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Abstract

In the treatment of kidney stones, knowing stone composition has been estab

lished as an important aid to the understanding of stone formation and in preventing 

recurrences, particularly the composition of the initial “core” of the stone. Tradi

tionally, stone composition has come from laboratory techniques such as infrared 

spectroscopy and x-ray diffraction. These methods require taking multiple samples 

of excised stone fragments and powdering them - losing structural information in the 

process, and therefore the specific core composition.

Coherent-scatter computed tomography (CSCT) is a method of non-destructive 

“composition” imaging based on measurements of diffraction patterns from tissues. 

Use of an x-ray tube degrades scatter-pattern angular resolution due to the x-ray 

spectral width, making it difficult to uniquely identify some materials. The use of 

two transmission filters with similar atomic numbers (balanced “Ross filters” ) to gen

erate pseudo-monoenergetic scatter patterns of common kidney stone components is 

described as it applies to CSCT. We show that an analysis of angular-blur mecha

nisms reveals that focal spot size and beam width are the most important factors 

determining Bragg-peak width when erbium and thulium balanced filters are used. 

A Bragg-peak RMS angular width of approximately 0.14° (relative width of 3% at 

5° scatter angle) can be achieved, reducing peak-overlap in the scatter functions of 

common kidney stone constituents.

CSCT is capable of producing 3-D material-distribution maps. In previous studies, 

such maps were of relative material density. We describe a theoretical method to 

generate absolute (g/cm 3) mass-density distributions.

Balanced-filter CSCT improves scatter-function angular resolution and allows for 

the measurement of common kidney-stone constituents with non-overlapping peaks.

K ey  words: coherent scatter, x-ray diffraction, x-ray scattering, computed tomog

raphy, composition imaging, kidney stones, renal calculi, balanced filters, Ross filters
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Chapter 1 

Introduction

1.1 Urinary stone disease

Approximately one in 10 North Americans will develop kidney stones during their 

lifetime. [1] Of these, approximately 75% will recur without follow-up treatment. [2] 

The resulting renal stone disease, if left untreated, can cause severe morbidity. For 

example, stasis of the urine can lead to renal infection that may go on to cause per

manent kidney damage. [3] Mortality, too, is a risk, particularly in elderly populations 

where complications arising from stone disease such as hypertension or acute renal 

failure can have life-threatening consequences. [4] To make matters worse, over the 

past 25 years kidney stone incidence rates have increased, [5] a trend that is expected 

to continue. [6]

Successful treatment of kidney stones involves both the immediate removal of an 

obstructing calculus and a long-term strategy, such as lifestyle or dietary changes, to 

prevent stone recurrence. [7]

Extracorporeal shock wave lithotripsy (ESWL) has emerged as the primary mode 

of kidney stone therapy. ESWL pulverizes stones into small fragments that may pass 

unobstructed through the urinary tract. Unfortunately, treatment success rates with 

ESWL have stalled at 75%. [8] It has been suggested that because certain types of

1
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kidney stones axe known to be impervious to ESWL, and because stone composition 

currently cannot be determined prior to treatment with existing imaging modalities, 

failures may result in the unnecessary use of ESWL in cases where it is known to not 

be effective. [9]

Measures taken to prevent stone recurrence can involve lifestyle changes or phar

maceutical intervention. [7] The treatment pathway is determined by the composition 

of the stones as determined by laboratory analysis of calculi which have been removed 

from the body or passed after ESWL.

Both ESWL and recurrence prevention strategies benefit from knowledge of stone 

composition. Yet in the case of ESWL, no extracorporeal imaging technique exists 

that can adequately determine the composition of a kidney stone within the body. [10] 

Similarly, a recent study has shown that conventional laboratory analysis techniques 

of excised stones can result in misleading estimates of bulk composition. [11]

The focus of this thesis is to develop the use of an imaging technique, known as 

coherent-scatter imaging, that will allow for adequate determination of kidney stone 

composition ex vivo today and open the door to in situ imaging in the future.

1.1.1 Etiology

Kidney stones are hard crystal masses of minerals or proteins that form in the 

presence of urine.[12] They can be found anywhere within the urinary tract.[13] Sizes 

range from as small as a grain of sand to golfball sized and beyond. Calculi with 

diameters less than 5mm are usually able to pass through the urinary tract [14], but 

larger diameters can cause blockages which require medical intervention. [15]

The supersaturation of urine with minerals and other chemicals is responsible 

for initial crystal formation and subsequent growth. [12] Urine mineral imbalances 

are linked to a number of risk factors, including nutrition, [16] obesity, [17] genetics, 

metabolic and physiological abnormalities, and socioeconomic status. [18]

Urinary stones are 98% crystalline, [19] with mineral crystals deposited onto an
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Nephron

Fig. 1.1: Schematic illustrating functional structures of the urinary system, modified 
from the National Kidney and Urologie Diseases Information Clearinghouse

organic matrix. Over 50 types of components have been recognized. The vast majority 

of all stones are made of the seven materials listed in Table 1.1. Of these, stones that 

are composed of calcium compounds (oxalate and phosphate), uric acid, ammonium 

phosphate, and cystine, are the most common.

1.1.2 Treatment of acute renal colic

For the past 25 years, extracorporeal shock wave lithotripsy has been the primary 

interventional procedure used in the treatment of urinary calculi. [20] Because the 

majority of kidney stones are acoustically dense, they will absorb a large proportion 

of the energy in sound waves traveling through the body. An ESWL machine generates 

high-energy pressure waves outside the body, which are then applied to the surface of 

the skin and focused on the kidney stone. This results in the kidney stone experiencing 

severe compressive forces that in many cases will cause it to fracture, allowing the 

resulting fragments to pass freely through the urinary tract. [21]

Historically, ESWL has a success rate of 75%, with most of the fragmentation 

failures coming from certain mineral types not amenable to fragmentation. [22, 23]
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Component Abbreviation Occurrence (%) Causes

Calcium
oxalate
monohydrate

COM 4 3 -8 3 Excess oxalate-rich foods 
(spinach, chocolate), diges
tive disorders, genetic enzy
matic deficiencies

Calcium 
oxalate dihy
drate

COD 55-61 Excess dietary calcium, salt 
or protein. Reabsorption 
deficiencies in the kidney, 
hormonal disequilibrium

Calcium
phosphate

CP 28-61 Alkaline urine, urinary 
tract infections, hyper
parathyroidism, renal 
malformations

Calcium
phosphate
dihydrate

CPD 0.5 - 3.2 Acidic urine

Magnesium
ammonium
phosphate

MAP 9 -  16 Infection by urease- 
producing bacteria

Uric acid UA 9 - 20 High urine acidity /  small 
urine volume

Cystine CYS 0.3 - 1.3 Cystinuria genetic defect

Table 1.1: Summary of common kidney stone mineral components and possible fac
tors in their occurrence. [18] Occurrence rates do not sum to 100% as most stones have 
multiple components. Chemically “hard” stones which are not amenable to ESWL 
include calcium oxalate monohydrate, calcium phosphate dihydrate, and cystine. Cal
cium oxalate dihydrate and magnesium ammonium phosphate stones are considered 
“soft” , with MAP having a sticky consistency that is also particularly difficult to 
fragment with ESWL.
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Should ESWL be unsuitable for use, such as when a stone is located just outside the 

kidney in the ureter, or should ESWL be ineffective (for example, with non-fragile 

stones such as cystine), there are surgical options. Percutaneous nephrolithotomy is 

a procedure where a small incision in the patient’s back is made and into which a 

nephroscope is inserted to remove the stone. Ureteroscopy involves a scope inserted 

through the urethra into the ureter, after which the physician can remove the stone, 

or use shock waves or laser pulses to fragment the stone for passage. [7]

One of the main drawbacks of ESWL is that the likelihood of successful stone 

fragmentation is not assessed before the procedure is performed. [8] Therefore a cohort 

of patients is being subjected to ESWL even if the technique is known to be ineffective 

for fragmenting their stone type. For example, stones composed of chemically “hard” 

minerals such as cystine are difficult to fragment with ESWL. [24] This causes an 

unnecessary risk to the patients, such as significant renal trauma, for patients with 

these stone types. This risk could be mitigated if stone composition was known prior 

to ESWL treatment.

Once the stone or fragments axe removed the composition of the material can be 

analyzed to determine the cause of formation. Since 75% of stones recur without 

proper medical management, understanding the underlying cause of formation is es

sential to effective therapy. [2] When a materials analysis is complete, the physician 

can then recommend measures to prevent recurrence. This could involve increasing 

fluid intake, recommending that the patient lose weight, limiting dietary protein, 

sodium, fat and sugar, or other pharmaceutical care.

1.1.3 Stone composition analysis techniques

Material analysis of kidney stones in situ is generally not possible at present, 

although researchers are investigating a number of imaging modalities for this task. 

Spiral computed tomography proved capable of identify some of the major stone types 

in vitro,[25] but has yet to be proven in vivo. Partial volume (due to slice thickness),
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scatter and beam hardening effects cause variations in measured Hounsfield(HU) 

values. [26] With few exceptions, HU values alone are not sufficient to identify uri

nary calculi. Dual-energy CT has been shown to differentiate certain types of stones 

better than HU based measurements in situ, for example uric acid and calcium-based, 

but more study is needed on a wider variety of stone types. [27]

In an in vivo study of conventional radiography, stone composition was misidenti- 

fied 61% of the time. [28] Dawson et al., using magnetic resonance imaging, were able 

to distinguish only a few types of calculi using a Tl-weighted sequence. [29]

Once a stone has passed or is surgically removed, several analysis techniques can 

be used to analyze stone material and structure. These include infrared spectroscopy 

(IRS), powdered x-ray diffractometry (XRD), polarization microscopy, scanning and 

transmission electron microscopy, wet chemistry analysis, and Raman spectroscopy. [30] 

Today, the most routinely performed ex situ laboratory analysis techniques are 

XRD using Cu Ko; x-ray emissions (8 keV) and IRS. [22] However, these are funda

mentally surface-analysis techniques, necessitating that each stone be crushed to a 

powder for analysis. [31] This destructive process results in the loss of knowledge of 

the structure of the stone. Furthermore, only a small subsample (of order micro

grams) is actually interrogated during testing, which may not be representative of 

the entire stone. For example, the stone mineral magnesium ammonium phosphate 

is often caused by infection. Thus it may be medically useful to identify if MAP is 

present at the ‘core’ of a stone, or the periphery. [22] If it is the core, then a treatment 

to prevent recurrence should target infection. If it is the outer layers of the stone that 

contain MAP, the infection may be secondary to the stone itself, and of less concern. 

Likewise, the microscopy and chemical-analysis based methods can only be used on 

small isolated stone fragments that may not be representative of the core. There is 

currently no practical laboratory analysis technique to provide this information.

Coherent-scatter computed tomography (CSCT) is a novel imaging technique 

that can provide this information. It has the ability to map both the composition
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Fig. 1.2: Schematic diagram of the CSCT system.

and structure of small objects non-destructively. The technique combines the mate

rial analysis capability of conventional XRD with the non-destructive cross-sectional 

imaging capability of CT.

1.2 Coherent-scatter based compositional analysis 

of kidney stones

Oür group has developed a coherent-scatter computed tomography system utiliz

ing a diagnostic x-ray tube capable of imaging kidney-stone specimens, as illustrated 

in Fig. 1.2. [32, 33] Unlike conventional radiographic techniques where image con

trast comes from the total attenuation differences among the materials being imaged, 

CSCT image contrast is determined by the differences in the diffraction pattern of x 

rays coherently scattered by the material under interrogation.
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Fig. 1.3: The Bragg relationship. When the path difference of the scattered x rays is 
an integer multiple of the x-ray wavelength, constructive interference occurs, giving 
rise to a scatter peak.

