View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Scholarship@Western

Western University

Scholarship@Western

Western® Graduate& PostdoctoralStudies

Electronic Thesis and Dissertation Repository

4-26-2012 12:00 AM

Coherent Scatter Computed Tomography for Core Composition
Analysis of Intact Kidney Stones - Prospective Clinical Study

Cristian Dihel
The University of Western Ontario

Supervisor
Dr. lan Cunningham
The University of Western Ontario

Graduate Program in Medical Biophysics
A thesis submitted in partial fulfillment of the requirements for the degree in Master of Science
© Cristian Dihel 2012

Follow this and additional works at: https://ir.lib.uwo.ca/etd

b Part of the Other Analytical, Diagnostic and Therapeutic Techniques and Equipment Commons

Recommended Citation

Dihel, Cristian, "Coherent Scatter Computed Tomography for Core Composition Analysis of Intact Kidney
Stones - Prospective Clinical Study" (2012). Electronic Thesis and Dissertation Repository. 475.
https://ir.lib.uwo.ca/etd/475

This Dissertation/Thesis is brought to you for free and open access by Scholarship@Western. It has been accepted
for inclusion in Electronic Thesis and Dissertation Repository by an authorized administrator of
Scholarship@Western. For more information, please contact wiswadmin@uwo.ca.


https://core.ac.uk/display/61632619?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://ir.lib.uwo.ca/
https://ir.lib.uwo.ca/etd
https://ir.lib.uwo.ca/etd?utm_source=ir.lib.uwo.ca%2Fetd%2F475&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/994?utm_source=ir.lib.uwo.ca%2Fetd%2F475&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/etd/475?utm_source=ir.lib.uwo.ca%2Fetd%2F475&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wlswadmin@uwo.ca

COHERENT SCATTER COMPUTED TOMOGRAPHY FOR CORE COMPOSITION
ANALYSIS OF INTACT KIDNEY STONES-PROSPECTIVE CLINICAL
EVALUATION

(Thesis format: Integrated Article)

by

Cristian Dihel

Graduate Program in Medical Biophysics

A thesis submitted in partial fulfillment
of the requirements for the degree of
Master of Science

The School of Graduate and Postdoctoral Studies
The University of Western Ontario
London, Ontario, Canada

© Cristian Dihel 2012



THE UNIVERSITY OF WESTERN ONTARIO
School of Graduate and Postdoctoral Studies

CERTIFICATE OF EXAMINATION

Supervisor Examiners
Dr. lan Cunningham Dr. Dan Goldman

Supervisory Committee

Dr. Jeff Chen

Dr. Maria Drangova

Dr. Robert Stodilka

Dr. John Denstedt

Dr. James Warrington

The thesis by
Cristian Dihel
entitled:

Coherent scatter computed tomography for core composition
analysis of intact kidney stones-prospective clinical evaluation

is accepted in partial fulfillment of the
requirements for the degree of
Master of Science

Date Chair of the Thesis Examination Board



Abstract

Urolithiasis is the presence of urinary cal¢utinary stones) at any level along the
excretory system. Establishing accurate and comph&ieral composition of the stones is

one of the main factors in deciding the best steptherapy and recurrence prevention.

Currently, infrared spectroscopy (IRS) anay-diffractometry (XRD) provide bulk
composition results of urinary calculi in powdefedn. Clinicians use the results to
prescribe medical and dietary measures to resterphysiologic chemical balance of urine
or rather alter it for the purpose of decreasireydtystallization rate of single or multiple
minerals. As current methods have been shown telfatm a clinical perspective, they may

also be, due to sampling bias, prone to missingtine components from the analysis.

This work shows that coherent scatter comptaswgraphy (CSCT) is a composition-
imaging, laboratory method able to provide both position analysis of intact calculi and a
distribution map of minerals within the stone, uraihg its core and the surrounding layers.
Aspects related to CSCT’s measurement uncertajr@i®@€T’'s analysis of kidney stones in
both intact and pulverized forms and the summarcettiusions of a comparison study
between CSCT and IRS are presented. With this mawledge clinicians may choose to
employ a core-targeted prevention plan in the mamagt of urolithiasis to further decrease

the recurrence rate in these patients.
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Chapter 1

1 Introduction

Urolithiasis is a serious health problem in humamng animals. Diagnosis can be
straughtforward based on clinical symptoms, buinaging techniques are often used for
confirmation [1]. Procedures with various degrekeswasiveness are used for kidney
stone removal. Despite advanced knowledge of batlenal and organic chemical
constituents found in stone composition, and watkiglished preventive measures for

each constituent, prevalence and recurrence rateslahiasis are still on the rise [2].

Kidney stone recurrence ratesare very high, andgba comprehensive program for
medical management of the patients is to attemptawent future recurrences.
Composition analysis after removal is one of thénncansiderations required for
effective recurrence prevention [2]. Current assyechniques, including infrared
spectroscopy (IRS) and x-ray diffractometry (XRBguire pulverization of the stone
before analysis, and since stones often conslatyefs of different components, these
methods are not able to specifically determinecthraposition at the core of the stone
associated with the initial crystallization evedtmethod of analysis that provides
structural information as well as composition mHigva for identification of the core
material and solve this problem. This thesis dbesrthe results of a study that uses a
novel analysis tool developed in our laboratory tienerates two or three-dimensional
images showing the distribution of component mateiin an intact stone. These

material “maps” show how the stone components tiem gtructured into layers, and that



the core material, often a small fraction of thiatstone mass, can be miss-identified by

conventional methods.

This chapter describes urolithiasis with respedtsthistory, clinical symptoms,
epidemiology, treatment and prevention. It also mamizes current composition-analysis
techniques used in laboratories, as well as ourmettod, coherent-scatter computed
tomography (CSCT), an image-based technique fdysisaof urinary calculi in intact

form.

1.1 Overview of urolithiasis

Kidney stone disease has been known to affect hsirauaeh animals for hundreds of years
[3]. With people recognizing with ease the signd aymptoms of urolithiasis, came the
struggle to find more efficient ways to treat aeden better, to prevent the occurrence

and relapses of kidney stones.

While in 1500 BC the Ebes Papirus mentioned thedtrn a rotten condition” to treat
bladder diseases and 1000 years later Hippocrategmized the danger of bladder
stones and initiated the analysis of urine by inpa and tasting [3], it was only in the
past few centuries that more modern, thorough ames to urolithiasis LEAD to the

discovery of more beneficial diagnosis and thenmaoglalities of urinary calculi.

Although many urological treatments and techniquege developed as early ast th&'16
century, it is remarkable that the first x ray dfidney stone (in an abdominal film) was

reported in 1896, the same year as the first reqgpdf the discovery of x rays by



Roentgen. Imaging kidney stones by x-rays has guadveloped as one of x-ray
imaging applications [4]. The first retroperitohpaeumatography in 1921, and the first
intravenous urography in 1929 [3], were two otmeportant milestones in the use of x

rays for imaging kidney stones and their intimatatamical structures.

The high social impact and economic burden of timalsis continues to drive the

development of new solutions for treatment and gnéen today.

1.2 Urolithiasis-epidemiology and clinical features

It has been determined that all categories of @ijmur are at various degrees of risk of
developing urinary calculi [5]. Uncommon before #ge of 20, kidney stone disease
observes an increased rate of incidence with adeeanains elevated until the age of 70,
when rates tend to decrease [6]. There is a docethdagher risk of developing kidney
stones in men that in woman [6] [7] [5] [8]. Alsace, diet and lifestyle habits have an
important influence on urolithiasis occurrence[f] It has been underlined by several
studies that whites have the highest while blagkaehhe lowest prevalence rate for

kidney stone disease. Hispanics and Asians haganetiate prevalence rates [5].

Seasonal variation, climate and geographical inites have been demonstrated by
higher prevalence rates in populations living ip @nd hot areas. In the United States,
people living in southern states are prone to agvkidney stones more often than those
living in northern states. This is likely due t@adequate hydration effects, and it has been

estimated that by the year 2095 areas represeatingh risk for developing kidney



stones will move further northward due to globalmag and will comprise around 70%

of the United States’ population [9].

Various underlying disorders influence kidney stéorenation and recurrence. For
example, links have been demonstrated betweemaystiand cystine stones, between

certain urinary tract infections and struvite s®rend between gout and uric acid stones.

