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The formation of solid depositions along the urinary tract, also known as urinary lithiasis, is a common
disease worldwide. The incidence rate is 12% of the entire population and the recurrence (suffering further
stone episodes) affects 50% of the patients. The associated medical management and treatments are an
important burden on healthcare systems. The challenges posed by urinary lithiasis require enhanced
diagnostic and treatment options. The medical community (and the society) has a clear need of reducing
incidence and recurrence rates, which should follow the path of wider knowledge in stone disease and new
preventive options.

This Dissertation exposes the work developed in some areas concerning urolithiasis, which embeds image
analysis, spectroscopy and separation techniques. The aim of this report is to offer answers to the above
mentioned necessities using those scientific tools.

The first experimental Section in this Dissertation is devoted to the use of NIR and IR Spectroscopies to
broaden the knowledge in lithogenesis and suggesting new urinary stone analysis alternatives. The precise
description of the formation of a stone is a solid pillar on the definition of risk factors and influence of urinary
parameters on the crystallization process and is needed for the formulation of more specific treatments. The
development of a new analysis methodology, using Hyperspectral Imaging, represents a step forward in
stone disease management. The process presented here offers an enhanced stone description than
conventional techniques in a short analysis time and with no need of trained analysts. These highlights
suggest this methodology as a solid alternative in routine clinical laboratories.

The next Section describes the use of Field Flow Fractionation for the characterization of nanoparticles in
urine. Since crystallization processes start by the agglomeration of small solid particles, the interest on the
development of a methodology to determine their relation to urinary lithiasis is clear. This study intends to
use nanoparticles as a biomarker for stone formation risk.

The third experimental Section is focused on the importance of crystallization promoters, in particular,
oxalate. This promoter is mostly integrated into the body through the diet. In this sense, this Dissertation
investigates oxalate content (and other promoters/inhibitors of crystal formation) in plant extract and
chocolate - common products in western diet. Oxalate absorption is also considered in this work, by using
isotopic labeling and comparing the results to general risk assessment formulas.

The last Section in this Dissertation highlights the contributions of this work to knowledge transfer. It includes
the intellectual protection of some of the produced knowledge and the presentation of a new medical
device. This instrument is able to quickly classify urinary stones using image recognition tools, providing thus
a suitable alternative for the in-site analysis of stones. The device automatically offers treatment suggestions
adapted to each sample, so it offers an individualized analysis. The commercial potential of this device has
been also assessed through market research.

In essence, this Dissertation can be considered as a multidisciplinary approach that provides a link between
fundamental, applied and medical features of urinary lithiasis. This goal has been reached taking the
improvement of patients’ quality of life as permanent horizon.
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La formacid de concrecions solides al tracte urinari, malaltia que rep el nom de litiasi urinaria, és un desordre
molt comu arreu del mén. La seva taxa d'incidéncia és del 12% a la poblacié mundial, i la de recurréncia
(repeticio d’episodis litiasics) és del 50%. Els recursos destinats al tractament de la litiasi urinaria suposen una
important llast als pressupostos de la sanitat publica. Els reptes que fixa aquesta malaltia requereixen
opcions més avancades de diagnostic i tractament. Existeix una necessitat clara a la comunitat medica (i a la
societat) de reduir les elevades taxes d’incidéncia i recurréncia, que s’han de resoldre a través del
coneixement i de noves opcions preventives.

Aquesta Tesi Doctoral exposa els projectes desenvolupats en diverses arees de la litiasi urinaria, que inclouen
analisi d’'imatge, espectroscopia i técniques de separacid. L'objectiu d’aquest document és oferir respostes a
les limitacions indicades emprant aquestes eines.

La primera Seccid experimental esta dedicada a la utilitzacié de les espectroscopies NIR i IR per ampliar el
coneixement de la litogénesi i suggerir noves alternatives per a I'analisi dels calculs urinaris. Una descripcid
precisa de la formacié d’un calcul renal és I'eina fonamental per a la identificacio de factors de risc i la seva
influencia als processos de cristal-litzacid. Aquestes analisis presenten les bases de tractaments més adaptats.
D’altra banda, el desenvolupament d’una nova metodologia analitica basada en Imatges Hiperespectrals
representa un destacable aveng al tractament de la malaltia. Els processos descrits aqui superen les técniques
tradicionals en la qualitat de descripcid de la mostra, el temps d’analisi, i no necessiten d’un analista format.
Aquesta metodologia pot ser considerada seriosament com a alternativa als laboratoris clinics.

La seglient seccid mostra la caracteritzacié de les nanoparticules presents a I'orina mitjangant Field Flow
Fractionation. El interés en estudiar la relacié entre les nanoparticules i |a litiasi rau en el fet que el procés de
cristal-litzacid s’inicia amb I'aglomeracié de petites particules en suspensié. L'objectiu final és la utilitzacié de
les nanoparticules com a biomarcador de risc litogen.

La tercera Seccié experimental es centra en la rellevancia dels promotors de la cristal:-litzacié, amb especial
emfasi a I'oxalat. Aquest promotor s’acostuma a incorporar a través de la dieta. El treball presentat aqui
inclou la determinacié del contingut en oxalat (i altres inhibidors/promotors) en extractes de plantes i
xocolata, productes comuns a dietes occidentals. Addicionalment, s’ha dut a terme un estudi enfocat a
I'absorcié d’oxalat, que empra el marcatge isotopic i en contrasta els resultats amb altres férmules de
determinacio de risc litogen.

En darrer lloc, aquest document detalla les principals contribucions de la Tesi a la transferencia de
coneixement: proteccié intel-lectual i la presentacié d’un dispositiu medic. Aquest aparell és capa¢ de
classificar calculs renals de forma rapida emprant eines de reconeixement d’imatges. El dispositiu realitza
automaticament suggeriments de tractament especifics a cada mostra, per a una analisi individualitzada. El
interés comercial del producte ha estat estudiat, incloent un estudi de mercat.

En resum, aquesta Tesi ofereix un enfocament multidisciplinari que pretén establir nexes entre aspectes
fonamentals, aplicats i medics de la litiasi urinaria. La millora de la qualitat de vida del pacient ha estat
I’horitzé permanent que ha conduit aquesta recerca.
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DISEASE”






This Section is intended to introduce the reader into the general topic of this work, namely the urinary
stone formation disease. Owing to the medical nature of such topic, a general description of renal
physiology, general biochemical related parameters, along with other medical issues directly related to
the management of the disorder, will be outlined in this Section. This shall ease the comprehension of
this work and its results to a full extent.

1.1. Description of the disease

The formation of urinary calculi (commonly known as kidney stones) corresponds actually to the
precipitation of solid concretions at any point of the urinary tract. Generally speaking, stones are formed
as a product of poorly soluble salts or compounds usually present in urine. These structures grow until
they become actual stones. Organic depositions have also been located in urinary stones, although in a
much smaller amount.

Regarding the causes of urolithiasis, it is clear that it is a very complex, multifactorial disease. Not only
inherent characteristics of each individual lead to the formation of urinary stones, also environmental,
lifestyle and geographic factors have been highlighted as main players in the appearance of the disease.

1.1.1. Morpho-anatomical characteristics of the kidney

Kidneys, those twin organs located at the middle back of human body, have the titanic mission of
filtering the blood that runs the body end to end. This task prevents toxic substances and non-storable
by-products of the multiple metabolic processes taking place in the organism to continue their road
along blood vessels. To make things more complex, this task bears the gigantic restriction of eliminating
as little water of the body as possible, since it is the base of life existence. Such is the importance of
those organs that a complete renal failure leads the organism to death within less than one week 1. The
kidney hosts the main actors of this work, urinary stones, so this first Section will briefly describe the
main renal morpho-anatomical features, along with general urinary tract considerations, for a complete
comprehension of the disease.

The urinary tract (UT) is a complex system of conducts, devoted to perform the excretory function in the
body. This system is commonly divided into upper UT and lower UT 2. The upper UT is formed by the
kidneys and ureters, while the latter accounts for bladder and urethra. Kidneys produce urine, which is
evacuated through the ureters. These are low pressure conduits that allow the transit of urine only one
way, directly into the lower UT. Urine is kept in the bladder, a low pressure reservoir of urine, which



allows the conscious voiding of urine by the individual. Urine is finally expelled from the organism
through the urethra. These parts can be appreciated in Figure 1.1.

Figure 1.1 Andreas Vesalius’ representation of the human urinary tract (year 1543). Most anatomic details are correct; the
placement of kidney, ureters, bladder and urethra can be appreciated 3.

The kidney is formed by two layers: the external cortex and the deeper medulla 4. The cortex protects
the internal structure (medulla), which contains renal pyramids, structures that project into the renal
sinus. The pyramidal systems repeat, as renal columns and lobes. These structures conduct the formed
urine into the renal calyces, which end in a funnel structure (renal pelvis), connected to the ureter. This
complex system, depicted in Figure 1.2, conducts the urine from the point in which it is produced until it
is drained from the kidney. The blood vessel structure in the kidney is complex, according to its filtration
function.