1.2.1 Coherent scatter and diffraction of x rays

The theoretical basis of coherent-scatter imaging has been described in detail 

elsewhere [34, 32] and only a brief summary is given here. The differential coherent- 

scatter cross section per unit solid angle fl, per electron, evaluated at scatter angle 6 

and x-ray energy E , is given by: [35, 36]
A n  7*2

djf = ^ (l+ c o s 2«)[|i’(x)|2 + ilfJv(£.«)S(x)], (1.1)
E}0

in which (r2/2)(l-t-cos2 6) represents the Thomson scatter cross section for unpolarized 

x rays where all atomic electrons act as scattering centres, F (x) is the coherent-scatter 

form factor describing interference effects responsible for the scatter patterns mea

sured in this study, S(x) is the incoherent (Compton) scatter function, and FKN(E , 6) 

is the Klein-Nishina factor. In this equation, x  is termed the momentum transfer ar

gument (Ap =  2hx) and is given by x  =  (1/A) sin(0/2) =  (E/hc)sin(9/2).[37] It 

describes interference effects in the scattered photons (specific to any material) that 

give rise to characteristic x-ray diffraction patterns. [38]

During coherent interactions, the electromagnetic wave of the incident photons 

sets the atomic electrons of the scattering material oscillating. These electrons then
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emit photons of the same energy as the incident radiation, a form of elastic scattering 

leaving no energy deposited in the scattering matter. [35] b Diffraction peaks are 

the result of the interactions between the x-ray electromagnetic wave and bound 

atomic electrons. [39] Laue posited that regularly-spaced arrays of atoms might form 

a three-dimensional diffraction grating for x rays. [40] Bragg[41] extended this work 

and derived the following: diffraction at angle 9 (relative to an incident beam) of 

x rays having wavelength A from crystal planes with spacings d is governed by the 

following relationship,

nA =  2dsin(0/2), (1.2)

known as Bragg’s Law. Simply stated, the total path difference for x rays reflected by 

successive plains must be an integer multiple of the x-ray wavelength for constructive 

interference to occur. [35] Only first-order diffraction (n =  1) is considered here. The 

resulting scatter patterns are a superposition of peaks corresponding to diffracted 

photons from each crystal plane. Furthermore, if the diffraction planes are of multiple 

orientations, such as in powdered or amorphous materials, the resulting scatter peaks 

will be circularly symmetric about the incident beam.

At diagnostic x-ray energies (30-140keV) coherent scatter interactions account 

for up to 10% photon interactions. [42] However, coherent scatter is strongly forward 

peaked (<  10°) and dominates over all incoherent scatter at these low angles. This is 

shown in Fig. 1.4 where values of |F(x)|2 (estimated using the independent free-atom 

model[36, 43]) and Fk n (E, 9)S(x) (describing the relative intensities of coherent and 

incoherent scatter respectively) are illustrated for C&C2O4 as a function of scatter 

angle 9 at an energy of 40 keV. Fluorescent photons from photoelectric interactions 

do not contribute substantially to the scatter signal due to the low atomic number of 

the absorber and the isotropic direction of the emissions.
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Fig. 1.4: Illustration of the intensity ratio of coherent scatter (using the independent 
free-atom model) to incoherent scatter (Compton scatter), given by the ratio |F(y)|2 
to FKh (E ,6)S(x ), for CaC204 as a function of scatter angle at 40 keV.
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1.2.2 Coherent-scatter patterns and scatter functions

Figure 1.5 shows examples of coherent-scatter patterns formed by powdered sam

ples of the seven most common kidney stone constituents. The CSCT analysis soft

ware integrates this scatter-pattern signal in concentric rings about the scatter centre 

and normalizes by the ring solid angle to form a material-specific scatter function.

Scatter functions for the same seven kidney stone constituents are shown in 

Fig. 1.6. Note that each peak in the scatter function corresponds to one or more 

crystal planes in the mineral. Utilizing a theoretically ideal imaging system, each 

peak would be a single delta function or combination of delta functions having neg

ligible angular width. As can be seen in several of these examples, whereas the XRD 

scatter function is composed of discrete peaks, in the CSCT scatter functions some 

of the discrete peaks are blurred into single wide peaks. This occurs, for example, in 

the first scatter-function peak of magnesium ammonium phosphate hexahydrate.

Previously, Kozanetsky et al. [45] measured a variety of materials’ coherent-scatter 

scatter functions, while Evans et al. [46] examined scatter distributions of various 

types of breast tissues. Speller and Horrocks [47] studied coherent-scatter measure

ments of tissues of medical interest such as bones and gall stones.

Johns and LeClair [42, 48, 49] modeled both contrast and SNR of bulk coherent- 

scatter measurements in comparison to traditional attenuation-based radiography 

over several studies. Recently Johns et al. [37] looked at the feasibility of measuring 

accurate coherent x-ray form factors of amorphous materials using powder diffrac

tometers, and LeClair et al. [50, 51] have modeled the potential of coherent-scatter 

imaging in mammography.

1.2.3 Coherent-scatter computed tomography

The use of coherent-scatter to produce tomographic images was pioneered by 

Harding et al. [34], who adapted crystallographic techniques to a first-generation
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(a) (b) (c) (d)

(e) (0 (g)
Fig. 1.5: Sample scatter patterns for the seven most common kidney stone con
stituents (a) calcium oxalate monohydrate, (b) calcium oxalate dihydrate, (c) calcium 
phosphate, (d) calcium phosphate dihydrate, (e) magnesium ammonium phosphate 
hexahydrate,(f) uric acid, (g) cystine. Top: patterns were acquired by a Gd-filtered 
(polyenergetic) CSCT system, bottom: patterns acquired by a Cu k-alpha (monoen- 
ergetic) x-ray diffractometer. From Davidson et al.[44]
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Fig. 1.6: Measured scatter functions from the seven most common kidney stone con
stituents (a) calcium oxalate monohydrate, (b) calcium oxalate dihydrate, (c) calcium 
phosphate, (d) calcium phosphate dihydrate, (e) magnesium ammonium phosphate 
hexahydrate, (f) uric acid, (g) cystine. Darker dotted lines: patterns were acquired 
by a Gd-filtered (polyenergetic) CSCT system, lighter solid lines: patterns acquired 
by a Cu k-alpha (monoenergetic) x-ray diffractometer. From Davidson et al. [44]
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CT arrangement using a diagnostic x-ray tube. Since CT is a transmission-based 

technique, x-ray sources capable of producing higher-energy photons which will not 

be completely absorbed by the specimen are required. Harding’s system used an array 

of scintillation detectors to produce angle-specific tomographic slices of an AAPM 

plastic phantom. Unlike conventional CT which produces a single distribution of x- 

ray attenuation values across a specimen, Harding showed distributions of scatter at 

a number of discrete scatter angles.

Westmore et al. [52] refined the technique by using an area x-ray image intensifier 

to capture all of the low-angle scatter emanating from the specimen. A material- 

identification capability was also added, matching measured scatter functions to a 

reference library of scatter functions of pure materials. This allowed for the production 

of relative mass-density distributions of materials within a specimen.

1.2.4 Composition analysis

Different forms of coherent-scatter compositional imaging have been used for non- 

invasive baggage inspection[53] and food safety certification, [54] as well as a variety of 

medical detection tasks. Recently, medical CSCT research has been concentrated in 

two areas: bone density measurement and kidney stone analysis. Investigators such 

as Kerr et al. [55] looked at using both coherent and Compton scatter to determine 

skeletal mineral status, whereas Royle and Speller [56] proposed measuring coherent- 

scatter functions to distinguish between healthy and osteoporotic bones. Batchelar et 

al. [57] showed that CSCT is capable of determining the collagen-mineral ratio of 

intact bone specimens, a capability lacking in existing bone analysis techniques.

The potential of CS to lend insight into kidney stone disease was first investigated 

by Dawson et al. [58], who showed that CS patterns were capable of distinguish

ing calcium oxalate stones other stone types in vitro. Bachelar et al. [33] measured 

coherent-scatter scatter functions for seven of the most common kidney stone con

stituents. Davidson et al. [59] extended this work by demonstrating tomographic
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material-specific maps of excised kidney stone specimens, as well as proving that 

the azimuthal angular dependence of crystalline materials, such as in the scatter 

function of calcium oxalate dihydrate in Fig. 1.5, is averaged out in a tomographic 

acquisition. [60] This showed that the accurate detection of crystalline materials was 

possible.

Recently, Davidson et al. [11] demonstrated that the current stone analysis stan

dard, infrared spectroscopy, missed detecting certain types and quantities of stone 

components that were able to be identified by a CSCT system. With further im

provements in instrumentation and additional comparative studies to established 

techniques, CSCT has the potential to provide compositional information beyond 

existing modalities in some fields.

A drawback of the CSCT system used in these previous studies is the inability to 

identify minerals that are not included in the library of reference materials. This is 

due to CSCT’s modest angular resolution (as compared to XRD), which sometimes 

causes the unique scatter peaks of materials under interrogation to overlap. This peak 

overlap makes it difficult to ascertain whether an observed peak is a superposition of 

materials in the reference library or a new, unknown, constituent. Clearly, reducing 

the angular blur of measured scatter functions would reduce peak overlap.

1.2.5 Factors affecting scatter-function blur

Westmore et al. [32] investigated several factors that could affect the angular 

blurring of scatter functions. These include the effect of object size, x-ray beam 

width, pixel width and spectral width. An example geometric blur consideration, 

specimen size, is illustrated in Figure 1.7. Westmore achieved a spectral RMS width 

of 14% RMS by filtering the polyenergetic tungsten-anode x-ray spectrum with a 

gadolinium filter. Although the angular resolution obtained with the system was 

sufficient to resolve unique scatter functions for the majority of materials studied, the 

scatter-function peaks are spread such that they overlap with each other. This overlap
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Fig. 1.7: Example of a geometric blur consideration. Scattered photons generated at 
the front of a specimen will impinge the detector at a different location than photons 
scattered at the back of the specimen. If the material at the front and back of the 
specimen is the same (i.e. Bragg peaks occur at the same angles) the sample width 
W  will cause the measured Bragg peak to be broadened on the detector. Note: 
dimensions exaggerated to illustrate blur effect.

resulted in some inaccuracies: for example, the system misidentified polyethylene as 

nylon in a scan of an AAPM soft-tissue mimicking phantom.

Westmore’s results indicate that the spectral width of the x-ray source dominates 

all other sources of angular blur. Therefore imaging with a monoenergetic x-ray beam 

should reduce scatter-peak overlap more than any other blur consideration.

1.2.6 Potential sources of monoenergetic x rays

A number of x-ray sources may be candidates for providing the narrow spectral 

width required for reducing angular blur in coherent-scatter CT.

Radioisotopes

Radioisotopes are elements with unstable nuclei that undergo radioactive decay to 

reach a more stable form. [61] Upon decay these elements emit high-energy particles 

and gamma rays, which are used extensively in both medical imaging and nuclear 

medicine. The photons produced in radioisotope decay have specific decay energies
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Classical X -ray Diffraction

Fig. 1.8: Spectra of various x-ray sources.

and may be almost monoenergetic.

As will be shown later in this thesis, for the geometries required to realize a CSCT 

system, the system angular blur is proportional to x-ray source size. This restricts 

source size to roughly 0.1cm2. Such a small area would require a radioisotope of 

extremely high specific activity to produce sufficient photon fluence for the measured 

scatter to reach a usable SNR. Unfortunately, greater fluence may not be gained by 

a thicker radioisotope sample due to self-absorption effects.