Hyperparathyroidism, hyperthyroidism, renal anatahanomalies are also associated
with a high risk of kidney stone formation [6] [[8] [8] [9] [10] [2] [11] [12] [13], and

must also be considered as part of the treatmehtesmurrence prevention strategies.

Most stones evolve undetected for long periodgnofhany years. In case of non-
obstructive stones, haematuria is usually the éiistcal feature that raises suspicion of
the disease. Stones with diameter under 5 mm caly start their passage through the
uretero-pelvic junction and can generate obstrastemnd consequently renal colic
(Figure 1). This starts often as a mild discoméwrvague pain and reaches a peak of
severity in about 30-60 minutes [5] [7]. The pambt influenced by position or
movement; it is often associated with nausea amgititg and cannot be relieved by
non-narcotic pain killers [5]. When stone obstrunt®wer excretory system main

symptoms are bladder instability, dysuria and ugirieequency [5] [10] [12].



Stone in
ureter

Figure 1.Excretory system schematic with potentially obstructive stones being

present in the kidney and ureter.

These severe and debilitating symptoms emphasizenghortance of conducting
extensive research in order to discover new waymfwe effective diagnosis, treatment

and prevention of urolithiasis and its frequenureent episodes.

1.3 Urolithiasis-therapy

Comprehensive treatment of kidney stone diseasé anldsess acute episodes, stone
removal and recurrence prevention. As in any ascé@ario, the first thing to alleviate is
the pain. A combination of anti-inflammatory anésmolytic agents is usually
attempted first. Narcotics may also be considefrétei pain does not resolve. The
intense, colicky pain explains the great socialaotpf urolithiasis as patients in some
occupations, like airplane pilots [5] are not pdted to work even if they have
asymptomatic stones. Notable also is that ren@ ko severe that it often requires the

prescription of narcotic analgesics.



When the pain is under control, patient managememtinues with a decision for
strategy of stone removal. Small stones thates® than approximately 5mm are often
left in place and, based on location, may be elat@id spontaneously with no further
intervention. For larger stones, or stones whosduéen is not expected to regress, as
well as certain types of stones (staghorn or indeststones), surgery is the elected
option for removal. Larger stones that occupy péror all of, the renal pelvis must be

removed to avoid potential renal functional comggiicns.

Extracorporeal shockwave lithotripsy (ESWL) is animially invasive, outpatient
procedure that crushes the stones in situ ancethated fragments are expected to be
eliminated afterwards with the urine flow. The prdare is relatively simple (Figure 2),
but not without complications and has to be regkateen large fragments remain in

place.
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Figure 2. Extracor poreal shockwave litothripsy scematic diagram
(http://www.healthxchange.com.sg/healthyliving/Sexual H ealth/Pages/Kidney-
stones.aspx)



Endoscopic procedures (ureteroscopy, ureterorepgsene outpatient procedures used
guite often for stone removal, offering easy actestones lodged in urethra, ureters or

the vezico-ureteral junction (figure 3).

Figure 3. Ureteroscopy schematic diagram
(http://www.healthxchange.com.sg/healthyliving/SexualHealth/Pages/Kidney-
stones.aspx)

Percutaneous nephrolithotomy (PCNL) is an invasitervention (figure 4) reserved for
large calculi in the renal pelvis [5]. Classic, omirgery is being done in extremely rare

cases.



Figure 4. Per cutaneous nephrolithotomy schematic diagram
(http://www.healthxchange.com.sg/healthyliving/SexualHealth/Pages/Kidney-
stones.aspx)

1.4 Urolithiasis-recurrence prevention

Once the stones are removed or expected to be eshinwireating the causative
element, the most important management step isligodn a recurrence prevention
plan. This may be dealt with by prescribing certaiedications that address an already
diagnosed underlying condition, such as in hypetbgroidism or, more often, by
recommending medication and diet based on bulk ositipn analyses. General
preventive measures, such as increasing urinapm[2] [5] [8] [9] [10] [11] [12] [13]
to dilute the urine are always part of the recuregprevention plan. This can be
accomplished by increasing the daily fluid intati2t5 — 3.0 litres. Also, in case of
calcium based stones, a decrease in calcium ardtexatake and administration of
potassium citrate and thiazide diuretics was prdeaeduce the recurrence rate for
calcareous stones. Ultimately, curative antibitgatment of persistent, chronic urinary

tract infections with urea splitting bacteria caduce the recurrence of infectious stones.



Diet low in methionine and sodium can decreasdrdgwency of cystine stones. Purine
restriction, urinary pH elevation and administrataf allopurinol can reduce

hyperuricosuria [2] [8] [10] [11] [12] [13].

1.5 Kidney stone composition and metabolic associations
1.5.1 Common kidney stone minerals

All kidney stones contain 2-5% matrix (macromolesuand other cellular components)
and 95-98% crystalline material. Most human st@resnulticomponent containing
more than one crystalline material [3] [14]. Thestnfvequent minerals in kidney stone
composition are calcium based, accounting for apprately 50-60% of all stones [3]
[6] [7] [8] [10] [13]. The stones containing calausalts can be either idiopathic or
appear to be related to a pre-existing conditianoAg non-calcium based stone

components, the most frequent are struvite, uiict @aed cystine.

Calcium oxalate monohydrate (COM), also called whewellite (CaQ,4-H,0) is rarely
found in nature but is the most frequent minerdidney stone composition. It presents
as small, smooth, and yellow-green to brown crgdtalditionally difficult to fragment

[3] by shockwave lithotripsy.

Calcium oxalate dehydrate (COD), also called weddellite (CaQy-2H0), was

discovered in the 1930s in bottom sediments oWeeldell Sea in Antarctica. It is often
found as sharp, yellow crystals deposited on theraurface of a smooth COM stone.
Occasionally, COD partially dehydrates to COM amelytcoexist in kidney stones, a fact

explained by the epitaxial relations and similastbetween the two crystals [15] [16].
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Also, COD is generally associated with an activ@agng stone, while COM defines a

more stabilized stone.

Calcium phosphate (CP) known as apatite, with its formula:g&0,,COs3)s(OH,COy), is
a common mineral in nature and a very importantgmment in bones and teeth. It
appears as poorly crystallized in kidney stonesddteh forms the nucleus on which
other minerals are deposited. The reported occoerehapatite in kidney stones varies

between 20-60% [8].

Calcium phosphate dehydrate (CPD) or brushite (CaHP&2H,0) is encountered in
kidney stones less often than apatite, with a 2e4®urrence [8]. It is a soft, silky

mineral, usually honey-brown, showing a fine raditadous structure.

Uric acid (UA), CsH4N4O3, appears in stones when the body breaks downepurin
nucleotides. It was the first kidney stone companeme described. It is present in about
10% of all kidney stones [14] and is associateth Vatv pH values in urine. An increase

of urinary pH above approximately 6.5 is shown ¢égréase UA stones recurrences.

Magnesium ammonium phosphate hexahydrate (MAP) or struvite (MgNHPQ,-6H,0) is
associated with alkaline urine and is generallfialift to treat. It occurs with urinary
infections caused by urea splitting organisms Rketeus Sp. or Klebsiella Sp. It tends to
grow quickly and to occupy the structures of theatgelvis, the reason that it often

presents as staghorn calculi [3] [17].

Cystine (CYS) was isolated from a urinary calculus in 18&b@ it was also the first

known amino acid. Even though cystine, as a kidstege component, is reported to



11

occur in only 0.5% of all cases, cystine stonekamvn to have the highest recurrence

rate of all urinary stones, both with and withceturrence-prevention strategies [3].

1.5.2 Underlying conditions in urolithiasis

Extensive research has been directed towards fgetithe conditions leading to stone
formation and growth. Under normal circumstanceseuwill not contain solid particles
[3]. Calcium, as the main constituent of mine@hpounds in kidney stones, is
absorbed through the intestinal wall and depostiathly in bones as apatite crystals.
Calcium follows a continuous process of depositiad release from the bone matrix. At
the renal level, calcium is filtered and reabsorimetthe normal urine formation process.
Abnormalities, such as hyperparathyroidism, cad tesosteopenia with consequent
pathologic fractures and nephrolithiasis due tinarease in urinary calcium filtration.
Alternatively, any intestinal condition leadingda increased calcium and oxalates
absorption can eventually translate into a urirsanyersaturation in oxalates and calcium.
Notable is that high urine concentrations in cattiand oxalates, and the resulting stone
formation, has in most cases no apparent underbange and appears rather as
idiopathic, related probably only to specific dmatbits [7]. Citrates, as natural inhibitors
in calcium crystallization, may also be preseribim concentration in urine due to states

related to loss of alkali in diarrhea or any otb@use of metabolic acidosis [7].