The kidney leads the excretory function in the human body by constantly working through the nephrons,
structures located partly in the cortex and partly in the renal medulla. Nephrons can be regarded as the
functional units of the kidney; a kidney contains 1 to 1.5 million of these units, which actually perform
the filtration task using its glomerulus part (like a ball of yarn). If the length of all the glomerulus is
summed up, the amount would reach 145 km in an average adult. Nephrons filtrate up to 180 liters of
fluids per day, and their efficiency is so high that, even in patients who have lost 75% of their renal
function, the filtration of body fluids can be performed in a great extent 5. Accounting to the huge
amount of liquid filtered in the kidneys, and considering that an average adult produces 1-3 liters of
urine per day, it becomes clear that their role is, besides filtration, the selective reabsorption of water
and certain components.
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Figure 1.2 Schematic anatomy of the kidney, internal view 6.

In brief, each nephron in the kidney includes a glomerulus, a network of capillaries, and the Bowman’s
capsule, which has the function of draining blood into the tubular section of the nephron 6. The
Bowman'’s capsule is a layer of epithelial cells, connected to the proximal tubule. This tubule drains into
the loop of Henle, then into the distal tubule and finally, the last point of the circuit is the renal pelvis.
Figure 1.3 shows a scheme of the nephron structure.

The first filtration step, the glomerulus, acts as a biological sieve where blood is forced through the
glomerular capillaries at higher pressure than the pressure at which the blood generally travels around
the body (and also into the kidney itself) because of the diameters difference of afferent and efferent
arterioles. Helped by the increased pressure in the glomerular capillaries, a filtration process occurs in
which some blood fluid is forced out of the glomerulus and into the capsular space of the Bowman's
Capsule. Thus, it allows the passage of only some molecules found in blood. Neutral molecules smaller
than 4 nm in diameter can cross this filter (so many biological polymers and proteins are kept in the
blood) 7. Also highly charged molecules are prevented from crossing this barrier.

The following filtration step in the formation of urine is the proximal tubule. This section of the nephron
is in charge of reabsorbing much of the filtered water (approximately 65%) and also most solutes. This
part of the nephron reabsorbs most of the glucose, amino acids, vitamins, small proteins and many ions,
as sodium, potassium, chloride, phosphate and bicarbonate 6, so it is energy high-consuming. According
to these important functions, it can be understood how disturbing any disorder in proximal (or distal)
tubules might be (i.e. the well-known renal tubular acidosis, a risk factor in the formation of some stone
types, see Section 1.2.)8.

The loop of Henle is the next step for the solution (urine is not formed yet) to go through. This section
has the goal of preparing urine for receiving more solutes; that is, to decrease the osmolality with
respect to that of plasma. Only 10-15% of the filtered water is recovered here, so the concentration of
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solutes is decreased by creating an osmotic gradient. Sodium and potassium ions are actively absorbed
(with an energy input), while the walls in the loop of Henle are mostly impermeable to water9.
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Figure 1.3 Simplified scheme of the blood supply at a nephron level.

The last step in the urine formation process takes place in the distal tubules. Again, approximately 10%
of the water is reabsorbed, and the “fine tuning” of urine is performed, as a result of complex
reabsorption and excretion processes, regulated by hormones 6. After this point, the urine is conducted
to the renal calices and then it is drained from the kidney through the ureter.

1.1.2. Incidence and prevalence of stone disease

The experience of developing a urinary stone and suffering the associated inconveniences is widely
known. Many reports have shown that the incidence of urolithiasis has a positive trend worldwide 10 11
12. A number of works have investigated the incidence of the disease, and the lifetime risk of developing
urinary stones has been estimated at 12-15% of the population. In addition, the high recurrence rate
(suffering of further stone episodes), 50% at 5 years and 70% at 10 years, should be taken into account.

Geographically, some issues should be considered. According to the direct relation that link fluid intake
and body hydration and urinary stones (see Section 1.1.3. ), hot and dry climates favor the formation of
stones. Indeed, the oil rich countries, especially Saudi Arabia, have been pointed out as the territories
where urinary lithiasis has a highest incidence, reaching 20% of the population 13. It is worth to mention
though, that reports on urinary stone incidence are available only from some countries.



1.1.3. Causes of stone formation

Urolithiasis depends on many different factors, comprising from individual conditions to geographical
location and lifestyle. In order to help on the understanding of the disease and the correct
interpretation of the results included in this work, the most important elements conditioning urinary
stones formation are listed in Table 1.1 and Table 1.2. According to the complexity of those factors, a
basic differentiation between factors has been done. Firstly the individual factors are listed; those
inherent to the patient and that cannot be changed. In the second place, although not less important,
the list includes environmental and socioeconomic factors, that can vary along the patient’s life.

Table 1.1 General factors, inherent to each individual with a demonstrated influence on urinary lithiasis'. In this table some
urinary stone types are cited, whose characteristics are described in Section 1.2.

Factors inherent to each individual

Age Urinary lithiasis typically affects patients from 30 to 70 years old.

Some stone types present particular risk features 14: calcium oxalate first episodes is
usually experienced during the second/third decades of life (peak between 40 and 50
years); uric acid stones increase the risk of appearance in mature patients (peak at 60-70
years).

Race/Ethnicity A careful analysis of the influence of race in the formation of urinary stones should be
made, since quite often diverging races include also geographic differences. Despite this
fact, some studies have been carried out in the USA, showing that Caucasians present a
higher incidence of stones, while Black ethnicities suffer less (around 50%) from this
disease. Asian and Hispanic stand in a middle plane 15.

Sex As described in Section 1.1.2. , men suffer generally more often from urinary stones than
women (urinary lithiasis affects 13% of men and 7% of women 10). Still, the ratio of stone
episodes men:women has been decreasing for the last decades 16. The overall prevalence
(part of the population affected by the disease) of urinary stones is, then, 9% in men and
4% in women 17. Epidemiologically, evidence has been shown, that different types of
stones affect differently men and women. According to a local publication, the
men:women stone formation ratio was for 2,8:1 calcium oxalate, 3,7:1 for uric acid, 1,4:1
for calcium phosphates and 0,7:1 for infected stone disease 18.

Genetics Especially important for some types of urinary stones, DNA is also conditioning this
disease. Cystine stones are the main known “inherited” group of urinary stones, since their
formation directly depends on a genetic alteration of the metabolism of this amino acid.
Besides, other disorders related to stones have been pointed out to have linkages to DNA:
hypercalciuria, which affects calcium nephrolithiasis; hyperoxaluria (mainly primary
hyperoxaluria), a risk factor for calcium oxalate stones and hyperuricosuria, which
naturally influences uric acid stones 11.

' Although some data has been retrieved from local publications, the data can be directly extrapolated to any developed
country.



The factors listed in Table 1.1 have been gathered based on epidemiological studies. Therefore, those
statistics reflect general trends that have been demonstrated, but a single patient cannot act against
them. Indeed, stone metaphylaxis is based on the control of other factors, i.e. those listed in Table 1.2.
Although each stone type has particular prevention conditions, some general considerations suitable for
all types of urinary stones can be considered.

Table 1.2 General factors, related to environmental and socioeconomic conditions that influence urinary stone formation.

Environmental and socioeconomic factors

Fluid intake Without a shadow of a doubt, the first piece of advice any physician gives to a stone
patient is actually quite evident: increase the fluid intake. With the exception of some
carbonated beverages and plant extracts drinks, such as tea, increasing the fluid intake is
the easiest measure to sink the stone formation risk. It is generally considered that a urine
volume below 1L/day is a clear risk factor; the recommended urine volume is >2L/day
19,20.

Diet A number of studies have demonstrated that diet is a major regulatory factor of stone
formation 21,22. Granted, all the promoters or inhibitors found in urine need to be first
ingested by the individual, so this becomes one of the basic factors for stone formation
regulation. There is a clear need to carry out more works focused on the precise role of
each nutrient in the stone formation process. However, this influence is obvious, and the
ingestion of some nutrients is precisely controlled by physicians: calcium, oxalate, animal
protein and potentially acidic foods or drinks appear recurrently on this list.

Climatic factors As stated, the formation and growth of urinary stones are strongly bound to the hydration
degree in the body. Thus, it appears logical that certain climatic conditions can influence
this disease. Certainly, it has been demonstrated that dry, hot climates facilitate the
disease, with a more intense effect for temperatures higher that 27°C and humidity below
45%. Interestingly, an Italian hospital studied the seasonal influence of climate on the
number of renal colic episodes attended at the Emergency Room (ER) though several
years, and a cyclic response was observed (Figure 1.4.a) 23.

Socioeconomic Some studies have shown how the wealthiest societies suffer more from urinary stones 24.

level A higher income is usually linked to an increased intake of animal proteins and sugars, so
urine pH and calcium/oxalate levels are altered. Figure 1.4.b clearly indicates such effect
(note that, in that Figure, data stand for late 1990s).

