated 

nphoton times.  For each of the nphoton photons, a value of the total angular deflection, ∆θtotal, is 

saved into an array.   The nphoton-dimensioned array of ∆θtotal values is then binned using the 

histogram procedure in IDL with a bins size of sbin (generally 0.001 µrad).  The normalized 

histogram, PN(θm), represents the probability the Nth photon will be scattered through an 

angle of θm to θm + sbin.  The histogram was fit to a Gaussian using the gaussfit function in 

IDL.              

6.3.3 DEI description 

6.3.3.1 General DEI description 

It is important to understand the properties of the DEI system to determine what is 

causing the USAXS.  Several papers have been written that relate the theory of DEI in far 

greater detail than will be presented here.13-17  In DEI, nearly collimated, monochromatic 

light is incident on an object.  A perfect silicon analyzer crystal is placed between the object 

and the detector.  For a given crystal reflection, e.g. [111], and energy, the analyzer crystal 

has a reflectivity profile, called a rocking curve, that is a function of angle and has a width 

that is highly energy dependent, but usually on the order of a few microradians.18  The peak 
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of the reflectivity profile is at the Bragg angle associated with that particular energy and 

reflection.  Since the analyzer crystal only reflects x-rays of a very narrow range of angles 

and energies, all x-rays that are outside of that narrow range are not reflected by the analyzer.  

For this reason, the analyzer crystal can be thought of as a very narrow (in both angle and 

energy) notch filter.   

6.3.3.2 Rocking curves studies 

The narrow angular acceptance of the analyzer crystal can be exploited to measure 

the USAXS from a sample.  If the analyzer is tuned at the Bragg peak, then any transmitted 

x-rays that are scattered by more than a few microradians are rejected by the analyzer.  If 

detuned from its Bragg peak by some angle, θ, then the analyzer crystal will only reflect x-

rays that are either scattered or reflected within a very narrow range of that same angle, θ.  

To extract USAXS information, the intensity of light reflected by the analyzer crystal as a 

function of detuning angle, θ, can be measured.  The intrinsic rocking curve of the system 

can be found by measuring the reflected intensity as a function of detuning angle with no 

sample along the beam path.  The rocking curve can then be measured as a function of angle 

with a sample in the beam path.  If there is USAXS within the sample, then the width of the 

rocking curve with a sample present will be larger than the intrinsic rocking curve.   

This method of measuring USAXS has a significant limitation—it is only sensitive to 

angular deflections that are upward or downward (and not left or right deviations).  This 

limitation means that the measured USAXS signal can be dependent on the sample 

orientation.     
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This study evolved from another experiment performed by Connor et al 19.  In the 

previous experiment, bovine cortical bones were studied prior to and after fatigue loading to 

determine if a signature of microfracture could be seen.  Rocking curve measurements were 

made prior to and after the samples were fatigue loaded.  It was found that there was indeed 

significant USAXS in the bones.  The genesis of this study was trying to find that answer to 

the question:  If USAXS can indeed be explained by—or at least approximated as—multiple 

random refractions within the sample, what structures within bone cause the x-rays to 

refract? 

 

6.4 Materials and methods 

6.4.1 General model attributes 

In order to understand the general attributes of the computer model, the parameters 

were varied and the model response was documented.  To test the model’s dependence upon 

circle radius, the circle radius was adjusted while keeping all other parameters constant.  For 

a box size of 2,000 pixels (along the x-direction) by 1,000 pixels (along the z-direction), one 

million photons (nphotons=1,000,000), 4,000 circles (ncircles=4,000), a photon energy, Ephoton, of 

40 keV, an ambient material of bone, and a circle material of water, rcircle was varied from 0.5 

to 3 pixels in 0.1 pixel steps.  For each point, the width of the scattering, σscatter, was 

simulated.   

A separate test was performed to determine system response to variations in ncircles.  