In the case of calcium phosphate stones, the ateddnigh urinary pH is regarded as a
main risk factor. Interestingly, by an unknown mawaism [7], the urinary pH continues
to rise as the concentration of calcium apatittéformed stones is increasing, even

under normal metabolic conditions (normal level®icarbonate in blood). Fluids,
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thiazide diuretics may be attempted, but admirtisineof potassium citrate can further

increase urinary pH and thus must be carefullyrotiet.

Uric acid exists in equilibrium with urate as loag the urinary pH stays above 5.5.
Hyperuricosuria, acidic urine pH or both are them@ntributors in uric acid
precipitation [3] [7]. Hyperuricosuria, occurring gout or other conditions leading to
hyperuricaemia, is not an essential factor in adicl stone formation as these stones
develop easily when urinary pH is lower than 5.8hwio uric acid metabolism

abnormality.

Normally, infectious stones are not associated migtabolic abnormalities [8] but
chronic recurrent urinary infections with Proteys,Some Klebsiella Sp. and even
Pseudomonas Sp. lead to formation of large amafrgsmmmonium from urea and a
resulting high urinary pH, thus helping in struvitgstallization. The high bicarbonate in
urine also determines high carbonate concentraiodsdeal conditions for calcium
phosphate association with struvite in these stf8leth many cases struvite can be
followed or replaced by other stone constituen?g fhat make it a possible constituent to

be found in the core as the start point in mixetatormation.

Cystinuria, an autosomal recessive disease, is Riiowletermine defects in renal and
intestinal transport of amino acids like cystingithine, lysine and arginine. Cystine is
relatively insoluble which results in supersaturgtof urine with cystine and stone
formation. Medical management is usually not effecin cystine stones and most
patients continue to redevelop stones and to undefugtitive surgical procedures to

have their calculi removed [3].
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1.5.3 Current composition analysis techniques

Considered one of the most accurate compositiolysiadechniques [14], x-ray
diffractometry (XRD) uses crushed stone samplesufialysis and is based on
comparison of standard diffraction patterns givgminerals most commonly found in
kidney stones and expressed as interplanar d-gpac#ngstroms with the diffraction
patterns resulted from the actual stone sampig clinsidered very accurate for
determining the bulk mineral composition in kidretgnes, but its limitations are the use
of low energy x-rays (8 KeV) which are unable tepthrough intact stones and
therefore requires stone pulverization, inadegsetsitivity when a limited amount of

sample is available [3], and high operation cos4d.[

Infrared spectroscopy (IRS) also analyzes powdsaeaples of kidney stone and is based
on the atomic vibration generated when infrareftligteracts with the molecules in

stone components [3]. The results are determired firedetermined material-specific
energy bands in the absorption spectrum which @mgeared with standard absorption
spectra from a set of calibration standards. Thdsared patterns are reported as a
function of wave number (wavelengths in units of $rmorresponding to electronic
vibrations in molecules. IRS is frequently usediomey stone bulk composition
analyses because it is quick, can deal with veglissamples, and is inexpensive.
Disadvantages are related to long preparation t{ofésn manual stone pulverization)
and low capacity of differentiating between uricde&nd calcium phosphates, or between

small concentrations of COD in COM or the reveds8

Microscopic examination of kidney stones (includpaarized microscopy), although

frequently used in urinary calculi analyses, isdgbsn the assumption that all mineral
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components have the same appearance all the tirmatter the differences in mineral
association or urine chemistry, which is not a sbassumption [3]. Stones are initially
fragmented to reveal the internal structure, aed tamples are taken from different
parts of the stone for visual inspection and micopsc identification. It is inexpensive,
allows for quick examinations, but requires higbjsative experience and presents some
difficulties in differentiating uric acid and pugrderivatives from calcium phosphates

[14].
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Table 1 synthesizes some positive features anthlilmns of the three stone composition

analysis techniques described above.

Analysis method

Advantages

Disadvantages

1. X-ray diffractometry (XRD)

-easy preparation
-automatic measurements
-quantitative analysis
-possible exact component

differentiation

-bulk composition, no core details
-noncrystalline materials not detectable

-high costs

2. Infrared spectroscopy (IRS)

-moderate costs

-very quick examination

-small sample examination
possible

-semiautomatic measurements

-noncrystaline materials

detectable

-bulk composition, no core details

-time consuming preparation

-some components difficult to differentiate

3. Polarized microscopy

-cost efficient

-quick examination
-small samples possible to

examine

-high subjective experience necessary

-some components difficult to differentiate

-quantitative analysis difficult in mixtures

Table 1.Advantages and disadvantages of current kidney stone composition analysis

techniques[14].
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1.6 Urolithiasis-cost of care and social impact

Urinary stones are passed with no interventio®0#o of patients if their diameter is
below 5mm. This spontaneous passage occurs inrb@tyof cases if stone diameter is
between 5-10 mm, while stones larger than 10 mdiameter generally require surgical
intervention [18]. Extracorporeal shockwave lithpsly (ESWL) is considered the
method of choice in treating simple renal and pr@&tiureteral calculi that fail to pass
spontaneously. Ureteroscopy is preferred for distaeral stones, while percutaneous
nephrolithotomy (PCNL) is reserved for complex Hezadculi or when ESWL has failed
or is contraindicated [19]. All of these therapeinterventions are expensive with
variable success rates depending on stone’s siz&jdn and composition, on patient’s
anatomical features and underlying conditions. &indy has found ESWL to result in a
lower success rate (70%) than PCNL (96%) with totalts of treatment of about $2,700
per case for ESWL and $4,100 for PCNL [6]. Anmaéés of treatment have been on the
rise, with a study in Quebec Canada showing a 38%ease in the number of patients
undergoing at least one stone removal proceduneaswv8 year period, with provincial
total costs of $10.3 million in 1992 [20]. At tharse time the annual cost of treatment in

the United States was $1.83 billion in 1993 [18].

Medical management and secondary prevention oaryistones was the main topic for
both clinicians and researchers over the last y&usly results vary upon the cost and

efficiency of medical management of urinary calclilis generally believed that medical
management of the first stone would not be cosicéffe [11] [18]. However, secondary
prevention through general and stone-specific digteeasures, as well as certain types

of medication, have been shown to significantlyuerecurrence rates [8] [12]. Over a
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period of five years, the total per-patient costsurinary calculi medical management
(non-surgical) including initial and follow-up visi imaging procedures and drug
expenses, vary from approximately $1,400 in CaraudTurkey, $4,000 in Italy and
Sweden, and over $8,000 in the United States i@ se costs are comparable to that of

a single surgical procedure for urinary stones re&aho

1.7 A New Imaging-Based Technology: Coherent scatter
computed tomography (CSCT)

Coherent scatter of diagnostic x-rays was firsdgaibed by G. Harding. He explained
the theory of coherent scattering and emphasizedtportance of x-ray coherent
scattering, generally neglected for imaging purppaad its fundamental importance for
determining the material structure [2Cjoherent scatter computed tomography (CSCT)
is a new imaging-based tool being developed inahoratory that has potential for
laboratory composition analyses of intact kidneynss [22] [23] [24] [25]. CSCT is
based on a material-specific analysis of cohereattter and associated diffraction of
diagnostic x rays. The 70 kV x rays pass throughras of 3 x-y collimators to generate
a pencil beam of about 1.5 mmBetween the second and third pair of collimathes
beam passes a 0.30 gfcgadolinium (Z=64) filter for blur reduction. Théose sample

is scanned meticulously, depending on the sizenanaber of fragments, using 32 to 40
translations (covering the stone holder 2.5-cm di@m), 32 to 64 rotations and between
1 and 5 elevations. The number of elevations ismglyy the ratio between the height of
the largest stone to be scanned and the heigheof-tay beam. A beam stop device is

placed in front of an image intensifier, thus imipgdthe transmitted primary beam,
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while the images of the resulting scattered raymgtes between approximately 0.5 and
10 degrees are acquired and converted into didgti@l. X-ray scatter produces a scatter
pattern specific to each material due to diffractad the x rays in the specimen. The
scatter patterns from pure samples of the comperieand in urinary calculi are used to
create a library of basis materials and used totifyethe materials present in
tomographic reconstructions of the stones and dtagenents. Seven of the most
represented minerals in kidney stones were usbdsis materials: whewellite (calcium
oxalate monohydrate-COM), weddellite (calcium oi@ldehydrate-COD), apatite
(calcium phosphate-CP), brushite (calcium phosptetsdrate-CPD), uric acid (UA),
struvite (magnesium ammonium phosphate-MAP) antrey$CYS). The bases used in
CSCT analysis are (except COD) pure, commerciaigylable compounds (Sigma
Aldrich Inc. and Fluka Chemie AG). Calcium oxaldtbydrate is represented by a
powdered kidney stone reported by Infrared Spectqmg (IRS) to contain at least 99%

COD.