Geographic Urinary lithiasis is a worldwide problem, although some specifications may be listed. The

location disease shares incidence and prevalence rates, as well as type of stones in USA and
Europe. The countries in the Middle East seem to present an increased lithogenic risk. It
must be admitted, though, that this factor is, in a great extent, mixed with socioeconomic
issues and ethnicities. In the USA, where many studies focused on urinary stone formation
have been conducted, even a “stone belt” has been identified, which includes the
Southeastern part of the country. Remarkably, it has been suggested that climate change
shall lead to an increased stone formation risk in some regions, as this stone belt (see
Figure 1.4.c).
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Figure 1.4 a. Number of renal colic episodes per month (Padova, Italy 23) b. Relation between life expectancy of urinary
stones for men <70 years and GNI (Gross National Income) per capita, in USD, for several countries 24 c. “Urinary stone belt
in the USA” yellow, orange and red stand for the predicted expansion due to climate change (and expected years: yellow
2000, orange 2060, red 2095) 10.

1.1.4. Medical manifestations and detection of stone disease

The formation of a urinary stone itself should not be regarded as a diagnostic in any case. On the
contrary, the stone shall be considered as an alarm going off, a signal for an underlying disease.
Clinicians are supposed to solve the stone episode, but also to keep the guard up for any change in urine
composition and in the patient’s general state 11. As in many diseases, several clinical manifestations
can be described for urinary stone disease.

When the stone is located in the kidney it normally stays with none or little pain. Indeed, the formation
of the stone usually proceeds without any ache for the patient, so the time of formation is generally
unknown. This situation, described as asymptomatic lithiasis, is normal in the first stages of the disease,
as well as when the stone stops its growth due to correct management. Although some stones might be
expelled without pain, it is not the most common situation.

Some stones can be pushed down the ureter causing only a general, non-localized pain. These patients
complain about pain in the lateral abdominal region and suffer from chronic discomfort.

However, the reality of stone disease is often different. Since stones block partially or totally the urinary
tract when they migrate from the upper urinary tract to the lower, they produce a severe pain in the
lumbar region. This process corresponds actually to the well-known acute renal colic 25.



Interestingly, the simple examination of a patient does not lead to the conclusion that the ongoing
situation is a renal colic. Blood values are usually normal, and urine parameters tend to be within the
normality intervals, only altered by the count of red or white cells, due to internal bleeding and
infection.

The treatment of an acute renal colic episode is based on the administration of an adequate dose of
analgesics. When a urinary stone is naturally expelled, with no surgical intervention, little can be made
for accelerating the passage of the stone other than offering relief to the patient 26 (see Section 1.4.1.
for detailed information).

Visits to the ER due to renal colic account for 1% of the total amount of patients treated. Although it
might not seem an excessive number, it must be considered that these patients generally need a high
dose of pain killers and related drugs; they suffer one of the most intense pains described 27.

Given that urine or blood analyses cannot offer a defined conclusion on whether a patient is suffering a
renal colic, imaging techniques are normally the most useful tools for definitely assure the existence of a
stone. Among the several approaches readily used in clinical practice, the most common will be briefly
cited here 28 29 30.

Plain abdominal radiographs have been widely used, since they are accessible; cover the kidney-ureter-
bladder (KUB) region and show urinary stones at any point of the urinary tract. However, only calcium
lithiasis is opaque to X-Ray radiation, so 10-15% of the stones (uric acid) remain invisible to this
technique (see Section 1.2. for urinary stones description).

An intravenous urography (IVU) requires the injection of iodine containing contrast solutions in the
patient. IVU can clearly show which point of the KUB area is blocked, due to a stacked renal stone. This
methodology is, though, more aggressive to the patient than X-Rays.

Figure 1.5 Typical images for the detection of stones. a. X-Ray image, the arrow points a bladder stone 30. b. X-Ray image
after a IVU has been done (same patient as a) 30. c.1. Normal appearance of a healthy kidney. c.2. Kidney showing dilatation
due to ureteral obstruction 28. d. CT scan of a patient, the white arrows show solid masses in the kidney 28.



Ultrasound (US) is often used as support diagnostic, since it requires little disturbances or exposure for
the patient. The images are, of course, of a lower quality than other techniques, but they can point out
local infected tissues and obstructed KUB areas.

The most effective technique is computed tomography (CT). CT allows the recording of higher quality
images (see Figure 1.5) in few seconds. The whole abdominal area is pictured, so the physician can get a
truly general picture of the patient state: existing stones, location of possible infection points and other
issues concerning the patient’s health. As drawbacks, the administration of intravenous contrast agents
and the considerable amount of radiation administered to the patient should be considered.

1.1.5. Urinary lithogenesis

Urine can be doubtlessly pointed out as a really complex fluid. Indeed, the formation of urinary calculi
depends on a large number of chemical equilibria that take place simultaneously in urine. The term
“lithogenesis” stands for the ensemble of processes that lead to the formation of calculi within the
urinary tract 31.

The large number of factors involved, as well as their different nature (chemical, physical...), have led to
the definition of a few stages in the urinary lithogenesis 31:

1. Urinary saturation

2. Crystal germination

3. Crystal growth

4. Crystal aggregation

5. Crystal agglomeration

6. Retention of crystallized particles
7. Growth of the stone

In this Section, only the most relevant steps for this work will be detailed. Naturally, all the steps play a
role in the stone formation, but due to the focus of the present thesis, precise description of only some
of them will condition the understanding of the work developed.

Urine is a permanently saturated fluid, from a thermodynamic point of view 32. For the correct
comprehension of the urine case, a precise definition of the term saturation is needed. The saturation of
a solution is related to a specific compound and for ionic compounds present in an aqueous solution, as
the case of urine. A saturated solution can be defined as the solution where the activity product of the
given compound is higher than its solubility product, Ks. The Ks value stands for the thermodynamic
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solubility constant, related to the limit amount of solute that can remain in solution before the
precipitation is energetically favored.

The saturation (S) of a solution is the ionic activity product divided by the Ks. Thus, three different
general states can be defined for a solution (and also urine). Saturated urine (S=1) is stable for indefinite
time; no precipitation or dissolution processes are observed. If the amount of solute increases (5>1),
precipitation will take place until saturation state is recovered. The opposite situation is described by
S<1 or undersaturation. This description, however, refers to the thermodynamic aspects only.

If kinetic parameters are also considered, the precipitation of components might deviate from the
parameters explained above. The existence of some components in urine that might hinder the
precipitation (precipitation inhibitors, some examples are listed in Section 1.1.6.2. ) causes deviations
from the thermodynamic reasoning. When the concentration of a given compound is higher than its
formation product (Kf) the solution is supersaturated. This leads to nucleation and crystal growth. In the
opposite scenario (concentration lower than Ks), no solids are formed. The region between both
equilibria described here is known as metastability region. Indeed, urine is usually found as a metastable
solution 33. This system, defined by kinetic and thermodynamic parameters, is described in Figure 1.6.

4

Figure 1.6 Schematic view of the three possible saturation states in urine. The two equilibria shown define the border
between unsaturated, metastable and supersaturated urine. Blue: undersaturated, White: metastable, Orange:
supersaturated.

The three possible saturation states of urine pictured in Figure 1.6 can also be related to certain
conditions 31. The undersaturated region is only found by large liquid intake treatments; the
supersaturated area, if persistent, might fit with genetic disorders. In most cases, urine is found in the
metastable area, closer to any of its ends depending on fluid intake and diet characteristics.

According to their Ks, most of the ionic components usually found in urinary stones could precipitate
(see values in Table 1.3). However, the conditions in urine allow most of these species to remain in
solution or suspension, contained in the metastable phase. In addition, most of the stone components
keep a close relation with urinary pH, so its regulation becomes a major factor when trying to avoid the
formation of solid concretions in urine. For instance, according to Table 1.3, apatite would be expected
to readily precipitate in urine. However, this species quickly dissolves when the acidification of the
environment is effective. This observation totally fits with the implicit inclusion of pH in the
thermodynamic constants of the precipitation equilibria.



Table 1.3 Relevant precipitation constants for urine components. Values expresses as pKs = - log(Ks). Data tabulated at 25°C

in pure water.

Calcium Oxalate Monohydrate 34 8.55
Calcium Oxalate Dihydrate 34 8.31
Uric Acid Dihydrate 35 9.05
Carbonate Apatite 33 56.0
Brushite 33 6.70
Struvite 36 9.94

However, thermodynamic calculations do not explain the crystallization process on the whole.
Important issues, for instance surface processes might have not been considered, although their
influence on the process is remarkable. In addition, as previously stated, kinetic factors should also be
considered 37.

This Section will describe the main steps on the stone formation, explaining steps 2 to 7 listed at the
introduction of Section 1.1.5.

Based on the assumption that urine is usually a saturated fluid, it can be thought that any nucleation
point should serve as starting brick for the formation of the stone. In this sense, two types of nucleants
can be highlighted as precursors of the crystal germination: homogeneous and heterogeneous. The
former can be located in the metastable zone (see Figure 1.6), when some of the ions that will form the
structure of the stone can precipitate to form a solid deposition. However, this situation case is not the
most common. Urine of stone and non-stone formers is generally found in metastable region, so
locating the starting point in such conditions would not fit with an important number of cases 31. On the
other hand, the heterogeneous formation of crystals can take place when urine is supersaturated, state
described in Figure 1.6. One of the most common situations of heterogeneous crystallization has been
described as a small nidus of carbonate apatite, which serves as scaffold for the further crystal growth of
calcium oxalate 38. Randall’s plaques are due to different and characteristic circumstances in which
apatite acts as the seed for a calcium oxalate stone, producing an injury in the inner renal tissues. This
phenomenon causes the formation of papillary stones 39 (detailed description in Section 1.2.1.1.2.).