For the same box size, number of photons, photon energy, ambient material, and circle 
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material as above, and for an rcircle of 1.5 pixels, ncircles was varied from 1,000 to 6,700 in 

steps of 100 and σscatter was simulated for each ncircle value.   

The energy dependence of the model was measured as well.  For the same box size, 

number of photons, ambient material, and circle material as above, and for an rcircle of 1.5 

pixels and for 4,000 photons, the energy was varied from 15 to 100 keV and σscatter was 

measured for each photon energy.  The amount of refraction from the individual circles 

depends on the difference between the indices of refraction of the ambient and circle material 

(∆δ), so to test the model’s response to different materials, the ambient material was chosen 

to be bone and the δ of the circle was set to be a scalar multiple of δbone (δcircle = δbone*SF).  

For the same parameters as the previous experiment, and for an photon energy of 40 keV, the 

scale factor was varied from 0.1 to 3.0 in steps of 0.1 and σscatter was simulated for each scale 

factor.    

6.4.2 Modeling structures in plexiform bone 

In plexiform bone, the structures that could be causing the measured USAXS are 

mineralized collagen fibrils (diameter of about 100 nm) or osteocyte lacunae (diameter of 

about 6 µm).  Because the scattering experiment measured the scatter from 4 mm thick 

sections of bone, the model parameters were designed to mimic the full bone thickness.  For 

modeling the collagen fibrils, there should be on the order of 109 fibrils passing through the 4 

mm by 4 mm cross section.  Because it would be too computationally intensive to model a 

full 4mm by 4 mm segment of bone at once, a 10 µm by 10 µm section of bone was modeled.  

There are about 9,000 fibrils that would pass through this smaller section of bone.  The 
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photon energy was set to 40 keV (to match the x-ray energy used in the experiment).  The 

ambient material was chosen to be water and the circle material was set to bone.  The value 

of δwater and δbone were calculated using material composition data from NIST 20.  The net 

angular deflection of one million photons were measured.  The measured scattering was only 

for a 10 µm by 10 µm section of bone.  In order to model the full 4 mm thickness of bone, 

the scattering Gaussian for the smaller section was convolved with itself 400 times.  Because 

the scattering was normally distributed, the total scatter width, σscatter,total, is just 20σscatter. 

The lacunae are much larger than the fibrils and much more sparse, so modeling them 

was simpler.  The scattering region was chosen to be 2,000 pixels by 1,000 pixels 

corresponding to a 4 mm by 2 mm segment of bone.  The scale was 1 pixel for every 0.002 

mm, so the circle radius was set to 1.5 pixels.  Since the lacunae density is about 450 

lacunae/mm2, there would be about 3,600 lacunae in a 4 mm by 2 mm section of bone.  

Therefore, ncircle was set to 3,600.   The ambient material was set to bone and the circle 

material was set to water.  The photon energy was set to 40 keV.  For one million incident 

photons, the scattering was measured.   

6.4.3 DEI experiment 

Machined bovine cortical bone samples, measuring approximately 4mm by 4mm by 

40mm, were prepared at Rush University Medical College.  The bone samples were fixed in 

a 10% formalin solution.  The long axis of the sample corresponds to the long axis of the 

bovine femur.  They were secured to an aluminum sample holder, to minimize movement 

during the imaging process, and then placed in a water-filled acrylic container.  The samples 

were oriented such that the long axis of the sample was in the plane of the beam.  This 
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sample orientation was chosen because the major axis of the lacunae and the axis of the 

collagen fibrils generally align with the long axis of the sample which means the system was 

most sensitive to USAXS from the sample in this orientation.  Image sets were acquired for a 

total of 39 bovine cortical bone samples.  All data were obtained at the NSLS Beamline 