Each CSCT acquired scatter pattern is sectioneccoicentric annuli due to its
circularly symmetric nature. The signal in eaclgrigintegrated and normalized by the
solid angle corresponding to that particular rirggulting in a cross-section curve.
Composition analysis is performed by examiningdbleerent-scatter cross-sections in
each pixel using a non-negative least squares (NKeg@ession. The measured cross-
sections in each pixel is decomposed into its dostts, from which material specific
maps are constructed. Images for each component@astructed using filtered back-

projection reconstruction.
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The composition analysis reports mineral conceiomatboth as grams/chand mass
percentages relative to the entire stdriee reconstructed images identify the exact
location of each mineral within the stone for eaeparate elevation. Figure 5
exemplifies clearly how CSCT identifies the locatiaf different materials placed in
different circular enclosures in a phantom madpaymethylmethacrylate (PMMA)
containing pure minerals commonly found in the cosifon of kidney stones: A) CT
image of the phantom; and B) to H) CSCT reconstdighages of COM, CP, CPD,
PMMA, CYS, UA and MAP. Fields G) and H) also shthat minerals, in this case UA
and MAP, are exactly identified both as standalmiagerials and in mixture (circled
enclosure). The two top enclosures on the leftroalgontained air only and CSCT did

not report a material in them.

Figure 5.CSCT reconstructed images of a phantom containing several mineralsin

pureform or mixture.

The seven basis minerals used in CSCT materiaysisare the most frequently found

minerals in kidney stone composition determinedinyently accepted techniques. It is a
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real possibility that other minerals may also bespnt in kidney stones. We make the
likely assumption that, since there is no basisiecpattern for those materials in the
CSCT calibration set, they will rather not be reépdrby CSCT than being miss-reported
as one of the seven CSCT basis materials. Evas if,will be shown later in the thesis,
some basis scatter patterns present certain sitieidawith others, they always express
differences as well. As shown in the above pharggperiment, CSCT succeeds in
differentiating between minerals even in situatiomere their basis patterns are similar.
It is unlikely that minerals not included in thdibeation set of basis, would generate
patterns identical with those from the CSCT basisenals, and so they would not be

reported by CSCT as one of the basis minerals.

1.8 Research Objectives

Strategies to reduce recurrence rates are aniskttblcomponent of patient management

programs in most developed societies.

In the light of recent years advanced knowledgateel to the multi-mineral composition
of a large majority of the kidney stones, demortsttassociations or causative relations
with major metabolic and genetic disorders [26]][[ZB] and recent research revealing
that sustained and complex recurrence preventiograms may be effective, an
imaging approach for non-destructive compositioalysis of urinary calculi may

contribute to a further reduction of kidney stoaeurrence rate.

While well established, effective recurrence prénamprograms are now employed in
clinical settings, prolonging the time between eges effective [29], studies show that

overall recurrence rates remain at between 20988%e [2] [10] [11] [29]. One factor
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that may be responsible for the continuing recuoeens that the laboratory methods of
analysis described above provide bulk measuredrdral components and do not target
the particular component at the core of the stohera/nucleation was initiated. Itis
known that this core may be a small fraction ofttital stone mass, and hence there is a
concern that bulk measures do not have the setgitivreport the core component. In
addition, even if reported, these methods cannéenaadistinction between a small but
concentrated core of a particular component, astilouted low concentration of the

same component.

The goal of this research is to evaluate CSCTnéwve imaging-based technology
developed in our laboratory, for identifying wheliéferent material components may be
distributed throughout an intact stone or larggrinant. The implication is that if
successful, a medical and dietary prophylaxis aesigvith both the specific component
at the stone core as well as in outer layers ntight reduce the recurrence rate of kidney

stone disease.

The specific objectives are:

1) Conduct a clinical evaluation of CSCT on inteidiney stones and fragments
from approximately 100 patients undergoing stomeoneal. Stone samples are
examined (non-destructively) using CSCT and thdmstied for conventional

IRS analysis.

2) Compare bulk composition (mass fraction) of stoamponents reported by
CSCT with IRS.

3) Determine composition of central core of stoseeported by CSCT, and

determine whether IRS is reporting the same materits bulk analysis.



These objectives are addressed in Chapter 2 afi#sgs, consisting of a manuscript

submitted to Radiology for publication.

22
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Chapter 2

2 Prospective Clinical Study of Coherent-Scatter Computed
Tomography for Laboratory Composition Analysis of
Kidney Stones

2.1 Introduction

Prevalence of urinary calculi is between 5% and H2¥ending on age, gender, climate
and race [3] [6] [29], with an annual incidenceeraf 0.5% in North America and Europe
[5] and a lifetime recurrence rate with no prevemtstrategy varying from 50% to 80%
[2] [5] [8] [10] [11] [29]. The number of recurreas is reduced in various degrees in the

presence of certain medical and dietary prevengians [29].

Most urinary calculi are calcium-based [8]. Stonexle of struvite, cystine or uric acid

are associated with certain medical conditionsa@uuir less frequently, as shown in

Table 2.

Crystal Abbreviation Frequency (%) Association

Calcium oxalate monohydrate COM 40-60 Metabolic abnormalities

Calcium oxalate dihydrate COoD 40-60 or idiopathic
Calcium phosphate CP 20-60

Calcium phosphate dihydrate CPD 2-4
Uric acid UA 5-10 Hyperuricaemia, hyperuricosuria
Struvite MAP 5-15 Urinary infection
Cystine CYS 1-2.5 Cystinuria

Table 2.Common kidney stone components.
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Many small stones are spontaneously eliminateddogér ones need fragmentation or
removal by surgical interventions. A shift to l@sgasive, outpatient treatment modalities
as a result of technological progress has beemdedan recent years, perhaps following
an important increase in prevalence [29]. Recuggmevention through diet and
medication remains an important part of patient agament and often very effective

[13] [18].

Kidney stones are formed by various processesrtblaide nucleation, aggregation and
epitaxy, and often have a complex structure cangistf a core and one or more shells
[16]. It is generally accepted that stone compaossjtand in particular the nucleating
event, is an important indicator of stone etiolagy a major factor in management of
urolithiasis [1] [28]. However, stones are typigdilagmented before removal and
normal laboratory tests of composition, based énaiad spectroscopy (IRS) and x-ray
diffractometry (XRD) involve pulverizing the stofi#]. For both of these reasons it is

difficult to determine the specific compositiontbe initial core.

We are developing a new analysis tool called cotteseatter computed tomography
(CSCT) that combines the strenghts of diffractioalgses with the benefits of
tomographic imaging to determine distribution im&agévarious mineral components in
intact stones and stone fragments. The imagingod#pes of CSCT and preliminary

stone analysis results have been previously repp§ed [23] [24] [25].
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2.2 Objectives

The main objective of this work is to evaluate CS43Ta laboratory technique for
structural and compositional analysis of intactleg stones in a clinical study and to
compare the results with IRS. Laboratory IRS hantshown to correctly identify
minerals in the samples it has to work with [3]][28d therefore we hypothesize that
CSCT provides composition analysis results equntate IRS for identifying the most
prevalent component in each sample while also fexgestructural details and

identification of the central core component.

Our goal is to evaluate the potential of CSCT asethod for stone analysis, and to
highlight the importance of adopting an imagingdshapproach for material analysis

laboratory tests.