Once the initial step has taken place and the conditions that lead to the formation of a solid deposition
keep constant, several crystals can aggregate to form a larger mass, which could be too big to leave the
nephron point at which it has been formed. Indeed, crystals are aggregated in urine from non-stone
formers, but the size of such crystals is usually <2 um, so it can be excreted normally and its further
growing is hindered 40. In any case, the nucleation step takes place continuously and the stone
formation process is a consequence of the microscopic crystals aggregation to form macroscopic
entities.
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While the precise mechanisms describing this progression have not been well defined yet, their close
relation with the lithogenesis processes was pointed out a number of decades ago 41. Crystal growth,
that is, the growth of new crystals onto the surface of an existing particle (of the same chemical
structure or not) is a slow process. On the other hand, it seems clearly feasible that crystals, as
micrometric particles, will collide with each other while they meet in kidney cavities. Therefore, the
agglomeration of already existing structures seems a feasible process for leading stone formation 42.

When the structure reaches a macroscopic dimension its normal excretion from the urinary tract turns
very unlikely. This step can be stressed if the agglomeration created is found in a renal cavity with low
urodynamic flow 43. In this case, the growth of the already formed stone will be favored by the
existence of such cavities in the kidney, since they allow the slow crystal growth process to take place.

1.1.6. Promoters and inhibitors of crystallization processes

As seen in the previous section, stone formation is a complex, multistep process. In fact, because of the
complex matrix represented by urine, a number of species may interact with the crystal structure and
play a remarkable role in the stone formation. This Section will give details only on those species with a
most significant impact on the process and thus, more relevant for the understanding of this work.

The species usually found in urine which act as crystallization promoters are, basically, the same ionic
components that form the stone itself. Thus, each type of stone will be affected by a different type of
promoter. In addition, other substances have also been identified as promoters.

Organic matter, often found in urine in the shape of small biological particles, can become a suitable
starting point for the precipitation of some urinary components. In particular, calcium oxalate
monohydrate is usually deposited on such organic seeds, so the core of the stone becomes a mixture of
organic matter and calcium oxalate 44. Also some protein aggregates have been proven to act as
nucleation point for the further precipitation of crystals 45.

The close relation between calcium and oxalate is described in Figure 1.7Error! Reference source not
found.. The combined promoter effect for these ions can be appreciated here. Naturally, the increase of
the concentration of calcium or oxalate ions affects the crystallization potential by increasing urine
saturation respect calcium oxalate CaOx. In this Figure, the blue line represents the limit calcium
concentration to consider hypercalciuria (3.8 mmol/l), while the grey line describes hyperoxaluria (0.31
mmol/I). When calcium concentration reaches hypercalciuria, an increase in oxalate concentration leads
to the rise of CaOx activity product, while the [Ca]/[Ox] value decreases. This situation ends up, after a
critical point, in hypercalciuria and hyperoxaluria. Thus, the risk areas correspond to the upper, lower
and right regions in this Figure.

Other promoters are well described in literature 45.
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Figure 1.7 Schematic representation of the urinary saturation states in regard to calcium oxalate stones, indicating metabolic
risk areas. [Ca]/[Ox]: Calcium to Oxalate concentrations ratio. The values indicated in this Figure stand for the limit of
hypercalciuria and hyperoxaluria; blue line represents calcium concentration; grey line, oxalate. Adapted from Daudon, 2012
31.

Species proven to be effective inhibitors of urine include a high variety of substances, which embraces
from inorganic cations to protein aggregates. This Section will introduce those inhibitors more widely
described and also used as therapeutic agents.

The most studied crystallization inhibitor is citric acid, which chemical structure is shown in Figure 1.8.
This organic acid imprints a remarkable effect on calcium stones, because the citrate ion readily chelates
calcium ion, preventing it from precipitating with any other urine component. Besides, its tri-protic
structure provides citrate important buffering properties. Those characteristics are emphasized by the
fact that its concentration is the highest among all the crystallization inhibitors usually happening in
urine, usually about 1 mM 45. This component is found in a number of vegetables and fruits, this is why
the consumption of citrus fruits is so recommended for combating stones. No wonder that this ion has
become a recurrent treatment as an oral drug; it is not harmful and different types of stones can benefit
from its action (discussed in Section 1.4.2.2. ). Low concentration of citrate is one of the main indicators
of high lithiasic risk, since hypocitraturia has been described in most CaOx stone formers 46.

The mechanism of action of citrate is described in the reactions shown in Equation 1.1 and Equation 1.2.
Their equilibrium constants at 37°C are 2.7-10* M and 60-10* M, respectively 47. From these values we
can gather that Ca** will bind preferentially to citrate to form a very stable complex instead than forming
the insoluble salt with oxalate, so the precipitation is reduced in a great extent.
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Figure 1.8 Chemical structure of some crystallization inhibitors. a. Citric acid. b. Pyrophosphoric acid. c. Phytic acid. Their
most common chemical form in urine corresponds to the partially deprotonated structures, according to urine pH.

Equation 1.1 Precipitation equilibrium of calcium oxalate
Calapy + C202 g S CazCr04 (s
Equation 1.2 Complexation equilibrium of calcium and citrate
Cally + CeHs05 gy S CazCeHs07 o)

Magnesium, widely abundant in the human body, has also been pointed out as an efficient inhibitor of
stone formation. Indeed, the spike of a saturated solution in calcium oxalate with a concentration of
Mg”" of 2 mmol/L halves the formation of crystals. In the case of apatite stones, magnesium binds to the
surface and avoids crystal growth. Despite the usefulness as inhibitor, supplementation of this nutrient
for the specific treatment of stones has not been encouraged, partly because it is highly absorbed and
little circulates through the blood torrent, and so, filtered in the kidneys 48 49.

Polyphosphates are powerful actors stopping stones from growing. Orthophosphate concentration in
urine is high, yet it has no inhibitory effect at all. On the contrary, more complex phosphates, as
pyrophosphate (PPi) and phytate (IP6), are listed among the most efficient stone formation inhibitors.
PPi, which is found in urine in the range 20-40 uM, has proven to inhibit calcium oxalate and infected
stone disease calculi, and its excretion is significantly lower in stone formers 50 51. IP6 ranges in a much
discrete concentration, around 1 puM, although its inhibition capabilities (proven in urinary stones and
other calcifications) are remarkable 52. Some quantification methodologies have been suggested for the
identification of these urine components. However, the medical community is not totally concerned
with the quantification of such analytes, in part because some of the methodologies developed are
tedious or not totally accessible to hospital laboratories 53 54.

Other entities, also described as inhibitors of stone formation are listed in Table 1.4, along with the type
of urinary stones whose growth they hinder.



Table 1.4 List of the main inhibitors of the crystallization of urinary stones (adapted from Daudon, 2012) 31.

Low molecular weight Macromolecules

Cations Proteins

n* CaOx Tamm-Horsfall CaOx

Fe** CaOx Nephrocalcin CaOx

Mg2+ CaOx Uropontin CaOx, Phosphates
Anions Bikuin CaOx

Citrate Ca0x, Phosphates Fragm. 1 prothrombin CaOx

Isocitrate CaOx, Phosphates Fibronectin CaOx
Phosphocitrate CaOx, Phosphates Calprotectin CaOx
Pyrophosphate Ca0x, Phosphates Lithostatin CaCOs;

Phytatei CaOx Glycosaminoglycans

Aspartate CaOx Condroitin sulphate CaOx

Glutamate CaOx Heparin sulphate UA

Hippurate CaOx Keratan sulphate CaOx

Co-factors Dermatan sulphate CaOx

pH UA, Phosphates Hyaluronic acid CaOx, Phosphates
lonic strength All types

"This inhibitor has been added to the information from the reference source; from Grases, 1989 55.
CaOx: Calcium Oxalate; UA: Uric Acid

1.1.7. Stone formation risk assessment

Urinary lithiasis is characterized by a high incidence and prevalence, which has shown a positive increase
over last century (see Section 1.1.2. ) and represents a considerable portion of the budget for public
health institutions (see Section 1.5. ). If this background is considered, the prevention of formation of
urinary solid depositions becomes one of the main factors to control in this multifactorial process. Thus,
determination of stone formation risk through the monitoring of urinary parameters has been an
important goal for clinical researchers for the last decades.

Some analytical methodologies have been developed, which predict the likelihood of stone components
to precipitate, either based on theoretical calculations or empirical approaches 56. This Section offers an
outline on the most representative alternatives in this field.

Urine Relative Supersaturation (RSS) is clearly different to other approaches in one facet: the estimation
of stone formation risk is based on theoretical calculations. This method has naturally some drawbacks,
but its advantages have let RSS become one of the most used and reference methodology for assessing
stone formation risk 56.