X15A.  The bending magnet source at X15A produces a polychromatic beam of light that 

measures about 2 mm high and 10 cm wide in the experimental hutch.  The experimental 

setup (figure 6.1) was as described by Zhong et al14 with the exception that a new detector 

was used.  Polychromatic light entered the hutch through the beryllium window.  Aluminum 

filters (total thickness of approximately 3mm) reduced the intensity of light entering the 

monochromator.  Because aluminum effectively absorbs lower energy x-rays, the filters 

greatly reduced the power delivered to the monochromator. The monochromator then 

selected out 40 keV x-rays using [333] diffraction.  An ion chamber then read the surface 

dose to which the sample and sample holder were exposed during imaging.  After next 

passing through the sample, the transmitted x-ray beam was then incident upon the analyzer 

crystal where it was either reflected or absorbed depending on the angle at which the 

analyzer crystal was set.  The intensity of reflected x-rays was then recorded by a Rad-icon 

Shad-o-Box™ 2048 X-ray Camera which generates 2048 by 1024 images at 50 micron pixel 

size.      

For each bone sample, a set of 101 images was obtained.  The sample was positioned 

such that both the ambient (water only) and bone (bone surrounded by water) were in the 

field of view in each image.  The sample position remained fixed during all of the scans.  

Images were acquired for each analyzer crystal position as it was scanned from -10 to +10 



µradians in 0.2 µradian steps.  The analyzer crystal was tilted using the tangent arm which 

has a resolution of 0.1 µradians.  The shutter was closed for the last five images in order to 

determine the detector background.  The exposure time for each individual image was five 

seconds.  Reading out the detector and then moving the analyzer crystal took approximately 

one second, so the total time to acquire the image set was approximately ten minutes.   

The rocking curve widths were obtained using Interactive Data Language (IDL).  The 

median for each individual step of the scan was found in the y-, or vertical, direction.  For 

each value in the x-direction the median y value for each step was fit to a Gaussian and the 

Gaussian width, σ, was found.  The procedure was done separately both for the ambient and 

bone image regions in each data set.  The ambient rocking curve is the intrinsic rocking curve 

of the system, or the zero-scatter reflectivity profile of the system.  The Gaussian width of the 

measured rocking curve through bone is the combination of the ambient, or intrinsic, rocking 

curve with and the scattering rocking curve width.  This combination can be thought of as the 

convolution of the scattering (which is a Gaussian) with the intrinsic rocking curve (which 

can be approximated as being a Gaussian).  In order to find the scattering, the Gaussian fit to 

the rocking curve through the bone had to be deconvolved with the Gaussian fit to the 

ambient rocking curve.  Because both the curves were approximated as being Gaussian, the 

width of the scattering Gaussian, σscatter, was calculated using equation 6.3.   

( ) ( )22
ambientbonescatter σσσ −=         Equation 6.3 
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6.5 Results 

6.5.1 General model attributes  

A representative image of the placement of 1,000 circles of radius 20.0 pixels into a 

2,000 by 2,000 pixel region is included in figure 6.2a.  For the circle configuration from 

figure 6.2a, with a photon energy of 40 keV, an ambient region of water, a circle material of 

adipose tissue, and one million photons the resulting histogram and the Gaussian fit to the 

histogram are included in figure 6.2b.   

A plot showing σscatter as a function of circle radius is included in figure 6.3a.  It was 

found that σscatter varied as about rcircle
0.69.  An increase in σscatter with an increase in rcircle is 

reasonable because with an increase in circle size, there is an increased likelihood that an 

photon will hit the circle.  A plot showing σscatter as a function of the number of circles is 

included in figure 6.3b.  It was found that σscatter varied as about ncircle
0.72.  Again, as with an 

increasing circle radius, it is reasonable that the amount of scattering will increase with an 

increase in the number of circles, since the photons are likely to be refracted by more circles.  

A plot showing σscatter as a function of photon energy is included in figure 6.3c.  It was found 

that σscatter varied as Ephoton
-2.  This is reasonable because the angular deviation from 

refraction from each circle is proportional to 1/E2 since δ is proportional to 1/E2.  A plot 

showing σscatter as a function of the absolute value of difference between the ambient δ and 

the circle δ is included in figure 6.3d.  It was found that σscatter varied linearly with |∆δ|.  This 

is reasonable since the refraction from each individual circle is linearly proportional to |∆δ|.  