The energy of the emitted gamma rays is also a factor. Photon energies are 

required to be high enough for significant transmission through the specimen. Con

versely, higher photon energies reduce the probability of coherent interactions in the 

specimen, reducing signal. A suitable radioisotope must produce gamma rays in the 

range of 50-100keV, as well as having a decay time constant suitable for daily use.

The lack of availability of a radioisotope which produces gamma rays in the re

quired energy range at the specific activity required makes this technology a poor



18

Fig. 1.9: Monoenergetic scatter functions obtained using powdered x-ray diffractom- 
etry of two kidney stone materials, uric acid (UA) and calcium phosphate(CP). Note: 
XRD data scaled from 8 keV to 40 keV.

Fig. 1.10: Polyenergetic scatter functions obtained using Gd-filtered CSCT (43 keV) 
of two kidney stone minerals, UA and CP. Bragg-peak overlap decreases the accuracy 
and specificity of the material analysis.

choice for coherent scatter imaging.

Synchrotron Radiation

Synchrotrons are charged particle accelerators that can be used to produce ex

tremely high intensity, monoenergetic x-ray beams. [64] Photon energy is tunable 

across a wide range through the use of Bragg monochromators, and the small fo

cal spot sizes needed for CS imaging are available.

Although synchrotrons are ideal for coherent-scatter imaging, they have a num-
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Photon
Source

Photon
Energy
[keV]

Half
Life

Specific
Activity
[Bq/g]

Photons in 1mm2 
beam at 35cm 
[photons/sec]

1-125 35 60 days 6.3 x 1014 1.4 x 105
Pb-210 47 21 years 3.3 x 1012 9.3 x 102
Ho-166 81 27 hours 2.6 x 1016 8.2 x 106
Co-57 122 270 days 3.2 x 1014 1.6 x 106

Tc-99m 140 6 hours 1.9 x 1014 1.2 x 109
X-ray source used 
by Davidson et al.

~43 N.A. N.A. 7.1 x 107

Table 1.2: Possible radioisotopes, their specific activities,[62] half lives,[63] and cal
culated fluence compared with CSCT system employed by Davidson et ai, which 
employed a conventional x-ray source with gadolinium filter.

ber of practical drawbacks disfavoring their use for coherent-scatter imaging at the 

present time. First, there are a limited number of beamlines available; as of 2008, 

there are around 50 synchrotrons operating worldwide. [65] Secondly, they are ex

tremely expensive, with costs on the order of $100-200 million (USD) to build. Al

though smaller-scale light sources are being developed, it may be some time before 

synchrotrons are economically feasible in a commercial environment.

That said, the wide range of beam energies available, and the narrow spectral 

width and high intensity of synchrotrons provide a useful tool for exploring the limits 

of coherent-scatter imaging. However, at present, current-generation synchrotrons 

are not a coherent-scatter imaging solution available for widespread deployment.

Bragg monochromator with diagnostic x-ray tube

It may be possible to reduce the spectral width of the imaging beam with the 

addition of a Bragg monochromator to the CSCT setup. [66] Such monochromators 

contain highly oriented crystal structures to efficiently diffract x rays only at angles 

satisfying the Bragg relation. If the specimen is placed at a fixed angle from the 

crystal, then it follows from the Bragg relationship in Eq. (1.2) that only x-rays of
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select wavelengths will satisfy the Bragg conditions to diffract off the crystal and 

proceed to the specimen.

Use of a source (x-ray tube focal spot) with a non-zero extent will result in a range 

of incident angles with respect to the crystal planes that will satisfy the Bragg rela

tionship over a small range of x-ray energies, resulting in a “pseudo-monoenergetic” 

beam. X-ray wavelength A [nm] and energy E  [keV] are related by:

x he 1.24A =  —  ~ ------,
E E  ’

giving

E =
1.24

(1.3)

(1.4)
2d sin(9/2)

for n =  1. The spectral width can be determined by differentiating with respect to 

6. Davidson [67] has shown that a relative spectral width of approximately 4% can be 

achieved using a graphite crystal.

The reflection efficiency of any potential monochromator may be an issue for CS 

imaging. Monochromators are made of a variety of materials, such as graphite, silicon 

and germanium, with reflection efficiencies of 5 to 15%. [68] Whether these efficiencies 

reflect sufficient numbers of photons for coherent-scatter imaging remains to be seen. 

Furthermore, the added instrumentation required for implementation, such as actively 

correcting for temperature or vibration, and precisely aligning the crystal with the 

specimen add complications and reduce the mechanical robustness. These challenges 

aside, coherent-scatter imaging using Bragg monochromators presents a reasonable 

avenue for future investigation.

1.3 Balanced filters for pseudo-monoenergetic coherent 

scatter imaging

In 1926 Ross [69] pioneered a subtraction method to cancel out x rays in a polyen- 

ergetic x-ray spectrum except for a narrow energy band. Instead of a single x-ray
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exposure, two exposures axe performed with the beam attenuated by two different 

transmission filters. If the filter materials have similar atomic numbers, and have 

similar widths, both transmission spectra will be nearly identical except around the 

K-binding energies of the two filters, as illustrated in Fig. 1.11 for thulium (Tm) and 

erbium (Er) filters. If the data resulting from the two independent exposures are sub

tracted, and the filters are similar and balanced as mentioned, the difference exposure 

will mainly consist of photons with a narrow energy range (Fig. 1.12), corresponding 

to the difference in K-binding energy of the two filter materials. In this way spectral 

width as low as 2% (full width at half maximum) can be achieved by selecting two 

filters adjacent on the periodic table.

The Ross or balanced filter technique, as it became known, found use in x-ray 

physics and other fields, particulary before the development of high intensity beam 

lines. The technique was of benefit when the low efficiency of crystal monochromators 

provided insufficient x-ray counts for accurate measurements, and also in applications 

where a broader passband of energy could be tolerated.

The technique was further refined by Kirkpatrick et al. [70] who discussed filter 

balancing methods and the use of additional filters to improve subtraction of residuals 

outside the passband. Boonstra [71] carried this optimization even further, comparing 

fixed-time versus fixed-count measurements. Soules et al. [72] found that optimized 

Ross filters measured the attenuation coefficient of aluminum to within 1% of a calcite 

Bragg monochromator.

Bol [73] addressed the issue of not just balancing the filters for a given thick

ness, but also gave insight into choosing optimal overall filter width. This work was 

the foundation for optimization techniques that followed and for the optimization 

technique used in this thesis. Bol also addressed the issue of fluorescent radiation 

from the filters themselves, finding it to be insignificant if any degree of pre- and 

post-collimation is used.

Whereas previous investigators used a theoretical process to calculate optimal



22

x 107

Fig. 1.11: Theoretical transmission spectra modeled using a tungsten anode x-ray 
tube (120 kVp) filtered by thulium (High-Z) and erbium (Low-Z) filters.

7x 10

X-Ray Energy [keV]

Fig. 1.12: Theoretical transmission spectrum calculated by taking the difference of 
the High-Z and Low-Z transmitted spectra. The majority of counts in the difference 
spectrum is composed of photons having energies within the K-edge discontinuity 
between each filter.
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filter thickness, Gerrits and Bol [74] described an empirical method of determining and 

proving optimal filter balance. They did this by imaging a liquid which fluoresces at 

an energy near but not within the filter passband. They then compared the resulting 

’monoenergetic’ balanced filter cross section with the theoretical expected for that 

liquid. Superficially they looked at the ratio of the scatter intensity between two 

points on the scatter curve. They argued that differences in the measured ratio 

versus the theoretical ratio is due to unmatched transmission of the balanced filters, 

and thus the thickness of one filter should be adjusted until this ratio matches the 

theoretical ratio.

The previous studies involve photon counters or ion chambers. Motzfeld et al. [75] 

and others applied balanced filters to photographic exposures, although they noted 

that there are significant sources of noise with this approach. For example, emulsion 

thickness can vary from screen to screen, contributing significant uncertainty to the 

difference image. However, the rise of digital direct-conversion and CCD/CMOS 

optically coupled detectors eliminates these issues.

This study uses an x-ray image intensifier coupled to a CCD video camera, to 

record small-angle scatter patterns. Image intensifiers have a quantum efficiency near

0.5 (depending on energy) and come close to being able to detect a single photon 

interaction event when used with a high-quality video camera. Balanced filters are 

evaluated for use in pseudo-monoenergetic scatter-pattern measurements.

1.4 Research objectives

The goal of this thesis was to develop the use of balanced filters to produce pseudo- 

monoenergetic scatter functions for coherent-scatter imaging. Reduced angular blur 

will reduce overlap of Bragg peaks in CSCT imaging, thereby making it easier to 

identify peaks, particularly in the presence of unknown materials. To achieve this, 5 

specific objectives are addressed:
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1. Develop a theoretical model to identify the dominant factors determining an

gular blur in the CSCT prototype system

2. Design and implement the balanced filter method to produce pseudo-monoenergetic 

scatter functions in the prototype CSCT system

3. Compare measured scatter-function blur with predictions from the theoretical 

model

4. Develop a method of calibrating the CSCT system such that material-specific 

maps show the distributions of each identified material in mass-concentration 

units of g/cm 3

5. Demonstrate the balanced filter method for CSCT imaging and assess practical 

viability of the method
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This chapter contains material accepted for publication in Medical Physics in a 

paper entitled “Pseudo-monoenergetic x-ray diffraction measurements using balanced 

filters for coherent-scatter computed tomography” by S.R. Beath and I. A. Cunningham
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2.1 Introduction

X-ray coherent scatter (CS) [1] gives rise to x-ray diffraction patterns that, even at 

diagnostic energies, can be used to distinguish some biological materials and provide 

tissue-composition information. This was shown initially by Bradley et al.[2, 3] and 

Kosanetzky et al.[4] The team of Johns, Leclair, Wismayer, King and colleagues built 

on this work to determine how best to extract this information[5, 6, 7, 8, 9] using 

both diffractometers[10] and imaging detectors[ll] to measure this low-angle scatter 

from a number of materials.

Building on prior work by Harding and colleagues, [12, 13, 14] a coherent-scatter 

computed tomography (CSCT) facility has been developed in our laboratory. [15, 16] 

The CS patterns are used to generate tomographic images showing distributions of 

component materials. In 1996, Dawson and colleagues [17] showed that minerals in 

urinary calculi have characteristic CS patterns that can be used for identification. 

Davidson, Batchelar and colleagues in our laboratory generated tomographic images 

showing component-mineral distributions in intact kidney stones. [18, 19, 20]

A limitation to the use of (polyenergetic) x-ray tubes is the angular width of lines 

in diffraction patterns due to the x-ray spectral width.[11, 21] As a result, defini

tive identification of some materials can be difficult or impossible when mixed with 

unknown materials.

In 1926, Ross[22] introduced the “balanced filter” technique as a method of ob

taining nearly monoenergetic x-ray diffraction patterns. If two transmission filters 

are chosen such that their atomic numbers are similar, the difference pattern is simi

lar to a monoenergetic pattern corresponding to the average K-edge energy although 

blurred by a spectral width determined by the K-edge-energy difference, which we 

call the difference-spectrum “passband.”

Application and optimization of balanced filters has since evolved. Efforts by 

Pierce[23] involved finding balanced filter thicknesses empirically, as did Wollan,[24]
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Boonstra[25], and Gerrits and Bol.[26] A method of correcting for filter imbalances 

with a third filter was explored by Kirkpatrick. [27, 28]

Soules et al. [29] matched filter transmission to suppress a K$ characteristic line 

outside of the narrow passband. Bol[30] chose filter thicknesses to maximize the dif

ference signal in the passband. Recently Saito[31] used balanced filters for monoener- 

getic computed tomography. His method of filter optimization included choosing an 

optimal filter thickness ratio that matched transmission below the passband and then 

filter thicknesses to maximize differential transmission in the passband. Balanced 

filters were popular before the development of synchrotrons and they continue to be 

used in the study of x-ray physics, [32] medical imaging, [33] baggage inspection [34, 35] 

and elsewhere.