The calculation of RSS for a urine sample is based on the determination of a series of urinary parameters
and the estimation of complexation and precipitation phenomena, according to thermodynamic
equilibrium constants. The value is given as the ratio of the activity product of a given component
(Calcium Oxalate Mono- or Dihydrate, Apatite, Struvite...) to the Ks of the salt. For the determination of
RSS values different software have been developed, as SUPERSAT 57, EQUIL 58 or JESS 59. As seen with
other risk index estimations, RSS values equal to 1 mean urine saturation; values lower or greater than 1
mean under or supersaturation of urine respect that given component 57 60.

For a correct interpretation of the urine composition, a large number of components must be
quantified. The list generally includes: cations (Mg**, Ca**, Na*, K*, NH,"), anions (CI, SO,*, PO,*), organic
molecules (citrate, oxalate, uric acid, creatinine), and urine pH. These twelve parameters can also be
complemented by the measurement of other minor components that play an important role as
inhibitors, such as glycosaminoglycans or pyrophosphate (P,0,*). Other important inhibitors are listed in
Section 1.1.6.2. The software used for the calculations allows a long list of other urine components to be
taken into consideration 61.

The main advantage of RSS is that the stone formation risk for different types of stones is calculated
simultaneously. By taking all the listed components into the calculations, a general picture of urine can
be described, what makes RSS a very polyvalent methodology 62.

However, it should also be pointed out that RSS bases its results on calculations, which, in turn, rely on
several assumptions, in regard to the equilibrium constants and species considered. This methodology
assumes that urine behaves ideally, as expected from the interaction between its main components.
Nevertheless, RSS undervalues the importance of inhibitors, since they are generally not quantified and,
thus, not taken into the calculations. On top of this, the selection of the suitable equilibrium constants is
critical; a slight change in some representative values could dramatically vary the supersaturation
results. In brief, RSS is not a purely empirical model, so it has some inherent restrictions 63. Even if
additional complex formation equilibria of inhibitors (that may produce masking of the related
precipitation phenomena) are considered, RSS values will not be able to take into account other
important phenomena taking place on the lithogenic process, e.g. superficial phenomena taking place at
the micro seeds crystals that may avoid the aggregation process.

It is clear that crystallization processes in urine depend on a wide and complex number of factors. This
fact poses a clear question on whether the estimation of stone formation risk can be precisely calculated
only considering a simple urine analysis. Aware of these limitations, Dr Pak and co-workers developed a
simple but effective method for the determination of stone formation risk based on an empirical
experiment 64.

This methodology, the Activity Product Ratio (APR), was though as an experimental approach, so it was
performed using real urine. The fact that a real sample is used guarantees that all the components



naturally occurring in it will participate on the in-vitro crystallization process, including inhibitors,
promoters and other agents as pH or proteins.

APR test consists on the incubation of urine with a solid seed for a given time and the determination of
the activity product ratio before and after the incubation process. The seed used is usually the pure
substance for which the precipitation risk is to be determined. The incubation time is typically 48 hours,
since it has been demonstrated that this time frame is enough for the equilibration of the system. The
APR is then calculated as the ratio between the initial and final concentration of the ions involved in the
formation of the stone as shown in

Equation 1.3 for BRU stones 65. Similarly, it can be applied to other stone types 66. According to this
equation, an APR value equal to 1 means that urine is saturated in this component. APR values <1 mean
urine is not saturated (the solid seed is dissolved). APR values >1 mean urine is supersaturated in this
compound, so the stone formation risk is high.

Equation 1.3 Calculation of APR based on the example of BRU stones (CaHPO,:2H,0). i and f represent initial and final
concentrations, respectively.

[Ca®*]; - [HPOF™];

APR = -

As deduced from the description, this method requires a long laboratory work, which has been
shortened to 3 hours in a recent review of the methodology 67. Despite the improvements, urine
incubations are not generally included in routine analysis.

A very interesting approach for the determination of stone formation risk; the Bonn Risk Index (BRI), was
developed at the laboratories in the University of Bonn Clinic (the methodology was named after its
home city). This method consists, as APR, in an empirical measurement. The time required for the
analysis is much shorter, though, because the urine crystallization potential is “titrated”.

The measurement consists on the titration of a freshly collected urine sample with ammonium oxalate
solution. The oxalate concentration that triggers the start of crystal formation indicates the titration end
point and is determined by monitoring the formation of crystals with a laser probe (sensitivity range 0.5-
250 pum). Previously to this measurement, the concentration of Ca** is determined potentiometrically.
This way, only free calcium ions are accounted for, which fits with the logical assumption that they
represent the only calcium that could precipitate as calcium oxalate. After these determinations, the BRI
value is calculated, as shown in Equation 1.4. As also seen for APR, the calcium oxalate crystallization
risk can be defined as low or “no risk” (BRI <1 17) or high (BRI >1 I™") 68.

Equation 1.4 BRI calculation. [Ca2+] is the initial free calcium concentration (mmol/l) and (Oxz') is the added amount of
oxalate (mmol) to the titration end point. The BRI units are I

BRI = [Ca?*] / (0x?7)
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It has been demonstrated, through studies including healthy controls and stone patients, that BRI can
clearly distinguish both groups 69 70. BRI cannot be estimated by the only measurement of free calcium
ion71.

The main drawback of the BRI is that, due to its experimental definition, it can only be used for calcium
oxalate stones. As stated in Section 1.2., this group of stones represent the vast majority of cases, but
still other type of urinary calculi cannot benefit from these measurements 56.

Despite its limitations, the BRI methodology has been commercialized by RAUMEDIC AG and a specific
device was designed for this application.

Interestingly, a revision of the methodology has been recently done. It suggests the miniaturization of
the BRI experimental set-up, especially the amount of urine needed 72.
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Figure 1.9 Free calcium concentration vs amount of titrant ammonium oxalate. The figure shows two areas of high and low
risk, for BRI values >1I" and <1I'1, respectively. Bold numbers name lines of constant BRI values. Dashed lines around de
hyperbola denote 95% of data in the mentioned study. Adapted from Laube, 2004 69.

1.2. Classification of urinary stones

As seen in the previous Sections, urolithiasis is a complex disease that depends on a considerable list of
factors and involves a large number of substances. It becomes clear, thus, that the chemical nature of
stones might differ dramatically depending on the stone formation conditions. The incidence of each
type of stone, according to chemical composition, is reflected in Figure 1.10.
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m Uric Acid, 15%
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Figure 1.10 Frequency of incidence for each type of urinary stone, considering only its chemical composition 73. The values
listed include the frequency of each component as a pure stone or as part of renal calculi (mixed stones). Indeed, not only
the chemical composition might vary, but also the structure of the resulting stone has been pointed out as a very important
feature in the stone description 44.

The proper diagnostics of the stone disease is directly linked to a precise description of the renal calculi
(chemical composition and structure). In fact, the stone could be considered as a fossil that carries the
patient’s medical history related to stone disease. In other words, the urine conditions and so, the
metabolic disturbances the patient has gone through, leave a particular trace in the stone. The correct
understanding of this trace makes possible to get a better treatment of the disease, which in turn, leads
to an improvement in the patient’s quality of life.

Due to the importance of the correct description of urinary stones, this Section will introduce the main
features of the most relevant types of renal calculi, along with the most important etiological factors
that favour their formation.

The classification of renal calculi has been addressed by different authors. The organization of stone
types described here is based on those works 44 74 75. Although other classification criteria might be
considered, the one selected in this Section, based on chemical composition, seems the most suitable
for the comprehension of further Sections in this work. The main chemical and physical features for
each stone type will be described here, along with the most relevant etiologic factors that lead to their
formation.

According to their different origin, each stone type requires a different management. A description of
the main recommendations on diet and lifestyle is provided in Section 1.4.2.

1.2.1. Calcium Oxalate

This varied group of stones is, by far, the most common in stone patients (SeeFigure 1.10). Indeed,
around 60-70% of urinary stones show this composition in developed countries 76. It is important to
note that, despite its chemical composition might not include any other ion, calcium oxalate (CaOx) can
be found in different chemical forms. These have diverging physical properties, and more importantly,
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different etiological origins. It has been determined that CaOx precipitates as the monohydrate (COM),
dihydrate (COD) or trihydrate (COT) derivative. COM is the thermodynamically most stable derivative,
COD is the fastest formation derivative, and COT has been rarely found in urine or urinary stones 77.

It is thus clear, that the formation of COM and COD is the result of remarkably different etiological
factors, so their correct classification is needed for the correct description of the problem affecting each
patient.

Table 1.5 Calcium Oxalate Monohydrate general characteristics 78.

Calcium Oxalate Monohydrate

Chemical formula Ca,C,0, - H,0
Q
Molecular structure GTHJ\G- Ca?t + H.0
8]
Mineralogical name Whewellite

Incidence (from total)i Cavitary 24%; Papillary 5%
'Data from own, unpublished research.

1.2.1.1.1.  Cavitary Calcium Oxalate Monohydrate Stones

The thermodynamically favored derivative of CaOx is often found as main component of urinary stones.
Calcium Oxalate Monohydrate (COM) stones are very compact solids, which are formed by the
continuous addition of crystals to the existing lattices, with little defects within the structure 79. COM
stones are formed in areas where urine hydrodynamic flow is low. The core of the stone is born in these
locations, usually as an agglomeration of organic matter or carbonate apatite, described as a porous,
structure-lacking region. This area can vary in size depending on each case 80.