To summarize the findings of the model, the spreading of the x-ray beam is related to the size 
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of the scattering circles, the density of scattering circles, and the difference between the 

indices of refraction of the ambient and scattering materials.  Also, USAXS is dependent 

upon x-ray energy.  

6.5.2 Experimental results 

A sample plot of normalized intensities of x-rays transmitted through water and bone 

as a function of the detuning angle of the analyzer crystal is included as figure 6.4.  The 

experimentally measured scattering from the bone samples, σscatter, was 0.62 +/- 0.24 

µradians.   

6.5.3 Modeling structures in plexiform bone 

For the mineralized collagen fibril modeling experiment, the scattering width was 

found to be 70.4 +/- 1.2 µradians.  This is about 100 times the measured scattering width 

from the experiment.  For the lacunae modeling experiment, the scattering width was found 

to be 0.888 +/- 0.005 µradians.  This is slightly larger than, but within an order of magnitude 

of, the experimental results.   

It appears as though the mineralized collagen fibrils are not causing the measured 

USAXS signal.  In the model, it is assumed that the mineralized collagen fibrils are discrete 

and separated from the neighboring fibrils by an ambient material.  The ambient region 

surrounding the mineralized collagen fibrils has been shown to itself be mineralized,8,21 so it 

is likely there is no appreciable difference in index of refraction between the mineralized 

collagen fibrils and the surrounding material.  The model was repeated keeping the scattering 

material as bone, but changing the ambient material.  It was found that with a δambient of 
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99.5% of δbone the scattering width, σscatter,  was on the order of the experimentally measured 

scattering width (0.77 +/- 0.01 µradians).     

 

6.6 Discussion 

The results from the model point towards the osteocyte lacunae as the structures that 

lead to the experimentally measured USAXS from the bone samples.  Though parameters in 

the mineralized collagen fibril model were able to be varied in such a way as to generate 

scattering results that were consistent with the experimental results, δ of the ambient material 

was chosen to fit the experimental data and not to correspond to an experimentally measured 

value for δ in the region surrounding mineralized collagen fibrils in bone.   

The slight overestimation of the scattering width in the computer model as compared to 

the experimentally obtained scattering width can be caused by a combination of factors.  The 

difference between δlacunae and δplexiform bone could be smaller than the difference between δwater 

and δbone since the actual chemical composition in the lacunae region in formalin-fixed bone 

is not known exactly.  The average value of lacunae radius was used to calculate the 

scattering, but in an actual cross section of bone one would find a range of lacunae radii.  

Because the scattering width varies as rcirle
0.69, the lacunae with radii less than the average 

radius will cause there to be less scattering than if all lacunae had a radius equal to the 

average lacunae radius.      

     If indeed it is the osteocyte lacunae that are causing the measured USAXS from bone, 

then these results are promising.  Vashishth et al22 showed that, for cortical bone, a decrease 

in lacunae density was accompanied by an increase microcracks, a increase in porosity, and 
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an overall decrease in bone strength.  For their study, histological sections had to be used to 

count the lacunae and determine a lacunae density.  If indeed the USAXS related to lacunae 

density, DEI would provide a non-invasive means of measuring lacunae density.    

To design future experiments to further test the model, the only parameter that can be 

varied is the x-ray energy (the size, density, and material types are properties of the bone that 

is being imaged).  The width of the intrinsic rocking curve of the DEI system is a function of 

energy and drops off as 1/E.14  What is measured experimentally is the combination of the 

intrinsic rocking curve with the angular spreading of the x-rays due to USAXS.  USAXS 

contrast is then related to the difference between the intrinsic rocking curve width and the 

rocking curve width as measured through the bone sample.  The maximum USAXS contrast 

will occur where the difference between the intrinsic rocking curve width and the combined 

rocking curve width is the greatest.  Since the USAXS width has been shown with the model 

to drop off as 1/E2, the difference between intrinsic rocking curve width and the combined 

rocking curve width will be greater the lower the x-ray energy.  This needs to be balanced 

both with the fact that bone is highly absorbing for low energy x-rays (figure 6.5) and that the 

spectral brilliance of the x-ray source drops off significantly with increased energy.      