2.3 Material and methods

2.3.1 CSCT analysis

The CSCT system was design and constructed inraboratory using a conventional x-
ray tube and image detector [22] [23] [24] [25]aBs use 70 kV x-rays, collimated to an
approximately 1.25-mm square beam and passed thi@ggdolinium filter to reduce
the energy spread of photons in the beam. A tdteither 32 or 64 projections
(depending on specimen size) were obtained covanrgngular range of 180 degrees
using first-generation CT geometry. Each projettonsisted of 40 projection
measurements at 0.63-mm center-to-center spa@sglting in reconstructed images

with 0.63-mm pixels, a 25-mm field of view, and -Irfin slice thickness.
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The beam passes through intact calculi securelyntedwn a stage that allows multiple
elevations, translations and rotations. The emeidganrangle (0.5 to 10 degrees)
scattered x-rays generate material-specific scptterns captured using an image

intensifier and CCD (charge-coupled device) canfleigure 6).

Al
e /’]l

Stone Beam Stop

Colimators

Figure 6. Schematic diagram of CSCT device. The scattered x-rays at angles
between 0.5 and 10 degrees ar e collected and further analyzed for computed image

reconstruction.

A material analysis of each pattern is performeddyparison with a set of scatter
patterns generated by pure samples of mineraggllist Table 1. These are symmetric

patterns with clear, well defined rings of vari@esitter intensities (Figure 7).
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Figure 7.Example of basis scatter patterns of common kidney stone minerals.

Unlike other materials available in commercial foarpulverized kidney stone identified
by IRS as at least 99% COD was used to generatptwfic scatter pattern for this
mineral. In addition, COD generates a polycrystalldiffraction pattern containing
multiple bright spots as observed in Figure 8 Jl&he COD powder diffraction pattern
was estimated by rotating the sample continuousting data acquisition, producing the

pattern shown in Figure 8 (right).
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Figure 8. COD-static, polycrystalline scatter pattern with bright spotsand poorly
expressed diffraction rings (left), and COD-rotated, powder scatter pattern with
uniform, well defined scatter rings (right).

The mass of each component material was deternfiimedrange of positions and angles
and used to reconstruct tomographic images ofigtglaition of each component in

slices at multiple levels through the stone. Thesptal and mathematical approach of
CSCT was previously described by Davidson et gl.[(@8iile CSCT analysis provides

the concentration of each component in g/dimese were converted to mass percentages

of the entire stone in order to compare them wWR8.I

2.3.2 Measurement errors and uncertainties in CSCT analysis

The diffraction-pattern peaks produced by CSCThaoader than XRD due to the use of
a diagnostic x-ray spectrum and may partially aeriThis problem is similar to that
encountered by IRS [31], and we use a similar ntetifditting the measured patterns to

a set of calibration standards.

Five repeated scans were performed on capsuleaiomy pure samples of each basis

material in PMMA containers to assess the anafygsision. Each scan generated a set
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of material-specific images that were analyzedctonposition using the whole set of
seven basis stone scatter patterns plus PMMA. @dts were used to generate a
response matrix describing the tendency for onenato be miss-identified as a
different material. The response matrix was useapply a correction for the miss-
identification, although this correction affectdyoa couple of material combinations as

described in the results section, and the corneeti@s never more than 13%.

This experiment is limited to the situations in efhthe measured component is highly
represented in the stone composition, with anyefather measured materials being
present in very low proportions. For a thoroughultsscorrection in combinations of
various proportions of materials in a kidney stanejuch larger experiment is needed. In
the design of such an experiment all possible coatluns of two or more components

must be taken into consideration.

The precision of each measurement is determinealpity by the propagation of x-ray
guantum statistics through image reconstructionraaterial analyses. Since the number
of x-ray quanta in each pattern is proportionah®mass of the scattering sample, we
make the likely assumption that the statisticalaraze in each measurement is
proportional to the mass of the scattering matefi@r example, if repeated

(independent) CSCT measurements of the mass ofiaigfen, have a variancemjz.,

2
then we are assuming that the normalized vari{%é], is independent af; and can
]

be measured and used as a known quantity to estthmatuncertainty in any subsequent

measurement. That is,
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O'mj = [7]] X mj. (1)

For a specimen with multiple components, we makeaisumption that the addition of

cross terms results in an approximate estimateeofihcertainty, giving

=Y ' ’""'] )

summed over all materiaisn the material analysis, and where the quantitiegjuare
brackets, called the normalized material cross-4Gamee matrix, are measured and
tabulated for the particular test conditions. Teimthe normalized cross-covariance
matrix describe random mean-square fluctuatioteercomputation of materigfor a

measurement on physical materjsdveraged ovek repeated scans. Thus, each term is

defined by:

2.3.3 Effect of stone pulverization on material analysis

Unlike IRS, CSCT uses intact kidney stones or fragrs. To observe whether
pulverization influences analysis results, a settofes were scanned by CSCT in both
intact and pulverized forms. Following the CSCTrspaintact form, each stone was
crushed to a fine powder using a laboratory maal pestle for 5 minutes, then

encapsulated in standard, pharmaceutical gelapsutes for the second scan. A baseline
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scan of an empty capsule was subtracted from thlysas results. The x-ray energy and

number of angular projections and elevations weeatical for each scan.

2.3.4 Comparison of CSCT and IRS for bulk composition analyses

A prospective clinical evaluation of CSCT was iaiiéid in the Imaging Research
Laboratories of the Robarts Research Institute thighDepartment of Urology at St.
Joseph’s Health Center. It was performed over ayear period and included 119
patients diagnosed with urolithiasis. All ethicpegvals were obtained as necessary and
patients signed a written informed consent. Staodscted through uretheroscopy or
percutaneous nephrolithotomy were scanned and zsthalyy CSCT, then sent to an
external laboratory for IRS. The CSCT and IRS msswkre evaluated in terms of
agreement for primary mineral component detectethéywo methods and their ability

to identify and determine the proportion of theecorineral.

2.4 Results

2.4.1 CSCT material analysis

Figure 9 shows the scatter patterns for the misetascribed in Table 2. These basis
patterns were used in the CSCT material analysialtulate the mineral concentration
in each projection measurement, and filtered baokeption methods were used to

reconstruct mineral-specific images of each compbne
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Figure 9. Scatter patterns of common kidney stone minerals. Each pattern consists
of peaks superimposed on a background continuum. Similarities are observed in
some peaks between patterns generated by MAP and CPD and by COD and COM.
UA, CP and CY Sshow clearer distinction in their patterns.
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Figure 10 shows the material-analysis result fiypécal specimen consisting of one
intact and one fragmented kidney stone. In thesge@s, brightness corresponds to mass
concentration (g/cf) of the two identified components (COD and COMgath pixel
location in one tomographic slice. Several sliwese acquired to cover the entire
volume of the specimen. The total mass of eaclpoment is reported in grams and
converted to mass percentage of the entire stim#his particular example, CSCT
reported 80% COM and 20% COD while IRS reportedstimae sample as 90% COM
and 10% COD. These two results are most likelhwiexperimental error, but the IRS
result misses the fact that the intact stone (&€@rly has a small COD core while all of
the COM is in an outer layer. The other stongyrfranted into three pieces, likely has a
similar composition as one fragment in particulawer) shows a distinct central region
of COD. Thus, rather than assuming the COD israngomponent in the analysis, the
CSCT result clearly indicates that any preventioategy should specifically target

COD. In this case that would not likely impactmatient management.
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COD (g/cm®)  COM (g/em®)

COD=4.865 g (18%) COM=14.879 g (70%)

Figure 10. Example of CSCT analysis and miner al-specific image reconstruction
showing an intact stone (left side of each image) and three stone fragmentsfrom the

same patient.

2.4.2 Measurement errors and uncertainties in CSCT analysis

The composition analysis results for each basienatare summarized in Table 3.
Each row describes the total mass of each repor&drial from the analysis of a pure
specimen, normalized to 100% on the diagonal mesnbEnus, for example, the pure
182 g COD sample was reported as 182 g COD plussidentification of 24 g (13% of
182 g) of COM. The pure COM specimen was repaage@OM plus very small

concentrations of other materials.