Once the nucleation point has been formed, COM crystals grow on its surface, following a columnar
pattern, which is clearly recognizable by optical microscopy 33. Some clear examples of such structure
are shown in Figure 1.11. COM stones tend to create a dense structure, which allows further nucleation
points to stick onto the surface, so new columnar crystals grow from these secondary nuclei. This fact
makes the external part of the stone have lobulations, recognizable even at naked eye (see Figure
1.11.c).

Despite its compact formation, COM crystals tend to accumulate organic matter between lattices 79.
According to bibliography, organic matter can accumulate repeatedly on the surface during the stone
formation, creating concentric accumulation every ca. 100 um 81. While it is generally believed that the
core of the stone concentrates organic matter, the composition of the described concentric rings can be



discussed. A study included in this Thesis has characterized such concentric structures as COD, as

precisely described in Section 2.4.

Figure 1.11 Examples of cavitary COM stones. a, b. Cut sections from COM stones. c. Surface of a COM stone, with little COD
deposits. The lobulations can be clearly appreciated. Pictures from self-built database.

1.2.1.1.2.  Papillary Calcium Oxalate Monohydrate Stones

While the general structure of the stone is the same as cavitary COM calculi, this group of stones is
characterized by a particular crystallization point, which clearly defines a unique lithogenesis process.
Papillary COM calculi grow from a calcium phosphate deposition that is attached to the renal inner
tissue (or renal papillae) 82. The calcium phosphate plaques on which the COM crystallizes are known as
Randall’s plaques, after Dr. Randall first described them in 1940 83. These structures consist on the
deposition of apatite on the loop of Henle. The existence of a solid structure stable and linked to the
renal tissue favors the growth of COM crystals on it. The formation of Randall’s plaques can be related
to the calcification of other tissues, as blood vessels 84. Some examples of papillary stones are pictured
in Figure 1.12.

Figure 1.12 Examples of papillary COM renal calculi. a. External view. b, c. Cut stones, where the structure seen in Figure 1.13
is clearly appreciated. The stone ¢ shows the typical Randall’s plaque as a white spot. Pictures from self-built database.

The structure of COM papillary stones can be easily recognized by stereoscopic microscopy, because this
technique allows the visualization of the nucleation point (see Section 1.3.3. ). A schematic model of the
typical structure is shown in Figure 1.13.a. This type of stones tends to be released from the papillae and
COM crystals continue precipitating on the nucleation point. Thus, the structure of the stone is not
always so clear, when it is observed by stereoscopic microscopy (see Figure 1.13.b for an example).
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A model of the structure is shown in Figure 1.13.a. Papillary COM stones can also be unattached from
the renal papillae. In this case, COM can continue its growing also on the Randall plaque side which was
in contact with the tissue, creating a structure pictured in Figure 1.13.b. This structure makes the
identification of the nucleation point somehow difficult. The core of the stone is usually formed of
apatite, since it is the main component in Randall’s plaques 39. However, organic matter can be found
mixed with apatite very often 85.

According to some studies, the cause for the damage of the renal inner tissue might be related to
intense contact to cytotoxic agents, due to professional activities or other causes. In addition, the intake
of cytotoxic substances as ethylene glycol or a high dose of analgesic drugs can lead to the injury of the
renal papillae at cellular level 86.

Due to the unique cause of formation of COM papillary stones, namely the injury and calcification of the
inner renal papillae, it is important to characterize this group of samples. A proper treatment that avoids
the formation of new stones should consider the causes of the papillae damage.

A ‘
Figure 1.13 Typical structures of papillary COM stones 85. a. The Randall’s plaque remains exposed. b. COM crystals grow
onto the nucleation point, once the stone is unattached to the papillae.

Table 1.6 Calcium Oxalate Dihydrate general characteristics 78.

Stone tvpe Calcium Oxalate
P Dihydrate

Chemical formula Ca,C,0, -2 H,0
O
Molecular structure _D\n)i\ﬂ' Ca?* = 2H,0
(8]
Mineralogical name Whedellite

Pure 8%; Transformed into COM

Incidence (from total) (partially or totally) 15%

As stated, if only the kinetics of the precipitation is considered, the dihydrate derivative of CaOx is
obtained. The structure of Calcium Oxalate Dihydrate (COD) is remarkably different from that seen for
COM. The crystals take a characteristic, bipyramidal shape and the stone is formed when crystals attach



on to the other, creating a random arrangement. The fact that each crystal is a separate structure makes
the stone more porous than COM. It is so, that even from the surface of the stone some cavities can be
observed (see Figure 1.14).

Figure 1.14 a, c. External views of COD stones. b. Cut section from a COD stone. Pictures from self-built database.

1.2.1.2.1.  Calcium Oxalate Dihydrate — Transformation into COM

Interestingly, COD transforms into its more stable relative COM when it remains in contact with urine.
This fact was described a few decades ago 87 and the process has been reviewed recently 88. New
spectroscopic data reveals that water molecules surrounding the COD solid can push the
transformation. This fact has been also studied in this Thesis; high-resolution IR microspectroscopy has
been used for the careful study of the structure in transformed stones (see Section 2.4. ).

This transformed product leaves a particular hint in the stone structure. Differently to pure COM and
COD, the inner part of the stone presents a complete lack of structure, due to the loss of the bipyramidal
shape of COD crystals. In addition, the presence of carbonate apatite depositions within the core of the
stone (even on the surface) is often seen. Transformed stones might be created in areas of low urinary
flow, so the described urine components can precipitate in these conditions 33. In case of pH greater
than 6, apatite is likely to create solid deposits. Figure 1.15 shows some examples where the described

features can be appreciated.

Figure 1.15 a-c. Cut sections of transformed calcium oxalate stones. a. Alternate layers of COM and transformed COD are
clearly seen. b, c. The core of the stone has transformed into the more stable COM, the structure, with many cavities, can be
appreciated. The surface, especially in Figure b is still COD. Pictures from self-built database.
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The surface of this type of calculi usually contains pyramidal COD crystals, since it is the younger part
and its contact with urine has been short enough to keep COD as a pure component.

Transformed stones could even be considered as a class itself. For the reasons exposed, the existence of
this stone indicates a persistent disease (probably including hypercalciuria and hyperoxaluria).

Due to the complex mixtures found containing only calcium oxalate, often as a combination of COM,
COD and/or transformed stones, the causes of the precipitation can be attributed to a number of
factors, as summarized in Figure 1.16. Hypercalciuria, hyperoxaluria or lack of inhibitors stand as the
main risk factors for CaOx stones 78. As generally seen for urinary stones, pH affects the formation of
COM stones. Calcium oxalate generally precipitates in urines with pH values from 5.5 to 6.5 44.
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Figure 1.16 Schematic representation of the main groups of factors that pose an increased risk for CaOx crystallization. GAG:
Glycosaminoglycans, PPi: Pyrophosphate, IP6: Phytate. Adapted from Hesse and Muiioz, 1994 78 89.

RTA, or Renal Tubular Acidosis, can also act as a promoter of the disease 90. Patients who suffer RTA are
unable to keep urine pH at a normal - to slightly acid value, due to failure of bicarbonate absorption or
impossibility to achieve a good pH gradient between blood and urine 91. A rather basic pH can be
considered as an increased risk for CaOx precipitation.

Owing to the already discussed differences between COM stones (cavitary and papillary), mainly the
nucleation point, some general considerations apply for the general picture of stone formation. Since
COM is the thermodynamic derivative of calcium oxalate, its precipitation does not require unusually
high concentrations of oxalate to occur, although hypercalciuria is usually seen in COM stone patients



92. Naturally, hypercalciuria or hyperoxaluria, either due to an excessive intestinal absorption of Ca®* or
oxalate ions or to other disorders, can be considered a risk factor for the formation of this group of
stones, but other actors play an important role in this particular case. The driving force for COM
crystallization is the existence of insufficient amounts of inhibitors. In this group, the most effective
substance is citrate, which readily binds free calcium ions, thus preventing them from precipitation.
However, other inhibitors such as phytic acid and pyrophosphate also have a considerable influence on
COM crystallization 93 89. For a more precise description of the inhibitor mechanisms, see Section
1.1.6.2.

On the other hand, COD is normally formed at lower saturation levels, and higher calcium to oxalate
ratio 94. This fact makes COD more sensitive to hyperoxaluria and, especially, hypercalciuria. It has been
demonstrated in animal tests that hypercalciuria is required for the induction of COD precipitation 95.
COM stone formers (which represent a higher portion of the total number of cases), are usually within
normal or slightly high ranges for calcium and oxalate 96.

1.2.2. Calcium Phosphate

Another type of urinary stones is based on phosphate, which is one of the major ions found in urine, in
terms of concentration. As a consequence, it is likely to precipitate together with calcium, due the
variety of insoluble salts that this combination of species can lead to. Despite the similarity in their
chemical nature, the stone structure and precipitation conditions of each type of calcium phosphate
stones (CaP) differ strongly.