    

6.7 Conclusions 

A Monte Carlo ray tracing program was developed and tested for predicting ultra-

small angle x-ray scattering from materials with a circular cross section.  The response to the 

model to variations in parameters was recorded.  The model was then used to determine what 
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structures in bovine cortical bone caused the experimentally measured USAXS.  The USAXS 

was attributed to refractions from osteocyte lacunae in bone.    
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Figure 6.1  Experimental setup at NSLS beamline X15A, Upton, NY, USA 
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Figure 6.2  (a) Image of circles in a sample scatter region in the computer model.  (b) 
Histogram of the photon scattering angles (dotted line) and the Gaussian fit 
to the histogram (solid line) for one million photons transmitted through 
sample scattering region. 
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Figure 6.3  Results of varying parameters in the computer model.  Plots of the predicted 
σscatter as a function of (a) the scattering circle radius, rcircle (ncircles=4000, 
Ephoton =40 keV, ∆δ=1.33 ×10-7), (b) the number of scattering circles, ncircle 
(rcircle=1.5 pixels, Ephoton =40 keV, ∆δ=1.33 ×10-7), (c)  the photon energy, 
Ephoton (ncircles=4000, rcircle=1.5 pixels, ∆δ=1.33 ×10-7), and (d) the difference 
between the real part of index of refraction of the ambient and scattering 
regions ∆δ (rcircle=1.5 pixels, ncircles=4000, Ephoton =40 keV). 
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Figure 6.4  Plot of the normalized rocking curves through bone (plus sign) and through 
water (ambient region; diamonds).  
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Figure 6.5  Plots of the x-ray transmission as a function of x-ray energy through a variety 
of bone thicknesses.     
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7 CONCLUSIONS AND FUTURE WORK 

Because DEI is in its infancy, much work has to be done before it can be established 

as a medical imaging modality.  As stated earlier, the overall goal of these experiments was 

to help lay a foundation for future DEI of bone.  Each experiment sheds some light onto DEI 

of bone and its potential usefulness.  In the pre- and post-fatigue loaded bone experiment, it 

was found that, though no significant change in rocking curve width could be found, the 

refraction signal within bone was not overwhelmed by the USAXS present.  This finding led 

to the second two experiments.  In the interface gap experiment, it was determined that the 

DEI refraction image showed significant contrast-to-noise ratio gains over comparably 

obtained SR radiographs.  The refraction measured with DEI, though somewhat degraded by 

the USAXS, was still present to the extent that the refraction images showed CNR gains and 

the measured refraction values were consistent with their theoretically predicted value.  In the 

third experiment, both apparent absorption and refraction DECT slice images were shown to 

have both contrast and resolution gains over comparably obtained SRCT slice images.  In the 

final experiment, the computer model developed to predict USAXS in bone was able to 

produce an USAXS signal that was consistent with experimentally measured USAXS values.   

These four experiments are just the starting point.  The x-ray interaction with bone 

will need to be further characterized in order to have a more full understanding of the 

potential use for—and the limitations of—DEI in bone imaging applications.  Though the 

experiments summarized here have shown DEI to have contrast advantages over SR 

radiography, the studies were done as proof-of-principle studies, so only a very limited 

number of samples were imaged.  A much greater number of samples will need to be imaged 
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in the future.  In the final experiment, the results suggest that lacunae are causing the 

measured USAXS, but further experiments will need to be done to confirm this.   

Decisions will have to be made as to whether DEI is best used as clinical imaging 

modality or if it is better suited for ex vivo imaging (such as current micro CT systems).  

Ultimately, in order for DEI to be a diagnostically useful tool, a clinical DEI system—or at 

least a non-synchrotron-based system—will need to be developed.      
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