A relative spectral root-mean-square (RMS) width of 1-2% can be achieved by 

selecting two filters adjacent in the periodic table of elements. However, since the 

method involves the difference of two measured diffraction patterns, noise in the 

difference pattern is often a consideration. Also, the widths of Bragg peaks are 

increased by other considerations that depend on instrumentation and measurement 

geometries.

Noise can be reduced by choosing filters that have atomic number differences (A Z) 

greater than unity at the expense of angular blur. The goal of this investigation is to 

examine all factors contributing to angular blur to enable appropriate filter selection 

and to apply this technique to coherent scatter imaging of mineral components found 

in kidney stones.
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Fig. 2.1: Schematic illustration of the CSCT system.

2.2 Theory

2.2.1 Coherent scatter and scatter functions

The theoretical basis of coherent-scatter imaging has been described in detail 

elsewhere[l, 12, 3, 15, 11] and only a brief summary is given here. A thin “pencil” 

beam of x rays is incident on the specimen and fully attenuated by a beamstop 

placed in front of an x-ray image intensifier (XRII) as illustrated in Fig. 2.1. The 

detector captures a two-dimensional scatter pattern characteristic of the specimen. 

Many biological materials are either amorphous or polycrystalline, and coherent- 

scatter often shows circular symmetry similar to powder diffractometry. The number 

of scattered photons that leave the specimen at angle 9 from position l (per unit solid 

angle 0, and path l through the specimen) is given by: [19]

d2Ns (9,l) 
dQ dl

N0TpTs n0(l)
dea(9,l) 

dQ
(2.1)

where N0 is the number of incident monoenergetic photons, Tp and Ts are transmis

sion factors of the primary beam from specimen entrance to l and of the scattered 

beam from l to exit respectively, n0(l) is the volume density of electrons at l and 

dea/dQ is the total scatter cross section per unit solid angle per electron. [36, 10] At
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low scatter angles, the majority of scatter from kidney-stone components is due to 

coherent-scatter interactions and we can write the product TPTS ~  T, the primary- 

beam transmission through the entire specimen. The small contribution from inco

herent scatter adds a negligible diffuse background to scatter patterns.

For a specimen of diameter W , the differential number of scattered photons is 

given by:
dNs (6) f w/2 d2Ns (9,l)

dn ■W/2 dQdl
dl, (2.2)

and use of the x-ray spectrum diV0(.E)/d.E gives: 

d2Ns(6, E) dN0(E) rw/*
dQdE d E

/ w/z
■

■W/2

dea(9,E ,l)
n°(l)— an— di-

(2.3)

When using an energy-integrating detector (such as the Csl-based XRII used in this 

study) to measure scatter patterns, the signal from a small detector element at a 

position corresponding to scatter angle 6, d{9), is given by:

d2Ns(e,E)r°° <
d(9) =  kA ilp(9) Eahs{E)a{E )- 

J o diM £
d E (2.4)

where k is the system gain (digital value per unit energy absorbed) generally not 

known, A Ctp(9) =  cos3 9 is the solid angle subtended at the center of the specimen 

of one detector element with area a2, Eabs(E) is the energy absorbed (transferred to 

electron kinetic energy) per interacting scattered x ray and is approximately equal 

to the incident photon energy minus the energies of characteristic photons that are 

emitted, [36] and a(E) is the detector quantum efficiency. Thus:

,2 rW/2
d(9)

2 rW/2 roo
k —  cos39 /  n0(l) /  Eabs(E )a(E )

L  J-w/2 Jo
x u m n E ) ^ E , i ) dEdl

d E df2
(2.5)

The line integral over l in Eq. (2.5) is of particular importance, but is made 

complicated by the dependence of many terms on x-ray energy. For the special case
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Fig. 2.2: (a) Radiation coming from a point source forming a beam of nominal width 
B  at the specimen will result in broadening of a Bragg peak at angle 6 between R\ 
and i ?2 on the detector. Angles are exaggerated for clarity, (b) A Bragg peak at 
angle 6 will be distributed between R\ and R-i due to the finite source size S.

of Na monoenergetic incident photons having energy E0) we obtain:

a“
d(6)\En =  kN0Eabs(E0)a(E0)T(E0) j 2 cos3 6

w/2 n,dea(6,E0J)/ W/'Z
n0(l)

■W/2
dQ

dl. (2.6)

The integrand is labeled the linear differential coherent-scatter coefficient, 7 , equal to 

the probability per unit solid angle and path length of a coherent-scatter interaction 

occurring at angle 9:

7(̂ > 01 Eo ~  n o ( l )
dea (6, E0, l) 

dCl
(2.7)

Next, a linear coherent-scatter function C(9) is defined as a function of position 

through the specimen:

C(9,l)\Eo =  kN0Eabs(E0)a(E0) 7 (0,OU. (2.8)

and line integrals of C(9, 1)\e 0i denoted by Cint(0)|£o, are given by
rW/2 

-W/2

/ W/2

7 (^ 0 1
■W/2

d(9)

dl

g e o s  36T(E0)
(2.9)

This equation shows that for a monoenergetic spectrum, Q nt(9) is proportional to line 

integrals of the differential scatter cross section decr/dfi and can be determined from
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measurements of d($) and transmission T, where T is measured using the transmitted 

primary beam with a detector placed on the beamstop in Fig. 2.1. In our work, 

polyenergetic beams are used and therefore measurements of Cint(0) and d{6) are 

weighted by the spectrum of scattered x rays and the Csl detector response, while 

measurements of T are weighted by the incident spectrum and the Gd2C>2S detector 

response. This approximation is thought to be acceptable as measured transmission 

factors are always greater than 0.9 and thus minor errors in estimates of T will have 

little impact on calculations of Q nt(0).

In the CSCT system, Cint(0) is measured over a range of positions and azimuthal 

angles 4> in a plane through the specimen. This corresponds to first-generation CT 

geometry [3 7] and filtered-backprojection reconstruction is used to determine values 

of the linear scatter function, C{0), at each pixel location in a tomographic slice. In 

this article, we describe an investigation of Bragg-peak width as it pertains to CSCT 

imaging.

2.2.2 Causes of scatter-function blur

Diffraction at angle 6 (twice the Bragg angle) of x rays having wavelength A 

from crystal planes with spacings d is governed by the Bragg relationship: [38] nA =  

2dsin(0/2). Only first-order diffraction (n =  1) is considered here. Use of a broad 

spectral width and other experimental considerations result in a broadening of Bragg 

peaks corresponding to increased angular blur in Cint($). Starting with a simpli

fied one-dimensional geometry and a point source of x rays, these mechanisms are 

described using approximate relationships to identify major factors contributing to 

angular blur.
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Geometric considerations

The specimen is irradiated with a small diverging beam having nominal width 

B  at the specimen, defined by a collimator placed a distance d\ from the source, as 

illustrated in Fig. 2.2(a). Assuming a monoenergetic point source, a ray traveling 

along the beam top leaves the source at angle ip from the central axis and is scattered 

by angle 9 in the specimen, reaching the detector at position Ri =  B /2  +  L tan (<£> +  #) 

where <p is the beam divergence half-angle given by tan ip =  Using a small-

angle approximation (ip < 0.1° and 9 < 10°) gives tan(y? +  9) «  tan ip +  tan# and 

thus scatter at 9 may reach the detector anywhere over a range ARB =  — i?2 ~

2(L +  D) tan ip =  (L +  D)B/D, corresponding to a Bragg-peak RMS width of <jb

where:
1 AR B 1 (L  +  D ,  . .

aB = 7 i!T ~  “ 7!5 \Td~ ) B■ (210)
The 1 /  \/l2 term results from calculating the RMS width of a rectangular distribution.

Source size S also introduces blur in 9 as illustrated in Fig. 2.2(b) where a ray 

coming from the bottom of the focal spot and passing through the center of the 

collimator opening is scattered in the specimen by 9 and incident on the detector 

at Ri =  (D — di) tan 4> +  L tan(0 +  9) where (j> is the source half-angle given by 

tan</> =  Thus, scatter at 9 is blurred over a distance AR$ «  (L +  D — d\)S/di 

on the detector, resulting in a Bragg-peak RMS width where:

L +  D — d\ (2.11)
y/l2 \ Ld\ J

By using the small-angle approximation and choosing the paths to converge at the 

collimator position in this calculation, focal-spot blur is shown to act independently 

of, and in addition to, beam-width blur.

Large specimens introduce a rectangular broadening of Bragg peaks due to varia

tions in the scatter-event position along path l. For a specimen of diameter W, scatter 

may be incident on the detector over a range A Rw =  W  tan 9 ~  W9, corresponding
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Fig. 2.3: Curvature of the spherical wavefront coming from a point source at distance 
D  restricts the scattering centers that contribute to the interference pattern to the 
lateral extent Lc.

to an RMS width aw given by: [15]

aw ~
i we

VT2 l  '
(2.12)

Spatial resolution of the imaging detector results in a small additional blur of scat

ter patterns. The system line-spread function was measured (slanted-edge method[39]) 

and shown to be approximately Gaussian with an RMS width of r  =  0.24 mm (in

cluding the effect of pixel size), giving:

crT «  j .  (2.13)

. The measured scattered signal d(6) is determined from images of scatter patterns 

ditj (where i, j  are row and column pixel indices) by averaging pixel values in concen

tric rings of nominal width one pixel x0. Linear interpolation of ditj to the nearest 

ring introduces an additional rectangular blur by approximately x0, corresponding to 

an increase in Bragg-peak RMS angular width of ctr, where:

° r
1 x0 

y/12 L
(2.14)
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Coherence considerations

At diagnostic x-ray energies, multiple x-ray interactions are highly unlikely and 

the kinematical approximation is used, [40] making both the width and height of Bragg 

peaks depend on the number of lattice atoms contributing to interference patterns 

in a simple way. This is determined by crystal size for small crystals when using 

a highly coherent beam, [41] and potentially by curvature of the spherical wavefront 

radiating from a point source as illustrated in Fig. 2.3. Interference effects (even 

with a single x-ray photon) may occur from scattering centers over a region of up to 

lateral dimension Lc for which the wavefront is approximately in phase. In Fig. 2.3, 

this requires <5 be a small fraction of A. Thus, choosing 8 =  A/4 gives the condition 

8 =  D{ 1 — cost?) =  A/4. Since sin# =  «  # and ^  1, we obtain

Lc «  2D arccos 2D «  V2DX (2.15)

to a very good approximation. Small values of Lc result in broadening of Bragg peaks 

as described by the Scherrer formula[41] where the peak full-width at half-maximum 

(FWHM) is given by: [41]
0 QA

FWHMc »  ———— (2. 16) 
Lc  cos #

For small #, peak shape is approximately proportional to sine2#. [40] Although the 

RMS width of a squared sine function is undefined, the RMS width o  of a Gaussian 

peak is related to its FWHM by a =  1 / \/8 In 2 x FWHM. Approximating the central 

region of sine2# as a Gaussian curve having the same FWHM and height gives the 

Bragg peak RMS width as:

1 0.9A
(7(7 ~  - X ---------------

y/8 In 2 Lc  cos #
(2.17)

At 40 keV, A «  0.031 nm giving Lc «  5 //m. Thus, crystallites larger than 5 /im will 

result in Bragg peaks with an RMS width ac ~  2.4 x 10-6 rad (0.00014°) at # =  5°. 