This data shows that COM, CP, CPD and CYS areeptnted accurately with only very
minor possible miss-identifications (<4%) of otimeaterials. COD results in an

additional 13% COM and 5% MAP. UA results in adiéidnal 8% CYS and MAP
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results in an additional 11% CPD and 8% CYS. Theiss-identifications are reduced

to less than 1% after correction by the respondexma

Reported materials (% g/cm3)

COD COM CP CPD UA MAP CYS
COD, 182 g 100 13 2 2 0 5 3
COM, 492 ¢g 2 100 2 0 1 1 2
Physical CP, 302 g 0 0 100 0 1 0 1
sample CPD, 47749 1 0 2 100 2 2 1
UA, 289 ¢g 0 1 2 2 100 3 8
MAP, 152 g 0 0 2 11 4 100 8

CYS, 543 ¢ 0 1 0 2 4 2 100

Table 3. Theresponse matrix showsthereported proportions of materials (rows) for
each each pure physical sample being analyzed (colums), averaged over five
repeated CSCT scans. Each row isnormalized by the diagonal element. For
example, thetop row indicatesthat a pure, 100 g COD isreported to consist of 100 g
of COD plus13gof COM, 2gof CP,2gof CPD,5gof MAPand 3gof CYS.

The normalized cross-covariance matrix is showhahble 4. For illustration, the
statistical variance in a measurement of COD iarae consisting of 200 g COD plus

50 g COM, using Eq. (2), is estimated as

oZ,p = [1.53] x 200 + [0.18] X 50 = 315

corresponding to an RMS uncertainty in the COD mesment of 18 g (9%).



Physical

material

Reported materials (% g/cm3)

COoD COM CP CPD UA MAP CYS

COD 1.53 -1.03 -0.24 0.44 -0.03 0.40 0.12
COM -0.18 0.42 -0.15 -0.05 0.13 -0.03 0.11
CP 0.00 0.00 0.10 0.00 -0.01 0.00 0.00

CPD -0.49 0.02 -0.20 0.98 0.05 -0.34 0.12
UA 0.02 -0.05 0.08 0.07 0.13 -0.15 -0.19

MAP 0.11 0.15 0.19 -4.10 0.96 8.40 -0.74
CYS 0.08 0.03 0.03 0.09 -0.52 -0.05 0.69

Table 4. The cross-covariance matrix showsthe statistical variance and cross

covariance terms between reported materials (rows) for pure physical samples

(columns), normalized by the concentration (g/cm®) of the pure sample.
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It should be noted that some cross terms are vegafior example, COD and COM are

negatively correlated which means that in any onévidual analysis, an increase in a
reported COD amount is correlated with a decreasleest COM amount. This is a
consequence of the two scatter patterns beingaimitatterns that differ greatly, such as

CP and CYS, have a very small cross term.

2.4.3 Effect of stone pulverization on material analysis

The composition analysis results obtained fromtatkidney stones scanned in both

intact and pulverized form were compared for ages@msing Bland-Altman plots [32]

[33].
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Figure 11. Bland-Altman plots suggest a strong agreement between CSCT analysis
results of kidney stonesin intact and powdered form. The mean differenceis shown
asdotted line. Both COM and COD were combined in the calcium oxalate results.
The vertical axes show the difference between CSCT intact and CSCT powdered,
while the horizontal axesrepresent the aver age between the two sets of results. MAP

and CPD were not well represented dueto a small samplesize.

As shown in Figure 11, good agreement betweenitbeséts of results was observed, all
differences being less than 15% and most lessG#aonf the mean, independent of their
low or high proportion in the stone. Similar agrestnwas observed with the IRS results.

It was therefore concluded that crushing the stomdéime powder had, by itself, no
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influence over CSCT analysis results, but the doawek for stone pulverization is the

loss of all structural details available with CS&anning intact calculi (Figure 12).

TotalScatter CoD TotalScatter cOoD

Figure 12. Kidney stones scanned by CSCT in intact form (left) with obvious
CP+COM coresurrounded by COD. Same stones scanned in powdered form (right)
show same materials but also theloss of structural details.

2.4.4 Comparison of CSCT and IRS for bulk composition analysis

From a total of 119 patients, 34 either withdreanifrthe study, had no stone at the time
of surgery, or their stone fragments were too sgdllmm) to be scanned by CSCT.
IRS has reported most stones as having one oramwpanents. At the same time CSCT
reported one, two and sometimes three mineral®imes. The analysis results reported
by CSCT were corrected using the response ma@aicium oxalate based minerals
(COD and COM) were considered as one group haffiog a clinical point of view,

identical strategies of recurrence prevention,kenWAP, UA, CYS, CP and CPD that
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generally have different recurrence preventionagias. We used the terms of primary
and secondary mineral to define the two minerath thie highest proportions reported in
the composition analysis. In this respect, in 78®patients (87%) IRS and CSCT both
reported the same primary materials. In 28 pai€38%) the primary and secondary
minerals found by both methods were identical. pa8ents, IRS and CSCT found
different minerals to be the primary and secondarpponents in the stone composition.
It is possible these differences may be relateshtopling issues associated with stone

pulverization and preparation preceding IRS.

CSCT image reconstruction found only a small nunabetones to not express a classic
“core & shell” structure, but rather a uniform gestny. On the other hand, IRS reported
more than half the stones as containing only omeeral. As a result, in 35 patients
(41%) CSCT reported a core material that was oatd by IRS. In terms of core
imaging and core composition CSCT was able to fgheanternal structure of intact
kidney stones whether a distinct core existed @istones were made of uniform mineral

mixtures (Figure 13).
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Figure 13. Examples of CSCT reconstructed images: stoneswith clear " core and
shell" structure (above) and stones with more uniform, homogenous structure and

no evident core (bellow).

2.5 Discussion

As a laboratory based, imaging technique, CSCTnigval method of imaging the
structure and determining the mineral compositiotiha core of intact kidney stones. If,
as is generally accepted, a core-targeted recugngmewvention approach will be

employed for recurrence reduction in stone form@&CT has the potential to become an
important tool of choice in composition analysisuohary calculi. In 52 patients (61%),

the addition of supplementary measures in theiirreace prevention strategy may have
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had an impact on their recurrences, since varimauats of MAP, UA, CYS and even

calcium based minerals have been detected by C8@hat reported by IRS.

The good agreement recorded between CSCT intastivy€@SCT powdered on stone
composition analysis shows that the analysis afcinkidney stones is possible and
reliable. Pulverization, necessary for conventidR& and XRD analysis methods, does
not change analysis results but destroys the S@egmetry and the internal structure
hence losing important information on core composiand limiting recurrence

prevention to target only bulk composition results.

Despite scatter pattern similarities between CO®@®M, CSCT demonstrates the
ability to differentiate between them in the anayalthough from a clinical perspective,
this differentiation is less important due to ideal prevention protocols for calcium
oxalate stones and the natural tendency of COEatstorm into the more stable COM

[34].

As expected, most stones in this study were caltiased with various associations
between calcium oxalates and calcium phosphatemyMystine stones were found to be
uniform and not associated with other mineralsm@wn associations between all forms
of calcium based minerals were found. InteresyingIAP was detected in a number of
stones as a secondary mineral and mostly as a&corponent. Even if MAP is known to
occur in urinary infections related to urea spitiorganisms such &soteus Sp., it was
shown before that all urinary stone constituentda&@in MAP in kidney stones [17].

We found 10 patients (12%) in which MAP was asdediavith UA, mostly with MAP

as a core component. One form of uric acid, amuororacid urate, has been previously
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reported to appear in association with MAP or i ¢bntext of urinary infections and an
alkaline pH [17]. It remains to be established thibe urinary infections may trigger the
nucleation process with MAP crystallization andwgtio followed by the deposition of
other minerals on the already form nucleus. IRSsed the core mineral detected by
CSCT in 35 patients (42%), which raises the quesifovhether these patients are

missing the opportunity to have a core-targeteggrgon plan to follow.

Undoubtedly, medical and dietary recurrence pregemheasures have proven their
efficacy [29]. As stated before, general preventiteasures such as an increase in the
use of thiazide diuretics and urine alkalinisatiath potassium citrate can be very
effective in many cases. In this context, the gmkisi of further recurrence reduction
using a core targeted approach emphasizes theale@l of using CSCT as an imaging

based composition analysis technique.
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Chapter 3

3 Conclusions and future work

3.1 Conclusions

3.1.1 CSCT reconstructed images for individualized stone
characterization

Coherent scatter computed tomography analysis ges\structural information of stone

core and its surrounding layers not reported by. IRBe analysis of intact urinary calculi
gives insight as to the arrangement of various rair@mponents within the stone, their
intimate associations, offering at the same tingedgportunity for interpretation of

different pre-existing or co-existing metabolic ddions in stone formers.

Both CSCT and IRS reported the same primary mai@niast prevalent) in 74 patients
(87%). This gives confidence that both CSCT and #Re capable technologies. The
core component found by CSCT was missed by IR % df cases. At the same time,
when detected, the core mineral is reported bydRI§ as part of the bulk composition

analysis with no reference to its location witHie stone.