Table 1.7 Apatite general characteristics 78.

Stone type Apatite

General chemical
formula (apatites) Ca10x[(PO4)6-2(CO3) 24 (OH),

Specific chemical Carbonate Apatite:
formula Cas(PO4),.5(CO3)o.5(OH)
Mineralogical name Dahllite

Incidence (from total) 7% pure, 32% as mixture

The close link existing between mammals and the ions calcium and phosphate is clear. The skeleton is
basically made of hydroxylapatite, an ionic compound described by the chemical formula:
Ca10(P0O,)6(OH),. The low solubility of this species (see Section 1.1.5.1. ), though, represents a problem in
urine, since the undesired formation of this solid takes place at basic pH values. The upper limit of
metastability of apatite in urine remains blurry, although it has been set at the pH range from 6.5,
according to Coe 97, to 6.8, as described by Bichler 98. Although the supersaturation of urine respect to
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apatite can result in its precipitation, the acidification of urine effectively prevents the formation of solid
concretions.

The structure of apatite in the body is still ambiguous and thus, diverging chemical formulas have been
reported. In fact, apatites are a wide group of substances, found in the human body with different
compositions 99. Hydroxylapatite, the most abundant apatite in biological systems, suffers structural
modifications when it remains in contact with body fluids and tissues. This mineral accommodates
carbonate ions within its lattices, becoming thus carbonate apatite. It is not clear yet, whether the
carbonate ion actually replaces a tetrahedral phosphate ion 100.

Since the bibliography in the urinary stone field uses both terminologies (hydroxylapatite and carbonate
apatite) depending on the source, this work will refer to this type of stone as carbonate apatite (CAP), in
order to consider the described reaction.

CAP is usually found as the accumulation of small spheres of 5-10 um size, which precipitate as water-
rich material 101. The dehydration process occurring afterwards defines a stone with low density and a
porous internal structure 33, as seen in Figure 1.17. CAP stones show an important lack of structure, and
also tend to accumulate a considerable amount of organic matter among the spheres agglomeration.
Indeed, a recent study has defined CAP urinary stones as a composite together with polysaccharides and
proteins 102.

Figure 1.17 a-c. Several views of internal cuts of CAP stones. The porous structure is clear in these pictures. Pictures from
self-built database.

CAP stones are often found in combination with other mineralogical components. It has been estimated
that 15% of all the stone samples have CAP in the core of the sample, so it acts as nucleation point 103.
CAP is also frequently found as deposits on CaOx stones surface that may evolve to create a thin coating,
which is then covered by further precipitation of CaOx crystals 104.

Calcium hydrogenphosphate dihydrate, or brushite (BRU), represents a minor incidence in the general
count of urinary stones, as seen in Error! Not a valid bookmark self-reference.. Nevertheless, the
incidence of BRU stones has increase during last decades 105.



Table 1.8 Brushite general characteristics 78.

Chemical name Calcium Hydrogenphosphate
Chemical formula CaHPO, - 2 H,0
Mineralogical name Brushite

Incidence (from total) 1%

This stone type is closely related to CAP. They not only share part of their chemical composition (calcium
and phosphate ions), but also can transform one into the other, according to in vitro tests performed
using extreme pH environments (pH values <4 or >8) 106. While in vitro conditions require extreme pH
(compared to the pH range in urine), the particular complexity of urine matrix (inhibitors, promoters,
other components) allows milder pH values to be enough for the dissolution of CaP.

Differently to CAP, long, flat crystals, which spread radially from the stone core, can be observed in BRU
calculi. These crystals can reach de surface of the stone, where they have a flat end 33. This structure

leads to the formation of a very compact, hard structure, opposite to the rather soft CAP, as seen in
Figure 1.18.

Figure 1.18 Internal views of BRU stones (a, c) and a fragment (b). The core structure and the organization of the crystals are
clearly defined in this Figure. Pictures from self-built database.

BRU stones can also contain small amounts of CAP and organic matter, especially in the core. Figure 1.18
a and c show two examples of a cut section of a BRU stone, where it can be appreciated how the heart
of the stone has a completely different structure to the rest of the sample 101.

Both CP forms already described share some etiological factors. In both cases, the concentration of
calcium and phosphate ions in urine is above the Ks value. This is needed for the stone formation
process to take place 101. Recent research has shown that 80 % of CP stone formers present
hypercalciuria, while this figure is only 5-10% in controls and 30-60% in general stone formers 107. The
same study points at hypocitraturia as an additional risk factor (identified in 45% of the patients), fact
that fits with the efficiency of citrate as inhibitor. In the particular case of CP crystals formation,
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magnesium ion is believed to play a significant role as crystallization inhibitor, due to the formation of
stable complexes with phosphate 101.

Besides the similarities, one main factor makes the difference between the formation of CAP or BRU, if
precipitation conditions are achieved: urinary pH. Generally speaking, BRU precipitates in acidic urine. At
these conditions, CAP is soluble and its precipitation is favoured at rather alkaline urine; pH>6.5 108.

1.2.3. Infected stone disease

Table 1.9 General characteristics for stones produced due to infected stone disease 78.

Stone type Infected stone disease

Chemical name Magnesium Ammonium Phosphate
Chemical formula MgNH,4PO, - 6H,0
Mineralogical name Struvite

Incidence (from total) 9%

This particular stone type is also a phosphate, but its precipitation takes only place when urease
producing bacteria cause an infection in the urinary tract 109. In such conditions, when urinary pH is
basic, the precipitation of magnesium ammonium phosphate, mineral known as struvite (STR), can
occur. The growth rate for STR stones is very high; calculi can be formed within 4 to 6 weeks 110.

STR rarely precipitates alone. At basic pH CAP can also readily form crystals, so an aggregate of both
substances, also including organic matter, is generally observed. Therefore, the structure is usually
lacking any pattern, and consists on the accumulation of both components in this porous agglomerate,
that holds pure STR crystals, which appear as shiny dots within the brownish-white background. The
dark color is mainly due to the organic matter and bacteria found in the stones 98 101. Some examples
for this description are shown in Figure 1.19. STR calculi can even fill all the space in the kidney

(staghorn stones), due to its porosity and rapid growth.

Figure 1.19 Examples of STR urinary stones. The composition is usually mixed STR and CAP; note the similarity of texture,
porosity and lack of crystallization structure between both stone types (see Figure 1.17). a, b. Internal sections, c. Surface.
Pictures from self-built database.



The formation of STR stones has only been seen when urea is decomposed in urine due to
bacteriological metabolism. The concentration of ammonium can increase significantly, and so does pH.

According to the infectious origin of this type of stones, the incidence has reduced in the last decades. It
has been reported that, in France, the percentage of STR stones sank from 20-30% in the 50s to 4% in
2005 109. This study also showed that the existence of a malformation in any part of the urinary tract
was detected in 30% of STR stone patients.

Urinary pH is usually higher than 7.2 when STR stones are formed. It has been defined as the minimum
pH value for this type of calculi to form 98. When urinary pH is below 7, STR calculi stop their growth
and dissolve 98.

1.2.4. Uric Acid

Table 1.10 Uric Acid general characteristics 78.

Uric Acid Anhydrous (UAA) Uric Acid Dihydrate (UAD)

Chemical formula C5H4N403 C5H4N403 2 Hzo
2 2
HN™ N HN M
Molecular structure »FI' ’[L =0 y [ =0 -2ws
g% N~ N oF "N~ N
H H H
Chemical name 7,9-Dihydro-1H-purine-2,6,8(3H)-trione (anhydrous/-2 H,0)
Incidence (from total) 15%

The formation of uric acid (UA) stones is especially related to a diet and lifestyle 111, as described in
Section 1.2.4.1.

Uric Acid solid depositions can be classified as Uric Acid Anhydrous (UAA) or Uric Acid Dihydrate (UAD)
as seen in Table 1.10. The chemical form found in stones will depend on the prevailing urine conditions
at the moment of the crystal formation. The thermodynamic stability for UAA is higher than that for
UAD, so the second rapidly undergoes dehydration in physiological conditions 112.

UAA stones are compact and tend to form a layer structure, as that seen with COM calculi. They show a
characteristic orange color that makes them differ from any other stone type. They are usually rounded
stones, with a flat surface presenting ovoidal shape. Alternatively, AUD crystals are much porous and are
likely to be found either alone or in the core of UAA stones. UA stones can also include depositions of
other chemical components, mostly COM, that can create thin layers visible within the stone mass. The
co-precipitation of UA and COM is not commonly seen 101.
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Due to the acid-base properties of UA, the driving force for its precipitation is the pH. It has been seen
that acidic urine (pH<5.5) forces the formation of crystals 113. In this stone type, the high concentration
of the precipitating components (UA) is considered as a weaker risk factor than pH 11.

Diet disorders, as an excessive consumption of animal proteins, can lead to hyperuricosuria. Also related
to a healthy diet, patients suffering from metabolic syndrome, which includes obesity as key factor, are
more likely to develop a UA stone. As a cascade of processes, the ammonia production in the kidney is
sunk, so the buffering capacity of urine is hindered. This fact forces urine pH to drop and the risk of
formation of a UA stone is increased 111.