It will be shown below that Bragg peaks are blurred by a sa 0.1° or more from other
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causes in our measurements, and thus coherence considerations will impact on our 

measurements only for crystallites less than approximately Lmin «  A/(oV81n2) «  

7 nm which is not a practical limitation.

Spectral-width considerations

Blur caused by the spectral width, assuming a relatively narrow spectrum, is 

obtained by writing the Bragg relationship as sin(0/2) =  A/2d =  hc/2Ed and differ

entiating with respect to E. For a rectangular spectral width A E, the Bragg-peak 

RMS width is given by:

2AEsin(fl/2) _  A EO 
•JWEs/l -  4sm2(0/2) ~  V Î2E '

(2.18)

Total scatter-function blur

Each blurring mechanism described above contributes to the broadening of Bragg 

peaks. While blur is a function of 9 for some mechanisms, the extent of each blur 

for a specified Bragg peak can be approximated as being constant over the width of 

the blurred peak, and thus each blur can be represented as a convolution integral for 

specified 9. Since the RMS width of a line blurred by a cascade of convolutions is the 

quadrature sum of the RMS width of each blurring kernel, the expected Bragg-peak 

RMS width in the measured scatter functions is given by a# where:

a ]  »  <4 +  <4 +  +  <4 +  <4 +  4 - (2.19)

While overall blur is the quadrature sum of these components, several components 

depend on both L and D, and overall blur may depend strongly on these values. As 

a result, the impact of changes in these two parameters are not independent of each 

other.

It should be noted that both %  and cte increase with 9, resulting in Bragg peaks 

being broadened more on the high-0 side and therefore an increase in the peak centroid
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position. This effect was ignored in the above theoretical description and suggests 

that measured peaks may be shifted slightly toward larger 6 values than predicted.

2.2.3 Pseudo-monoenergetic scatter functions using balanced 

filters

The balanced-filter method utilizes two elemental transmission filters, having sim

ilar K-edge energies, placed near the source. The spectrum transmitted through the 

low-Z filter is given by:

dNL(E) _  dN0(E) (E)^E)PLtL 
d E  d E

(2.20)

where (h/p)l, Pl and tL are the mass attenuation coefficient, mass density and thick

ness of the low-Z filter. A similar equation can be written for the high-Z filter. Inte

gral scatter functions corresponding to use of high and low-Z filters are represented as 

Ch {@) and Cl (0) respectively, and the desired pseudo-monoenergetic scatter function, 

Cjnt ('o), is given by:

Cint(0) =  CH( d ) - C L(d). (2.21)

Optimal filter design

Filter thicknesses are chosen to match transmission at energy Ep , immediately

below the passband (just below the low-Z K-edge energy), giving:

tL _  Ph(Ep) 
tH PL(Ep)'

as illustrated in Fig. 2.4 for thulium (Tm) and erbium (Er) filters, chosen to isolate the 

tungsten Kqi and Ka2 emissions (59.32 and 57.98 keV respectively[42, 43]). Using this 

ratio, Bol[30], Saito[31] and others have shown that the difference in filter transmission 

at Ep , the average passband energy (average of K-edge energies), is maximized when:

t __________1________ 1 [ Ph(Ep) \ (2.23)
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Fig. 2.4: Ratio of linear attenuation coefficients of high-Z (Tm) and low-Z (Er) filters, 
chosen to isolate characteristic emissions from tungsten and to minimize the difference 
spectrum at energy Ep, just below the low-Z K-edge energy and therefore just below 
the passband as given by Eq. (2.22).

which typically results in a filter transmission of approximately 0.3.

Figure 2.5 shows a theoretical calculation of transmitted and difference spectra 

from a 120 kV beam generated using our implementation of the Tucker algorithm[44] 

filtered with thicknesses of Tm and Er determined using Eqs. (2.22) and (2.23), chosen 

to isolate characteristic emissions from tungsten. Other possible filter combinations 

are listed in Table 2.1.

Scatter-function effective energy

The effective energy of the difference spectrum is determined primarily by the 

average filter K-edge energy. Potential filters are summarized in Table 2.1. The 

use of some filters, such as Er and Tm, will include characteristic emissions from 

the x-ray tube target in the passband. A more detailed calculation of the passband 

effective energy would take these into consideration, as well as the spectrum kV, x-ray

Ratio 
O  at Ep  
0  at Ep

---------- £

■
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Fig. 2.5: (a) Theoretical calculation of 120 kV x-ray spectra transmitted through 
Tm (Z=69) and Er (Z=68) filters using thicknesses from Table 2.1. (b) Difference 
spectrum with average passband energy Ep ~  58.4 keV and width A Ep « 1 .9  keV.

attenuation by the specimen, and other considerations.

Scatter-function blur

The impact on angular blur as determined by Eq. (2.19) of various source-to- 

object (D) and object-to-detector (L) distances using Er-Tm filters is summarized 

in Fig. 2.6 (x0 =  0.28 mm, r  =  0.24 mm, B =  0.1 cm, tungsten target, 120 kV, 

W =1 cm). For the beam and focal-spot sizes used, D has an optimal value with 

a weak L dependence where blur is minimized. In general, D  should be minimized 

to reduce inverse-square losses but not less than 25 or 30 cm. Increasing L always 

improves angular blur, but not strongly. Dimensions used in this study, unless noted 

otherwise, are D =  41.5 cm and L =  39.5 cm - convenient values chosen to minimize 

blur.
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Low-Z Filter tL 
[cm]

High-Z Filter tfí
[cm]

Ep
[keV]

A E p 
Ep
[%]

Notes

5 7 - La 0.013 58 - Ce 0.010 39.7 3.8 La oxidizes in air

61 - Pm 0.016 6 4 - Gd 0.013 47.7 10.6 Pm is radioactive

6 4 - Gd 0.015 66 - Dy 0.013 52.0 6.8

6 7 - Ho 0.016 69 - Tm 0.014 57.5 6.6

6 8 - Er 0.015 69 - Tm 0.013 58.4 3.3 W  anode Ka x-rays

72 - Hf 0.013 73 - Ta 0.009 66.4 3.1 W  anode Kf3 x-rays

Table 2.1: Possible balanced-filter combinations using Eqs. (2.22) and (2.23). Mean 
effective energy in the difference spectrum is Ep, the average K-edge energy. Spectral 
width is determined primarily by A  Ep, the difference in K-edge energies.

2.3 Materials and methods

2.3.1 Coherent-scatter system description

The CSCT system consists of a tungsten-anode x-ray tube (Varian Medical Sys

tems, Palo Alto, CA) and Csl XRII (Precise Optics, Bay Shore, NY) mounted on an 

optical bench using lst-generation CT geometry as illustrated in Fig. 2.1. The x-ray 

beam was collimated to 1-mm square using Huber slits (XIA LLC, Hayward CA) 

and filtered by Tm and Er filters (ESPI Metals, Ashland, OR) located close to the 

tube. Both filters were 0.0127 cm thick which is very close to the optimal Bol-Saito 

thicknesses.

Use of filters at a non-Bol-Saito thickness ratio may result in the addition or 

subtraction of a background to the Bragg peaks. In our experience, this background 

was negligible with the filters perpendicular to the beam. In principle, one (or both) 

o f the filters could be rotated to achieve the optimal thicknesses.
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Fig. 2.6: Total theoretical RMS angular blur in degrees at 6 =  2° from the test Ca 
stone using balanced Er-Tm filters for various source-to-object (D) and object-to- 
detector (L) distances.

The beam interrogates the specimen placed on a translate-rotate-elevate motor

ized stage. Transmitted photons axe incident on a Lanex-regular screen (Kodak /  

Carestream, Rochester, NY) coupled to a photodiode and mounted on a beam stop. 

Scattered photons (9 <  15°) are incident on the XRII which is coupled to a CCD 

FireWire camera (Prosilica, Burnaby, BC).

Images of scatter patterns were obtained after dark subtraction and correction 

for XRII geometric distortion. [45] Values of do were determined by averaging de

values in concentric rings about the center. The integral scatter function, C int (*), 

was determined using Eq. (3.3). Focal-spot size (FWHM) was measured using a 

pin-hole camera to be 1.2 x 0.9 mm.
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2.3.2 Validation of scatter-function-blur model

The theoretical model of scatter-function blur using balanced Er-Tm filters in 

Eq. (2.19) was validated using 0.5 cm and 1.5-cm diameter cylinders of aluminum 

(Al) powder (VWR International, West Chester, PA). Aluminum powder was cho

sen as it produces distinct Bragg peaks from which peak width can be determined 

experimentally and the scatter angle of each peak can be calculated theoretically. Alu

minum has a face-centered cubic structure (Fm-3m, space-structure 225) [46] and cell 

length a =  4.0497 A (App 5 of Cullity[47]). Theoretical angles of the first five Bragg 

peaks were determined for 58.4 keV using commercial software (Crystal Impact[48]) 

as indicated in Fig. 2.7(b).

2.3.3 Pseudo-monoenergetic scatter functions

Scatter patterns and functions from commercial powdered preparations of four 

representative kidney-stone minerals (calcium oxalate monohydrate (COM), calcium 

phosphate dihydrate (CPD), cystine (CYS), magnesium ammonium phosphate hex- 

ahydrate (MAP, struvite), Sigma-Aldrich Co. and Fluka Chemika), were obtained us

ing balanced Er-Tm filters (120 kV, 300 mAs, D =  41.5 cm, L =  39.5 cm, W  =  1 cm) 

to demonstrate the extent to which scatter-function peaks can be resolved. Results 

were compared with copper Ka x-ray diffractometry (XRD) measurements at ~  8 keV 

(Rigaku Corp. MiniFlex XRD).

2.4 Results

2.4.1 Scatter-function angular blur

Figure 2.7(a) shows a pseudo-monoenergetic scatter pattern from Al powder ob

tained using balanced Er-Tm filters (140 kV, 192 mAs, D — 63 cm, L =  55 cm, 

W  =  1.5 cm). Figure 2.7(b) shows a comparison of measured Cint(0) with the least-
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5 6 7 8 9 10 11
6 [degrees]

(a) (b)

Fig. 2.7: (a) Powdered-aluminum scatter pattern obtained using balanced Er-Tm fil
ters. (b) Comparison of calculated integral scatter function, Cint(0) from Eq. (3.3), 
with least-squares-fit curve consisting of four Gaussian peaks. Also shown are posi
tions of the first five theoretical peaks from A1 powder at 58.4 keV.

squares-fit curve and the expected positions of the first five Bragg peaks (58.4 keV). 

Excellent agreement was observed after stretching the theoretical angular scale by 

4%, likely required due to asymmetric blur (see Sec.2.2.2) and/or imprecise knowl

edge of true specimen-detector distance L. Peaks D and E showed significant overlap 

and were fit to a single Gaussian curve.

The factors affecting angular blur in Eq. (2.19) are summarized in Fig. 2.8 for A1 

powder (Er-Tm filters, Ep =  58.4 keV, 140 kV, 192 mAs, D =  63 cm, L =  55 cm, 

W  =  1.5 cm). At low scatter angles, focal-spot size and beam width are the limiting 

factors. Both x-ray spectral width and specimen size add blur that is proportional 

to 9 and have an effect similar to focal spot and beam width at large angles. De

tector resolution and ring interpolation add very little blur, suggesting multiple rings 

could be combined to reduce noise in scatter functions without degrading peak width. 

Coherence effects add negligible blur.
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Peak Width, aT ,.
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Fig. 2.8: Measured Bragg-peak RMS width for A1 powder compared to the theoretical 
prediction given by Eq. (2.19) and its components. Under these conditions, the scatter 
angles 1 - 6° are most important for identifying kidney-stone minerals.