Structural details like “core and shell” stone stue are undoubtedly useful in planning
a recurrence prevention strategy that targetsdhemineral(s). Moreover, this detailed
information can also be valuable in deciding oatimeent modality on repetitive stone
formers, acknowledging that different minerals preslifferent degrees of hardness and

so different response to lithotripsy. In this rejahe development of data bases with
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CSCT images of previous stones in highly recurpatients may be helpful not only for
comparison and research purposes, but also fai esqgess and clinical decision making

when these patients come to the clinic with relapse

3.1.2 CSCT an alternative to classic analysis techniques

The agreement between CSCT and IRS on the maie stonponents demonstrates that
both methods are technically accurate for compmsinalysis. The difference comes
from IRS using one or several powdered samples &a@tone, which can lead to
sampling errors. When a surface sample is colletisdnay contain only limited

amounts of core material depending on the sizhetample and the size of the core.

In our study, CSCT has shown that kidney stones aftay contain two or more
components. They are following a classic “core simell” structure with a core variable

in size surrounded by layers of different minerBlge to the IRS sampling issues
mentioned before, not only the core material bsib @ather stone components may be
under-reported by IRS. As a result, by compensati®8 reports higher proportions of
the materials detected, which may lead to the biat the analyzed stone has a uniform,
single-mineral composition. In reality the lessspresented minerals may be of great
importance in understanding the process of stormdtion and, in many cases these
minerals could explain why the recurrences in spatents occur more often than in

others.

In 61% of the study patients, CSCT reported thegiee of a mineral not reported by

IRS. In most cases the missed mineral was theammponent, while in other patients
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the missed mineral was part of the structures sadimg the core. What is possibly more
important is that these components were from diffeclasses of minerals with respect to
recurrence prevention measures and thus thesatsatieuld have had the option of a

more complex recurrence prevention strategy.

It is also true that some disorders, such as aystinfavors kidney stone recurrences.
Even in these patients, if a core component diffefi®m cystine is detected, the patients
can benefit from preventive measures targeted ainpidwrticular core component as a
measure of trying to increase the stone-free pdreideen stone episodes and spare the

patients from numerous procedures.

3.2 Clinical approach in future studies

The examination of intact urinary calculi by CSQiabysis reveals the presence of
minerals and their spatial arrangement in compsithage maps. These composition
maps and supplementary knowledge of the intercglakiips between various structures
in a stone may have a great impact on clinicalsiesimaking regarding recurrence

prevention plans [22].

Two stones from our clinical study reported by I&S100% cystine were imaged by
CSCT to also contain a UA core surrounded by arlafeystine. The proportions of UA
were reported by CSCT at 12% and 14% respectividlyeoentire stone composition.
This aspect shows how selected patients suffeficgstinuria, known as having
frequent kidney stones recurrences and not maneptiee options, may benefit from a

recurrence prevention plan targeting UA presencecaystallization in urine. By
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interfering with the nucleation process, the pesibdtween recurrent stones episodes

may be prolonged in these patients, with clearad@eid economic positive impact [23].

Social and economic aspects are not the only aspéctinical management of recurrent
urolithiasis. Clinical decisions are usually ma@sdx on patient and physician
preferences, and efficacy or drawbacks of knowraibeutic options. Although most
patients are interested in preventing future e@sqd8] it is their compliance we know
little of. Ultimately, it is the patient desirefdstyle and history of stone episodes that will

indicate if a prophylaxis plan will be followed.

Mixed kidney stones, especially the non-calcaremes and knowledge of their
structural arrangements have been shown to hawegsimterrelationships with
determining the array of metabolic disturbancesantered in those patients [28]. In
many cases the existent metabolic disorders helgigirthe composition of kidney stones
in certain patients and vice versa. In this con@SCT composition-imaging analysis
may prove of great help in the analysis of mixexhes, thus facilitating the diagnosis of

particular metabolic diseases.

A blinded, extended, future clinical trial, withdaal design, CSCT and IRS for
composition analysis and in which patients will &&nof recurrence prevention
strategies based on either analysis techniquewsshown to be possible. Since CSCT
and IRS analyses reveal equivalent results on nségmee components with CSCT
offering in addition detailed structural and composal analysis, including the core, a

future clinical study may demonstrate unequivocaelilyical benefits of employing
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image-based CSCT in the composition analysis atintrinary calculi for recurrent

stone formers.
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Appendix A.Comparison data on 85 patients between CSCT results measured and

Appendices

CSCT results corrected for measur ement response matrix (grams).

CSCT measured (grams)

CSCT corrected for measurement response matrix (grams)
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;atient coD COM CP CPD UA MAP CYS cob CoM CcpP CPD UA MAP CYs
4 0.19 0.07 0.50 0.17 0.24 1.83 1.09 0.19 0.05 0.50 0.00 0.13 1.82 0.92
15 0.15 0.14 0.13 0.17 58.27 8.41 1.19 0.15 0.12 0.13 0.00 57.93 8.40 0.00
17 1.22 2.08 4.85 0.59 7.77 3.92 36.70 1.22 1.92 4.85 0.17 6.19 3.86 35.77
21 5.21 34.31 1.25 0.62 0.72 1.52 0.50 5.21 | 33.63 1.25 0.48 0.65 1.26 0.35
23 7.35 47.67 | 4.60 1.44 1.51 1.35 0.74 7.35 | 46.71 | 4.60 1.33 1.45 0.98 0.54
24 0.33 1.10 0.05 0.07 43.08 3.41 6.29 0.33 1.00 0.05 0.00 42.84 3.40 2.57
25 1.21 1.27 53.11 | 0.65 5.28 1.68 1.22 1.21 1.11 | 53.11 | 0.48 5.19 1.62 0.67
26 19.50 41.78 | 12.82 | 4.65 1.25 0.68 0.84 19.50 | 39.24 | 12.82 | 4.65 1.22 0.00 0.74
27 21.90 31.24 | 3.40 1.57 2.04 2.58 1.20 21.90 | 28.39 3.40 1.41 1.94 1.49 0.92
28 0.75 1.05 25.19 1.07 4.00 1.01 1.13 0.75 0.95 | 25.19 | 0.97 3.93 0.97 0.73
29 1.00 1.59 2458 | 77.84 4.87 1.58 4.69 1.00 1.46 | 24.58 | 77.67 4.64 1.53 4.18
32 0.00 16.47 | 0.05 0.05 14821 | 9.50 20.35 0.00 16.47 | 0.05 0.00 147.52 9.50 7.73
33 3.17 61.21 | 3.87 1.18 2.17 2.50 0.90 3.17 | 60.79 3.87 0.93 2.05 2.34 0.54
34 46.80 51.36 | 72.55 | 8.44 5.26 14.24 3.23 46.80 | 45.28 | 72.55 7.13 4.71 11.90 1.86
35 37.69 30.84 | 20.62 | 4.30 1.65 10.52 1.91 37.69 | 25.94 | 20.62 3.35 1.26 8.64 1.08
36 1.57 2.85 9.28 1.51 15.49 5.79 135.18 1.57 2.65 9.28 0.88 9.93 5.71 133.48
37 22.05 99.68 | 12.79 | 5.43 1.58 7.69 3.53 22.05 | 96.82 | 12.79 | 4.71 1.20 6.58 2.88
38 0.90 2.18 3.59 0.83 3.43 3.33 34.13 0.90 2.06 3.59 0.47 1.95 3.29 33.59
39 2.14 3475 | 4.06 5.21 3.99 4.67 3.60 2.14 | 34.48 | 4.06 4.71 3.69 4.56 2.92
41 21.76 7.31 10.98 | 17.75 0.15 4.42 9.51 21.76 | 4.48 10.98 | 17.38 0.00 3.33 9.24
42 26.48 10.05 1.01 13.21 | 32.70 1.86 20.49 26.48 | 6.61 1.01 13.15 31.96 0.54 17.83
43 26.77 16.45 | 4.44 12.93 0.07 0.06 221 26.77 | 12.97 | 4.44 12.93 0.00 0.00 2.20
45 14.43 8.13 0.77 9.86 13.56 0.35 11.15 14.43 6.26 0.77 9.86 13.16 0.00 10.07
46 0.19 0.04 0.03 0.07 0.01 0.07 0.03 0.19 0.01 0.03 0.06 0.01 0.06 0.02
47 15.52 13.88 | 13.73 7.98 4.82 3.34 2.69 15.52 | 11.86 | 13.73 7.70 4.63 2.56 2.10
48 0.91 0.27 0.23 1.20 1.06 0.99 7.20 0.91 0.15 0.23 1.09 0.74 0.94 7.04
49 10.71 2259 | 0.68 1.68 211 2.29 0.82 10.71 | 21.20 | 0.68 1.48 2.02 1.75 0.51
50 7.92 3.96 3.23 1.75 0.84 0.39 0.36 7.92 2.93 3.23 1.75 0.82 0.00 0.30
51 0.36 0.37 1.36 0.47 5.73 1.14 30.31 0.36 0.33 1.36 0.35 4.50 1.12 29.76
52 1.27 0.23 0.89 23.54 0.43 1.50 0.72 1.27 0.07 0.89 | 23.38 0.35 1.43 0.57
53 0.35 0.32 0.71 0.51 2.88 4.68 55.36 0.35 0.27 0.71 0.00 0.51 4.67 54.76
54 4.50 20.05 | 0.20 1.39 1.42 1.27 0.77 4.50 19.46 | 0.20 1.27 1.36 1.05 0.57
55 0.63 0.63 6.73 | 84.87 0.29 1.79 5.48 0.63 0.55 6.73 84.68 0.01 1.75 5.32
57 1.14 10.00 | 5.87 1.61 5.04 1.32 1.56 1.14 9.85 5.87 1.47 4.95 1.26 1.05
58 0.09 1.20 0.09 0.10 1.52 1.61 23.57 0.09 0.18 0.09 0.00 0.52 1.69 23.31
60 15.25 73.40 | 0.68 5.73 4.59 6.89 3.50 15.25 | 71.41 | 0.68 5.05 4.24 6.13 2.64
61 9.82 5.03 2.05 1.39 0.84 1.97 1.27 9.82 3.76 2.05 1.22 0.73 1.48 1.08
62 20.90 9.93 3.28 2.51 1.97 1.79 1.08 2090 | 7.21 3.28 243 1.90 0.74 0.86
63 21.20 29.53 0.23 2.18 37.68 6.90 1.24 21.20 | 26.77 | 0.23 1.54 37.45 5.84 0.00
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46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