These results are specific to the test geometry indicated. For Er-Tm filters, the 

important Bragg peaks from kidney-stone components are between 1 and 6° where 

. angular dependence is modest.

The measured RMS width of peaks A, B and C from powdered A1 are also shown 

in Fig. 2.8. Measured blur is comparable to predicted blur for peaks A and B. Peak C 

at 8° showed a blur approximately 50% greater than predicted. While Eq. (2.19) is an 

approximation and complete agreement is not expected, we believe additional factors 

are important at larger 6 such as the effects of oblique x-ray incidence, curvature of 

the XRII input phosphor, or off-axis electron focussing in the XRII.

Figure 2.9 shows measured and predicted RMS scatter-function blur (peak A) for 

various object-to-detector distances L (W  =  0.5 and 1.5 cm A1 cylinders). Increasing
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Fig. 2.9: Measured Bragg-peak RMS width for A1 powder (peak A) at L =  25 and 
55 cm compared to the theoretical prediction given by Eq. (2.19) for W  =  0.5 and 
1.5 cm (Er-Tm filters, 140 kV, 192 mAs, D =  63 cm). Results for L =  55 cm also 
show measurement imprecision (standard deviation in seven trials).

L decreases angular blur, whereas increasing W  increases angular blur. Measured 

peak widths show reasonable agreement with theoretical predictions. Uncertainty in 

the measured peak width at L =  55 cm was estimated as the standard deviation of 

seven independent trials, and is expected to be representative of the uncertainty in 

all measurements.

2.4.2 Pseudo-monoenergetic scatter functions from kidney- 

stone minerals

Figure 2.10 shows a comparison of scatter patterns from common kidney-stone 

minerals obtained using XRD and balanced Er-Tm filters. While the XRD results 

have superior angular resolution, the balanced-filter results also show distinct rings. 

The XRD results required 20-min exposures while the balanced-filter results required



53

Fig. 2.10: Scatter patterns from four common kidney-stone minerals (left to right, 
COM, CPD, CYS, MAP). Upper: x-ray diffractometry (~  8 keV, W  =  0.5 mm). 
Lower: Er-Tm balanced filters (120 kV, 300 mAs, W  =  1 cm, D =  42 cm, L =  40 cm).

exposures of a few seconds. Integral scatter functions from data in Fig. 2.10 are shown 

in Fig. 2.11. The primary peaks have an RMS width of approximately 0.15° at the 

lower scatter angles, consistent with expectations (Fig. 2.9).

2.5 Conclusion

It has been shown theoretically that an effective relative RMS spectral width 

of approximately 1% (3% rectangular blur) with a mean energy of ~58 keV can 

be achieved using a diagnostic x-ray tube with balanced filters. Bragg-peak RMS 

relative width of approximately 3% at a scatter angle of 6° was observed in A1 powder, 

consistent with a theoretical model of scatter-function blur. It is thought that at 

higher scatter angles, oblique incidence on the XRII curved input phosphor and off- 

axis electron-focussing issues may be responsible for increased blur.
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e [degrees]

Fig. 2.11: Er-Tm scatter functions scaled by 10~6 as determined from scatter patterns 
in Fig. 2.10 (120 kV, 300 mAs, W  =  1 cm, D =  42 cm, L =  40 cm).
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As a generalization, the following additional observations are made from this work:

1. Focal-spot size and beam width are the primary considerations limiting angular 

blur in scatter functions.

2. The source-specimen distance should be as small as possible to maximize scat

ter intensity, but not less than 25 or 30 cm for a 1-mm focal spot and beam 

(Fig. 2.6). Blur is reduced only slowly with increasing specimen-detector dis

tance.

3. For the conditions in this study, filter atomic number differences of two or 

three (Table 2.1) will maximize difference-spectrum intensity with only a minor 

increase in angular blur.
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Chapter 3

Experimental validation of 

balanced filters for coherent-scatter 

computed tomography

3.1 Introduction

X-ray coherent scatter (CS) [1] gives rise to x-ray diffraction patterns that can be 

used to distinguish some biological materials and provide tissue-composition informa

tion. This was shown initially by Bradley et al. [2, 3] and Kosanetzky et al. [4] Building 

on prior work by Harding and colleagues, [5, 6, 7] a coherent-scatter computed tomog

raphy (CSCT) facility has been developed in our laboratory. [8, 9] The CS patterns 

are used to generate tomographic images showing distributions of components in a 

specimen.

A limitation to the use of (polyenergetic) x-ray tubes is the angular width of lines 

in diffraction patterns due to the x-ray spectral width. [10, 11] As a result, definitive 

identification of some materials can be difficult or impossible when mixed with un

known materials. Ross or “balanced” filters can be used as a method of obtaining 

nearly monoenergetic x-ray diffraction patterns from a polyenergetic. [12, 13] If two

61
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transmission filters are chosen such that their atomic numbers are similar, the dif

ference pattern is similar to a monoenergetic pattern corresponding to the average 

K-edge energy although blurred by a spectral width determined by the K-edge-energy 

difference, which we call the difference-spectrum “passband” .[13]

These difference scatter-patterns can be used to generate pseudo-monoenergetic 

scatter functions. In the same way that attenuation of x rays can be measured at 

regular displacements and angles to form an x-ray computed tomography (CT) image, 

so too can scatter functions form a coherent-scatter CT image. This technique is 

termed coherent-scatter computed tomography, and it produces images of the material 

distribution throughout a specimen.

The goal of this work is to acquire two-dimensional absolute mineral mass-density 

distributions using a CSCT system modified to use balanced filters. Previous studies 

have shown relative concentrations of each material, [9, 14, 15] but not calibrated to 

a physical quantity.

The following work describes a theoretical absolute mass-density distribution mea

surement (g/cm 3) of materials in a specimen. Reference scatter functions are mea

sured for several types of plastics found in a soft-tissue mimicking phantom. Material- 

specific mass density distributions of each phantom component were acquired using 

balanced-filter CSCT.

3.2 Theory

The linear coherent-scatter function C($) is defined as a function of position, l, 

through the specimen: [13]

C(0,l)\Eo =  kNoEabs(Eo)a(E0) ^9,1)1^, (3.1)

where k is the system gain (digital value per unit energy absorbed) generally not 

known, Na is the number of incident photons, Eabs{E) is the energy absorbed per in

teracting scattered x ray, and a(E) is the detector quantum efficiency. The integrand
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is labeled the linear differential coherent-scatter coefficient, 7 , equal to the probabil

ity per unit solid angle and path length of a coherent-scatter interaction occurring at 

angle 9:
7 (6 ,/)k = n o (i)5 id | M . (3.2)

where n0(l) is the volume density of electrons at l and de<r/df2 is the total scatter 

cross section per unit solid angle per electron. [16, 17]

The integral linear scatter function, Cint(9), for the special case of N0 monoener- 

getic incident photons having energy E0, is given as:

fW /2

CU9)\Eo =  kN0Eabs(E0)a(E0) /  i(9,l)\Eodl
J -W / 2

g e o s  3 9T(Eoy

where W  is the specimen diameter, d{9) is the signal from a small detector element 

at a position corresponding to scatter angle 9, g  cos3 9 is the solid angle subtended 

at the center of the specimen of one detector element with area a2, L is the specimen- 

to-detector distance, and T(E0) is the primary-beam transmission through the entire 

specimen.

In a tomographic acquisition, the linear scatter function Cint{9) is measured for 

a range of scatter angles 9 and acquired over a range of positions t and azimuthal 

angles 0 in a plane through the specimen. Filtered-backprojection reconstruction is 

then used to determine C(0) values at each pixel location in a tomographic slice.[18] 

Tomographic analysis is further complicated by the fact that several materi

als may be present at any pixel location in a slice. At diagnostic x-ray energies, 

coherent-scatter from a complex material is a linear superposition of scatter from its 

components: [9]

C(9) =  $ > i f )  («), (3.4)
j  '  p  '  0

where Pj is the mass density of material j  having mass coherent-scatter function

3.3
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Fig. 3.1: Illustration of Cint(t,9,4>) acquisition in the 1st generation CT geometry 
employed by the scanner in this study. This shows both the image coordinate system 
(x, y) and the rotated coordinate system (s, t) for a CT projection angle 4>.
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(C/p)j{9) defined from Eq. (3.1) as

j )  (9) =  kN0EMEo)a(Eo) ( 2 )  (9). (3.5)

Concentrations of components that have identifiable coherent-scatter coefficients 

are determined based on a library of reference scatter functions using a non-negative 

least-squared (NNLS) method to minimize the X 2 value given by

* 2 =  £ (0.) (3.6)
i L j ' j

for discrete angles 0*. For the special case of N0 monoenergetic incident photons 

having energy E0, we obtain:

did)\Eo =  kN0Eabs(E0)a(E0)T(E0) ^ c o s 39

L
W/2 m de(T ($,&,[)„

n0{l)------ if ;-------dl,
W/2 dn

(3.7)

and when combined with Eq. (3.2) the scatter signal for reference material j  having 

thickness Wj is

dj(6) =  k;N0Eabs(E0)a(E0)Tj (E0) ^  cos3 9 Wj 7j\Eo,e- (3.8)

Noting that transmission of low-angle coherent-scatter through the uniform reference 

material is approximately equal to that of the primary x rays gives Tj — e ~ ^ ipiwi 

and the mass coherent-scatter function at a particular energy becomes

(5),©-  (8) =  d M
-2 }ln (7 ))f| cos3 0 '

(3.9)

The beauty of Eq. (3.9) is that since primary transmission Tj can be measured di

rectly and the mass attenuation coefficient (^)j can be determined theoretically for a 

known material and spectrum, the mass scatter function (^ )j can be determined from 

pure samples of each reference material without knowledge of the reference samples’s 

true mass density or thickness. The mass-density distribution of each material in 

a specimen can therefore be determined in g/cm 3 by minimizing Eq. (3.6) with no 

empirical calibration.
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Fig. 3.2: Schematic diagram of the CSCT system.

3.3 Materials and methods

The imaging system and balanced filter setup is the same as described in Chap

ter 2. A diagram of this system is shown in Fig. 3.2. In addition to a single 0.3 mm 

gadolinium filter, balanced filters consisting of erbium and thulium (both 0.127 mm) 

metal foils were mounted on a translate stage such that the desired filter could be 

moved into the x-ray beam under computer control.

An AAPM soft-tissue mimicking low-contrast phantom, similar to that used by 

Harding et al., Westmore et al. and Bachelar et al. was imaged in this study. As 

shown in Fig. 3.3, the phantom is composed of an outer PMMA cylinder of diam

eter 31 mm, and four 6 mm diameter rods. The composition of the rods is nylon, 

polycarbonate (PC), polyethylene (PE), and PMMA, respectively. Water fills the gap 

between the rods and the outer cylinder.

Reference scatter functions were acquired from pure 6 mm samples of the plastics 

and a 10 mm sample of water, at 120 kV and 403 mAs for the balanced filter acquisi

tion and 70 kV and 400 mAs for the single-filter Gd acquisition. The source-to-object
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Fig. 3.3: Cross-sectional photo of the soft-tissue mimicking AAPM test phantom used 
in the validation of the balanced-filter CSCT system.

and object-to-detector distances were 32 cm and 35 cm respectively.

Tomographic slices through the plastic phantom were obtained by acquiring 64 

scatter patterns as the object was translated through the primary beam during a 

3.2 second exposure. This translation was repeated over 64 angular steps to form the 

180° rotation necessary for complete CT reconstruction.

3.4 Results

Figures 3.4 - 3.6 show acquired scatter patterns of pure samples of the 5 phantom 

materials, obtained using erbium, thulium, and a combination of erbium and thulium 

filters. The patterns in Fig. 3.4 show little structure due to the large spectral width 

transmitted by a single filter. Some structure can be observed in Fig. 3.5, particularly 

in the nylon and PE samples. This is due to the sharp Kqi and KQ2 emissions from 

the tungsten source which are mostly transmitted by the thulium filter but absorbed 

by the erbium filter. Figure 3.6 shows the difference of the Er and Tm patterns. 

SNR is decreased due to a smaller signal, as the signal is roughly proportional to the 

number of photons only in the balanced-filter passband, as well as due to an increase
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Fig. 3.5: Reference material scatter patterns obtained using an thulium filter (140 kV, 
192 mAs, D =  63 cm, L =  51 cm, W =  6 mm for the plastics and 10 mm for water).
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(e)

Fig. 3.6: Reference material scatter patterns obtained by subtracting the thulium 
filter scatter-patterns from the erbium filter scatter-patterns, producing a scatter 
pattern formed from photons with energies within the filter passband (effective photon 
energy EP =  58.4 keV).
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in noise (Poisson noise is additive.)

Figure 3.7 shows the integrated scatter functions calculated from the scatter pat

terns from Er and Tm filters recorded above. As expected, scatter peaks observed in 

the single-filter acquisitions are broad reflecting the wide spectral width of the x-ray 

spectra used.

Figure 3.8 shows the scatter-function measurements of pure samples of the plastic 

phantom’s materials using Er-Tm balanced filters. As expected, the angular res

olution of these scatter functions exceeds that of each single-filter case, as well as 

the CSCT system employed by Westmore[9]. In fact, the angular resolution ap

proaches that of the traditional x-ray powder diffractometer measurements recorded 

by Kosanetzky[4]. In particular, the doublet in the low-angle scatter peak of nylon is 

visible.

Note that even with the greater angular resolution of balanced-filter CSCT, peak 

overlap remains a problem in the case of nylon and PE. This peak-overlap can be a 

cause of material misidentification.

Preliminary tomographic reconstructions of the material mass density distribution 

in the phantom are shown in Figures 3.9 - 3.11. Material identification accuracy is 

poor when a single erbium filter is used, as evidenced by the analysis incorrectly 

showing no nylon in the specimen. This is due to the majority of the nylon in 

the specimen being misidentified as PE, PMMA, and water due the similarities in 

main peak location and profile as seen in their respective scatter functions. However, 

the extra peak detail superimposed on the broad background in the thulium-filtered 

scatter function enables the system to make a more accurate assessment of nylon in 

the sample, as seen in Figure 3.11, although a significant quantity of nylon is still 

misidentified as PE, PMMA, and water.

It is interesting to note that the mass density distributions obtained using the 

single thulium filter at 120 keV is able to partially identify the nylon rod, whereas 

the gadolinium filtered system employed by Westmore, Batchelar and Davidson was
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Fig. 3.7: Integral scatter functions of plastic phantom components obtained using 
(a) erbium and (b) thulium filters (140 kV, 192 mAs, D =  63 cm, L =  51 cm).
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e [degrees]

(a)

Fig. 3.8: Pseudo-monoenergetic integral scatter functions of plastic phantom com
ponents obtained using Er-Tm balanced filters (140 kV, 192 mAs, D =  63 cm, 
L =  51 cm).



74

not. Further study is needed to assess if there is a material-identification accuracy 

gain, or an efficiency gain, by using a thulium filter instead of gadolinium.

As expected from a soft-tissue mimicking phantom, the conventional CT cross- 

sections in Fig. 3.9 and Fig. 3.10 show minimal contrast, reflecting the similarity in 

x-ray attenuation coefficient between the plastics and water.

Figure 3.11 shows the reconstructed mass density distribution using Er-Tm bal

anced filters. Because of the use of balanced filters, the conventional attenuation 

CT image shown in Fig. 3.11 has an extremely low signal-to-noise ratio. This is due 

to the fact that x-ray attenuation differences in balanced-filter CT arise only from 

photons with energies within the filter passband. This is a small minority of pho

tons as compared to an entire x-ray spectrum used in conventional CT, and since 

the attenuation coefficients of the phantom materials are similar, the resulting image 

has extremely low contrast. Note that the tomographic reconstruction algorithm is 

a work-in-progress and future improvements, such as detector binning in the speci

men x and y directions (see Fig. 3.1) may increase SNR (although at the expense of 

in-plane resolution.)

Higher contrast is obtained when Eq. (3.9) is used to calculate mass density distri

butions of materials contained within the phantom from measured scatter functions. 

As can be seen in Fig. 3.11 the signal-to-noise ratio is sufficient to make out some 

details about the phantom, such as the PMMA outer container and the water infill. 

The SNR of the four plastics of interest appears to be too low to make out uniform 

objects and illuminate object borders precisely. In comparison to the CSCT imaging 

of the same phantom done by Westmore, the balanced filter CSCT method offers 

reduced signal-to-noise ratio for a similar tube load.
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Fig. 3.9: Relative mass-density distribution of the AAPM plastic phantom using a 
single erbium filter. Due to the increased angular blur due to the increased spectral 
width, the nylon insert is misidentified as combination of PE, PMMA and water.
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Fig. 3.10: Relative mass-density distribution of the AAPM plastic phantom using a 
single thulium filter. Material-identification accuracy of the nylon insert is increased 
compared to the erbium filter. This is most likely due to the decrease in the effective 
spectral width caused by the strong contribution of tungsten Kqi and Kq2 emissions 
in the thulium-filtered transmission spectrum.
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Fig. 3.11: Preliminary relative mass-density distribution of the AAPM plastic phan
tom using Er-Tm balanced filters. Note that the conventional CT image is particularly 
noisy because it shows the attenuation differences of the filter passband photons only. 
These passband photons make up a small percentage of a conventional CT system’s 
spectrum, resulting in a low-contrast, low SNR image.
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3.5 Discussion

Balanced-filter CSCT has the potential to be less susceptible to material misiden- 

tification than conventional CSCT, due to lower peak overlap in the scatter functions. 

For example, nylon was almost completely identified as polyethylene in Westmore’s 

material-specific images. [9] This is due to both materials having similar scatter-peak 

sizes and locations. In theory, the higher angular resolution of balanced-filter CSCT 

would reduce this misidentification. The low SNR of the balanced-filter mass distri

bution images obtained here makes it unclear if identification accuracy has improved 

for the nylon and polyethylene inserts.

Given adequate signal (via increasing x-ray source intensity or scan times), balanced- 

filter CSCT may have a unique ability to identify materials at a specific locations in 

a specimen. Conventional CT or CSCT could be used to generate a rough picture of 

a specimen, which would then be followed by a bulk balanced-filter measurement in 

a volume-of-interest where material detection is desired.

3.6 Conclusion

It has been shown theoretically that the mass-density distributions of materials 

in a specimen can be determined without knowledge of the reference sample’s mass 

density or thickness, in coherent-scatter computed tomography.

Balanced-filter coherent scatter tomographic images have been acquired of a med

ically relevant phantom. The superior angular resolution of balanced-filter CSCT 

was demonstrated. Compared to single-filter CSCT at a similar tube loading, the ob

served signal-to-noise ratio was insufficient for material identification in the phantom 

studied. Balanced-filter CSCT may be effective in identifying the material composi

tion of a specific volume in a specimen, where the improved angular resolution in the 

measured scatter function would improve material identification accuracy.
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Chapter 4

Conclusions and future work

This chapter concludes the dissertation. Section 4.1 summarizes the conclusions 

of this work based on the results of previous chapters. Avenues for future research, 

which include potential improvements to this work are discussed in Section 4.2.

4.1 Conclusions

The goal of this thesis was to investigate the use of balanced filters to produce 

pseudo-monoenergetic scatter functions for coherent-scatter imaging. Of particular 

importance is the choice of filter materials and thickness. Use of filters with a small 

atomic-number difference (A Z) will produce the least angular blur, but also result in 

a smaller “difference spectrum” [1] and therefore more statistical uncertainty in the 

measurements. Thus, it is important to choose filters that have the largest acceptable 

A Z value without increasing blur substantially.

The following specific conclusions were made from this work:

1. Geometric factors can play a dominant role in determining the angular blur of 

measured scatter patterns. In particular, it was determined that focal-spot size 

and beam width are responsible for limiting RMS angular blur to approximately

81
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0.12° (3% at 6°) under the experimental conditions (1-mm focal spot, 1-mm 

beam width).

2. A K-edge energy difference of approximately 1.9 keV with a mean energy of 

58.4 keV can be achieved using balanced filters (Er and Tm), corresponding to 

a relative RMS spectral width of approximately 1%.

3. Bragg-peak RMS relative width of approximately 3% at a scatter angle of 6° was 

observed in A1 powder, consistent with a theoretical model of scatter-function 

blur. It is thought that at higher scatter angles, oblique incidence on the XRII 

curved input phosphor (causing photon energy to be spread over multiple pixels) 

and off-axis electron-focussing issues may be responsible for increased blur.

4. It was shown theoretically that coherent-scatter computed tomography can de

termine mass-density distributions based on base-line scans of reference materi

als, without knowledge of the materials’s mass density or thickness. This allows 

the use of reference samples having unknown densities, such as small powdered 

samples.

5. Mass-density distributions of a plastic phantom were obtained using Er-Tm 

balanced filters. The image signal-to-noise ratio, however, was much lower 

than that obtained using a single gadolinium filter for the same total tube heat 

loading. Thus, while the balanced-filter method produces scatter functions with 

superior angular resolution, substantially longer scan times may be required for 

high SNR tomographic material maps.

This works supports the following additional conclusions:

1. The source-specimen distance should be as small as possible to maximize scatter 

intensity, but not less than 25 or 30 cm for a 1-mm focal spot and beam. Blur 

is reduced gradually with increasing specimen-detector distance.
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2. For the conditions in this study, filter atomic number differences of two or 

three will maximize difference-spectrum intensity with only a minor increase in 

angular blur.

4.2 Avenues for future research

4.2.1 Bragg-peak NEQ: A  new approach to scatter signal and 

noise using balanced filters

Although this thesis describes the modeling of angular blur in CSCT, the next step 

in obtaining a complete description of scatter-function measurement performance is 

examining the tradeoff between angular blur and signal-to-noise ratio. The following 

is a preliminary suggestion of how this evaluation could be performed. Such a study 

would be of value when comparing the performance of single-filter vs. balanced-filter 

CSCT designs.

Theory

Scatter of a monoenergetic beam from a single Bragg plane results in a single 

peak in C(9). If N and represent the mean and standard deviation in the number 

of quanta scattered by particular Bragg plane (Fig. 4.3), the squared signal-to-noise 

ratio (SNR) is given by
„ N2SNR2 =  —  = N (4.1)

o2n

(ajf =  N  since scattered photons are Poisson distributed). This quantity is called the 

noise-equivalent number of quanta (NEQ) in radiographic imaging[2] and describes 

the squared SNR that would be obtained using an idea detector (with unity quantum 

efficiency). In the context of scatter-pattern measurements, we suggest use of the 

Bragg-peak NEQ as:
N 2

n e q b = —  =  n ,
a N

(4.2)
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describing an equivalent number of Poisson-distributed quanta contributing to the 

scatter peak. If the mean measurement of peak area in a scatter function is A and 

is proportional to the contributing number of scattered photons (A =  kN where k is 

a scaling factor relating N  to the measured quantity such as a digital value), then a 

measurement of the Bragg-peak NEQ is described by

n e q b = (4.3)

A theoretical estimate of NEQB when using balanced filters is obtained with 

reference to Eq. (2.3) integrated over solid angles. The spectrum of photons scattered 

from a uniform specimen with single-electron linear coherent-scatter coefficient ficoh =  

n0(E)crcoh(E), is given by

(4.4)

A measurement of A is given approximately by:

Jkl
A «  k( /  a(E)

'dNH(E) 
d E

xW iicoh{E )e~^E)pw dE,

d Nl(E) 
d E

(4.5)

where K L and K h are the K-edge energies of the low and high-Z filters respectively 

and C is the fraction of scattered photons corresponding to the desired Bragg peak. 