52

64 3.27 20.58 | 3.50 1.11 2.40 1.38 0.53 3.27 | 20.15 3.50 0.98 2.34 1.21 0.24
65 1.58 22.47 | 0.09 0.57 17.33 6.21 1.30 1.58 | 22.26 | 0.09 0.00 17.09 6.13 0.00
66 4.49 22.19 0.37 0.72 0.82 0.91 0.54 4.49 21.61 0.37 0.65 0.78 0.68 0.42
67 2.56 1.41 9.44 1.57 4.59 2.65 1.17 2.56 1.07 9.44 1.30 4.47 2.52 0.06
68 6.50 25.72 | 0.34 0.79 1.27 1.77 0.79 6.50 | 24.87 | 0.34 0.63 1.19 1.45 0.57
69 0.20 0.34 0.05 0.10 29.67 10.09 1.81 0.20 0.31 0.05 0.00 29.27 10.08 0.00
70 2.46 5.24 0.28 0.53 0.94 0.85 0.48 2.46 4.92 0.28 0.45 0.90 0.73 0.34
71 1.00 7.49 0.16 0.39 110.47 | 41.18 6.26 1.00 7.36 0.16 0.00 108.82 | 41.13 0.00
72 0.22 0.06 0.02 0.09 7.21 3.96 1.01 0.22 0.03 0.02 0.00 7.05 3.94 0.12
73 0.94 0.32 2.56 0.55 1.64 1.05 0.36 0.94 0.19 2.56 0.44 1.51 1.00 0.15
74 0.01 0.01 0.00 0.00 0.74 0.32 0.04 0.01 0.00 0.00 0.00 0.72 0.32 0.00
75 0.39 0.27 0.53 0.20 0.44 0.90 0.64 0.39 0.22 0.53 0.11 0.38 0.88 0.54
76 0.20 0.46 0.51 0.31 7.38 2.13 33.76 0.20 0.43 0.51 0.08 5.98 2.12 33.00
77 17.82 49.21 | 32.79 | 5.63 9.56 4.40 3.16 17.82 | 46.89 | 32.79 5.25 9.34 3.51 2.12
78 19.77 23.20 | 66.63 3.60 23.11 8.83 8.01 19.77 | 20.64 | 66.63 2.73 22.58 7.84 5.54
79 0.01 0.05 0.00 0.01 11.32 2.68 1.24 0.01 0.04 0.00 0.00 11.21 2.68 0.12
80 23.24 16.58 1.58 1.62 1.23 2.95 1.35 23.24 | 13.56 1.58 1.42 1.11 1.78 1.11
82 2.72 1.25 2.75 1.57 23.60 8.04 | 448.04 2.72 0.90 2.75 0.70 5.47 7.90 | 445.52
83 2.99 6.19 1.03 0.55 | 475.86 | 74.50 2.99 2.99 5.80 1.03 0.00 | 472.89 | 74.35 0.00
84 12.34 10.75 1.42 0.49 0.34 1.44 0.20 12.34 | 9.15 1.42 0.40 0.31 0.83 0.12
85 1.93 25.53 0.63 0.76 1.53 3.16 0.21 1.93 25.28 | 0.63 0.43 141 3.07 0.00
86 0.04 0.05 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.00 0.00 0.00 0.00 0.00
87 0.10 0.51 0.03 0.04 37.07 12.55 1.39 0.10 0.50 0.03 0.00 36.57 12.54 0.00
20 2.44 0.32 13.47 | 0.15 2.77 11.88 0.42 2.44 0.00 13.47 | 0.00 2.30 11.76 0.00
91 13.18 25.64 | 0.24 0.27 0.22 2.49 0.19 13.18 | 23.93 | 0.24 0.07 0.14 1.83 0.03
94 0.01 0.07 0.02 0.01 0.01 0.00 0.00 0.01 0.07 0.02 0.01 0.00 0.00 0.00
95 0.10 0.13 0.01 0.00 0.00 0.00 0.00 0.10 0.12 0.01 0.00 0.00 0.00 0.00
96 0.03 0.02 0.02 0.00 0.00 0.00 0.00 0.03 0.01 0.02 0.00 0.00 0.00 0.00
97 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00
929 0.02 0.16 0.08 0.00 0.01 0.00 0.00 0.02 0.15 0.08 0.00 0.01 0.00 0.00
100 0.06 0.35 0.02 0.00 0.07 0.02 0.02 0.06 0.34 0.02 0.00 0.07 0.02 0.01
101 0.00 0.00 0.00 0.00 0.03 0.01 0.44 0.00 0.00 0.01 0.00 0.01 0.00 0.43
102 0.02 0.22 0.01 0.00 0.00 0.01 0.00 0.02 0.22 0.01 0.00 0.00 0.01 0.00
103 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.00 0.00 0.00 0.00
104 0.00 0.00 0.01 0.04 0.00 0.00 0.01 0.00 0.00 0.01 0.04 0.00 0.00 0.01
106 0.09 0.02 0.00 0.00 0.00 0.00 0.00 0.09 0.01 0.00 0.00 0.00 0.00 0.00
108 0.02 0.10 0.01 0.00 0.00 0.01 0.01 0.02 0.10 0.01 0.00 0.00 0.01 0.00
109 0.08 0.13 0.01 0.00 0.00 0.01 0.00 0.08 0.12 0.01 0.00 0.00 0.00 0.00
110 0.10 0.14 0.07 0.01 0.02 0.01 0.00 0.10 0.13 0.07 0.01 0.02 0.00 0.00
111 0.00 0.00 0.00 0.00 0.13 0.05 0.01 0.00 0.00 0.00 0.00 0.13 0.05 0.00
112 0.11 0.02 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.00
113 0.00 0.00 0.03 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.01
115 0.00 0.01 0.02 0.67 0.04 0.05 0.11 0.00 0.00 0.02 0.66 0.03 0.05 0.10
117 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
118 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00
119 0.00 0.01 0.43 0.01 0.06 0.02 0.03 0.00 0.01 0.43 0.00 0.05 0.01 0.03
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Appendix B.Comparison data on 85 patients between CSCT resultsand IRSresults,

both expressed in percentages.
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