This result depends on the scattering specimen (thickness W, linear interaction coeffi

cient /¿.(E), and linear coherent-scatter coefficient / /^ (E 1)), the source x-ray spectrum 

^A?(E), filter materials and thicknesses, and the detector quantum efficiency a(E).

Photons also contribute to a scatter peak by satisfying the Bragg relationship at 

the same angle but other energies, resulting in a variance in A given by:

xWpLcoh(E )e~^E)pw dE. (4.6)

As an alternative to the Bol-Saito criterion,[3, 4] we use both N/H and NEQB/H 

as figures of merit for maximizing scatter-function SNR where H  =  kV x mAs x 1.35
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Thulium Thickness [cm]

(a) (b)

Fig. 4.1: Theoretical calculation of the two figures of merit for imaging calcium oxalate 
as a function of filter thickness for a balanced Er-Tm pair: (a) number of detected 
coherent-scatter passband photons per unit tube heat load, N/H, using Eq. (2.22); 
and (b) Bragg-peak NEQ per unit heat load, NEQB/ i i .

is the tube heat load in “heat units” and is proportional to the heat energy deposited 

in the tube anode (Fig. 4.1).

Optimal parameters for x-ray diffraction measurements are task dependent. A 

majority of kidney stones consist of calcium oxalate with a density of approximately 

2 g/cm 3,[5] and most calculi have diameters less than 1 cm when removed by per

cutaneous nephrolithotripsy or ureteroscopy. Figure 4.1 shows curves of N/H and 

NEQB/ i /  with £ =  1 and W  =  1 cm as a function of filter thickness for balanced 

Er-Tm filters and a range of kV values. Detector quantum efficiency was approxi

mated as the interaction probability in 0.4 mm of Csl. The N/H curves increase with 

kV and, as expected, have maxima at filter thickness given by the Bol-Saito criterion 

that are independent of kV. The NEQB/H curves have broad maxima indicating that 

optimal results can be achieved with filter thicknesses anywhere in the range 0.015 

to 0.04 cm. Specimen thickness did not alter these optimal thicknesses for all values 

tested (W  =  0.1 to 1.0 cm). Since use of thinner filters results in a larger number of
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Mean Energy [keV]
36.7 39.7 42.8 46 49.4

Fig. 4.2: Scatter-peak NEQ per unit tube heat load for various combinations of filters 
whose atomic numbers differ by 1 (W  =  1 cm, p =  2 g/cm 3 of Ca, Bol-Saito filter 
thicknesses).

detected photons and the Bol-Saito criterion was consistent with the thin-filter end 

of the NEQB/ i i  optimum, Bol-Saito thicknesses were used in all experimental tests.

The effective energy of the difference spectrum is determined by the average filter 

atomic number as illustrated in Fig. 4.2, showing theoretical values of NEQB/H for 

balanced filters with atomic numbers between 55 and 75, using a range of kV values. 

The maximum NEQB/H value is obtained using Er-Tm filters as they isolate the 

tungsten K-alpha doublet ( «  58 kV) at higher tube voltages (eg. 140 kV). Both 

axe readily available as metal foils from commercial suppliers. Table 2.1 lists other 

potential filter combinations.
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Preliminary Results

The area of peak A in (Fig. 2.7) had mean A  ̂=  0.46 (relative units) and standard 

deviation a a =  0.008 as determined by fitting Gaussian curves to each of seven 

independent trials. Both of these values are proportional to the number of interacting 

photons, giving
A2

NEQ^ =  - f  =  3.3 x 103 (4.7)
° A

using equation Eq. (4.2). The expected upper and lower 90% confidence limits in the 

precision measurement a a are approximately +80% and -30% (short-term precision 

in 7 repeated measurements assuming a normal distribution^]) corresponding to a 

90% confidence range in measurements of NEQA as 1.3 x 103 <  NEQA <  5 x 103.

A theoretical estimate was obtained for these conditions using Eqs. (4.2) - (4.6) 

with ( a =  0.148 (see Appendix 4.A), resulting in

N 2
NEQa =  =  3.1 x 103. (4.8)

a A

X-ray quanta axe Poisson distributed and hence the uncertainty in this calculation is 

approximate, but the excellent agreement gives confidence that we have a reasonable 

method of predicting noise in scatter functions obtained using balanced filters.

Preliminary Conclusion

Maximizing both the number of scatter photons per unit tube heat load in the 

Bragg peaks (Fig. 4.1a), and Bragg-peak NEQ per unit heat load (Fig. 4.1b), requires 

the largest acceptable kV value with filter thicknesses approximately equal to the Bol- 

Saito optimal thickness. Further study is needed to validate the Bragg-peak NEQ for 

different filter combinations (A Z >  1) as well as for comparison to the conventional 

single-filter CSCT used in previous studies.
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4.2.2 In situ stone analysis using a log-spiral crystal

It has been demonstrated that coherent-scatter analysis can provide kidney-stone 

composition information; information that physicians could use to choose the most 

effective treatment plan. The challenge is to scale the CSCT system from being 

limited to small specimens (< 3 cm in size) to being able to accommodate an entire 

human torso.

The development of log-spiral crystal technology operating in the transmission 

(Laue) geometry has been shown to effectively diffract x rays of a specific wavelength 

that originate from a point source. [7] For the task of imaging a kidney stone within 

a human body, a tiny pencil-beam of x rays would illuminate the stone located by 

a prior stereotactic radiography procedure. Photons in the incident beam undergo 

coherent scatter in the stone (as well as elsewhere along the incident beam path) and 

these scattered photons would travel at small angles out of the body. It is known that 

log-spiral crystals have scatter acceptance angles that could easily accommodate the 

range of angles involved in coherent scattering at photon energies sufficient for in situ 

imaging (40-100 keV, <  10°). Thus if such a crystal were to be placed immediately 

beyond the body, in the path of the stone-scattered photons, it may be possible to 

detect these diffracted photons and extract useable scatter functions from them.

Log-spiral crystals are known to have diffraction efficiencies at or above 20% and 

have been used to develop monochromatic imaging beams from x-ray tube point 

sources. [8] These efficiencies make possible the use of a conventional x-ray tube as 

the photon source.

There are a number of things that need to be considered in developing this device. 

One is non-stone scatter rejection. Scatter from tissues before and aft of the stone 

will reach the crystal and be diffracted onto the detector surface. The magnitude of 

this scatter compared to scatter coming from the stone will have to be determined 

to ensure there is enough signal-to-noise ratio to do a meaningful material analysis. 

Secondly, unlike laboratory kidney stone analysis where dose is not an issue, there
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Transmitted beam

Fig. 4.3: Illustration of the log-spiral Laue crystal used to select coherent-scatter 
coming from a stone in situ. The reflection angle directing the beam towards the 
imaging detector is exaggerated for the illustration.
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may be difficulties obtaining meaningful scatter-function signal while maintaining 

human-acceptable levels of dose.

A narrow wavelength x-ray source would limit non-stone scatter accepted by the 

log-spiral crystal, thus a monoenergetic x-ray source may be favored for this applica

tion. It is unlikely balanced filters would be acceptable in those role, however, as two 

exposures are required, potentially increasing dose and increasing the likelihood that 

the patient may have shifted position between exposures.

If these challenges are met this would be the only method able to determine stone 

composition in situ.

4.2.3 Energy-discriminating imaging

The development of photon-counting and energy-discriminating flat-panel detec

tors may hold incredible potential for coherent-scatter imaging. Use of photon

counting detectors results in scatter images with no additive (such as electronic) 

detector noise, as they are sensitive enough to detect single photon interactions as 

opposed to producing a signal proportional to the energy transferred by interacting 

photons. Energy-discriminating detectors incorporate a pulse-height analysis of each 

detection event, and a spectrum of interaction energies is recorded for each detector 

element. This is attractive because once the energy and scatter angle of each x ray is 

determined, the scatter angle can be numerically altered to correspond to a different 

x-ray energy. In this way, a monoenergetic scatter function could be obtained using 

a wide spectrum of x-ray energies without the need for filters or monochromators. 

This would allow the use of low-power x-ray generators and tubes. This approach 

will be degraded by interactions that do not deposit all of the x-ray energy in a sin

gle detector element. Photoelectric or Compton interactions may produce a scatter 

photon that will reduce the absorbed energy and could be confused with a photon 

having less energy.

Recently, a number of technologies have been introduced that offer intriguing en
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ergy resolution capabilities, while not sacrificing the spatial resolution capabilities of 

current intensifier/camera and flat-panel detector systems. [9] For example, Limousin 

describes a CdZnTe detector with a 600 pm pixels size (twice the pixel size used in 

this study, but tolerable for CS imaging) and a FWHM energy resolution of 1.3% at 60 

keV.[10] Shikhaliev predicts SNR improvements up to 42% in projection radiographs 

of a calcium carbonate contrast element inserted in soft tissue. [11] It is important to 

note that these applications looked at the improvements to conventional attenuation 

based radiography. In coherent-scatter imaging, one would expect a more drastic im

provement in the scatter-peak NEQ because the large majority of photons coherently 

scattered from a polyenergetic beam would contribute to scatter-function peaks. At 

the same time, this would also reduce the number of photons that would be con

sidered background noise. Also, in some biological structures scatter functions may 

be more orthogonal than material attenuation coefficients (e.g. soft tissue) allowing 

modalities like CSCT to have superior contrast than attenuation based CT scanners.

A photon-counting energy discriminating detector would also be dose efficient, 

allowing every photon that undergoes a coherent scatter interaction, no matter what 

its energy, to provide direct information about the material-specific scatter function.

A known limitation of energy-discriminating detectors is their low count rate. 

Scatter imaging is a good fit for these detectors because of the lower fluences in

volved compared to attenuation measurements of the primary beam, such as in CT 

or conventional radiography.

An energy-discriminating CSCT system may open the door for a host of tissue 

identification applications considered too dose inefficient for current generation CSCT. 

For example, CSCT could be used as a non-invasive alternative to biopsy of suspicious 

breast-lesions for the early detection of breast cancer. [12]
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4.A  Calculation of (a for aluminum powder

The Bragg-peak NEQ depends on the value of Ç, the fraction of scattered pho

tons that contribute to the peak. For aluminum powder (face-centered cubic, Fm-3m 

(225), a =  4.0497 Â )[1] at 58.4 keV, the number of photons in each peak is propor

tional to a structure factor, multiplicity factor, and the Lorentz-polarization factor 

(temperature effects are neglected). The first two are determined by a theoretical 

calculation resulting in pj for peak j  (Crystal Impact Inc., www.crystalimpact.de). 

The Lorentz-polarization factor is given by [1]

(1 +  cos2 9)m  =  -sin2 (9/2) cos {9/2)
(4.9)

where 9 is twice the Bragg angle. In powdered polycrystaline materials such as Al, 

the product pjL (9 j) gives the number of scattered photons per unit length of the j th 

scatter ring. Thus, P jL (9 j)sin (9 j/2 ) is proportional to the total scatter in the j  th 

peak,[l] and ( a , the lowest-angle peak in Al, is given by:

=  pAL(9A) sin(6>A/2) 
A J2j PjL(9j) sin(6lj/2 )

Consideration of the first 35 peaks gives ÇA =  0.148.

(4.10)

http://www.crystalimpact.de
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