1.2.5. Cystine

Table 1.11 Cystine general characteristics 78.

Chemical formula CgH1,N,0,S,
M- 0
Chemical structure HG\W,J-\, 5“5 /\I)J\DH
] MNHz

(R,R)-3,3’-Dithiobis (2-
aminopropionic acid)
Incidence 1%

Chemical name

The type of urinary stone (from those generally occurring) that can be attributed to a more specific list
of causes is Cystine (CYS). The formation of such stones is a consequence of a genetic disorder, which
produces cystinuria, that namely difficulties the transport of the amino acid Cysteine 114. The dimmer of
the amino acid is the molecule called cystine, and crystallizes as hexagonal structures, which form a very
compact and pure structure. CYS stones present inclusions of other components, as CaOx 115 or organic
matter 116, very seldom. The structure is usually very well defined, with oriented crystals. Some
examples are provided in Figure 1.20.

Despite its low incidence, CYS stones show a higher recurrence rate than the average for urinary stones:
73% at 5 years 117.

As often seen in other types of urinary stones, CYS also show dependence on urine pH. It has been seen
that the solubility of CYS increases at pH greater than 7, although these conclusions refer to in vitro
studies. Tests performed using real urine, or on patients, have demonstrated that this relation with pH is
only vaguely consistent 118.

In the case of CYS, the urinary risk factors could be reduced to a low fluid intake and the diagnosis of the
genetic disorder.



Figure 1.20 Examples of CYS stones. a, b. Surface views. c. Cut section. Pictures from self-built database.

1.2.6. Mixed stones

As described in Section 1.2.1.3., the pH for the precipitation of CaOx lies generally between 5.5 and 6.5.
Indeed, if it becomes slightly alkaline oxalate will be more likely deprotonated, so the supersaturation of
urine respect CaOx is, to some extent, higher. This supersaturation value is naturally increased in case of
hypercalciuria. These conditions meet an environment that also boosts the formation of CAP.

The exposed reasons support the observation that the co-precipitation of CaOx and CAP takes place very
often, and so, urinary calculi with a mixed composition are found normally. The existence of CAP has
been reported in 32% of the total amount of calculi; also considering stones that have just CAP heart 78
(this value includes also mixtures with STR). Another study set the total count for the combination of
COD/COM with CAP, also including ternary mixtures in 19% 101. In any case, this numbers stand for a

representative amount of urinary stones.

Figure 1.21 Examples of mixed CaOx-CAP stones. a, b. Cut section. c. External surface. Pictures from self-built database.

The structure of mixed calculi can be usually classified as layers or as pattern-lacking stones. As it can be
deduced, stones that have been formed by adding layers of both components alternatively respond to
varying urine conditions, which clearly promote either CAP or CaOx precipitation. For the reasons listed
in the previous paragraph it is logical to think that urinary pH is the parameter controlling mixed stones
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formation process. An example of this stone type is shown in Figure 1.21.a. However, when urinary
conditions are found in a compromise range for the formation of solid concretions of both species, CAP
and CaOx precipitate at the same time, creating a heterogeneous agglomeration of both components.
Figure 1.21 (b and c) exemplifies this situation.

UA does not always precipitate alone. Together with COM (COD is found rarely in combination with UA),
they form a characteristic group of stones. Whereas other combinations of stone components lead to
structures that somehow mix different species, UA-COM stones consist usually on a core-shell stone,
with these two parts being independent. The composition of nucleus and shell can be either UA or COM.

This group of stones can be understood, again, due to the wide range of pH in which COM precipitates.
In this case, the patient’s urine is rather acid, to allow the formation of solid UA, as well. The examples
pictured in Figure 1.22 can be taken as an illustration of this stone type.

This type of stones has a very low incidence, in contrast to the CaOx-CAP mixed stones. It has been
reported that only 2-3% of stones present such structure and composition 101.

Figure 1.22 Examples of mixed COM-UA stones. a. Core UA. b,c Core COM. Pictures from self-built database.

1.2.7. Uncommon Urinary Stones

A precise description has been made on the main types of urinary stones, which account for more than
99% of the cases 101. In some particular conditions, though, other substances can form a urinary stone.

Ammonium Urate uroliths can be formed when an alkaline urine pH is combined with hyperuricosuria
and, usually, infection in the urinary tract. These conditions can favour the formation of such stones,
which are mainly seen in Asian countries, where they represent 0.7% of the cases 119.

Drug-related stones have also been detected. They include less than 1% of cases, and are divided into
crystallization of poorly soluble drugs or stones resulting from a side effect from the drug intake. Some
of the medicines listed here are: Indinavir (for the treatment of HIV patients), sulfonamides and some
silicates 120121.



1.3. Analysis of urinary stones

“I cannot forgo this opportunity to stress how undesirable it is for surgeons to seal up calculi in glass
phials without investigating their chemical properties”.

Such clear statement was written by Marcet back nearly 200 years ago 122. Fortunately, the analysis of
urinary stones has been the target of many scientific advances from that point. Clinical scientists have
developed a number of approaches for the analysis of stones, which allow two major goals. Firstly, the
characterization of the stone composition, needed for a correct metaphylaxis. Secondly, the description
of the lithogenesis process, which is required for the improvement of current treatments 123.

1.3.1. Chemical Analysis

The qualitative determination of the stone components using “wet chemistry” was the first
methodology to be reported, and was recommended already 150 years ago 124. This analysis has been
done up to date with little changes in laboratories worldwide.

Although simple to perform and with little equipment needs, Chemical Analysis (CA) shows two
important drawbacks: it is tedious and the results are highly non-specific.

CA is based on the dissolution of the stone and the identification of its ionic components by means of
simple reactions. The results can be verified without any specific instrument. CA can distinguish
between several types of lithiasis (as phosphate from uric acid, or calcium oxalate from struvite) 125.

However, the nature of the determinations makes impossible to determine, for instance, whether a
sample is made of COM or COD. As seen in Section 1.2.1., this is fundamental to determine a proper
diagnosis. Due to these limitations, actually less than 10% of clinical laboratories rely on CA for their
determinations 126.

1.3.2. IR Spectroscopy

Since the first use of IR Spectroscopy (IRS) for the characterization of uroliths on 1955, it has become the
general routine methodology in clinical laboratories. The robustness of the measurements, together
with the low cost of the analysis and wide availability, made IRS the reference technique for such
examinations 101 127.

IRS provides qualitative and quantitative information (usually as percentages of each component) on the
stone composition, by the interpretation of the IR spectra. The analysis of the measurements has
traditionally required an expert analyst to compare the measured spectrum to reference data, from
which such information can be gathered 128. Figure 1.23 plots typical spectra from COM and COD. Their
different features allow the identification of pure components and mixtures, by empirical comparison
between reference spectra and samples. Several molecular movements can be measured within the
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common scanned region (400-4000 cm™), including: O-H, P-O, C-O and N-H stretching, C=0 vibration or
P-O bending. These different tensions take place at a specific energy, particular for each type of
component, also distinguishing COM/COD or UAA/UAD 129.

(a)

(b)
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Wavenumber{cm '1)

Figure 1.23 Examples of stone IR spectra. a. COM, b. COD. As it can be seen, even chemically related substances can be well
distinguished. When stones are mixtures of components (which happens very often), the interpretation of the spectra
becomes more difficult 130.

Urinary stones have been traditionally analyzed by grinding the stone and preparing a pellet, by dilution
in KBr. During last decades, the use of ATR has extended, since it only requires a little fragment of the
stone to be placed in the spectrometer, making the process more time-efficient 131.

Although the quantification of the components has usually been made relying on the analyst
interpretation, some automatic quantification algorithms have been developed. These calculations are
fundamentally based on the ratio of intensities for different spectral bands or on the matching with
spectra libraries 132.

Advances on IRS features include the use of imaging techniques for the analysis of urinary stones 133.
The use of imaging for these applications is a main pillar in this Thesis, and is conveniently addressed in
Section 2.

1.3.3. Microscopy

The optical analysis of urinary stones has been used for the description of the stone components and
structure. This is the reason why this analysis is also known as morphoconstitutional analysis (MA). In
this case, stereoscopic microscopes are usually the tool for depicting the composition of the stones and
the interaction of the different phases, in order to describe the precise causes of the stone formation 44.



The main drawbacks of MA are both the need of a trained analyst to carefully describe the stone, and it
is time consuming 74. As seen in Figure 1.24, the analyst has no analytical hint other than the careful and
close visual and stereoscopic examination to the stone structure and interpretation of the observations.
Up to date, this analysis cannot be done automatically, although some approaches have been suggested,
as the described in Section 5.3. of this Thesis.

Besides these inconveniences, MA represents one of the best approaches to describe the lithogenesis
process. Although it cannot lead to a precise quantification of the stone, unless it is combined with IRS,
it allows the identification of structural features. This description has a tremendous power for the
description of the disease and, thus, for the definition of the best medical treatment 134.

Figure 1.24 Examples of stone views recorded using stereoscopic microscopy. a. COM (surface), b. UAA (internal view), c.
Mixed stone (CaOx and CAP, internal view). Pictures from self-built database.

Other techniques, generally used for the analysis of materials and surfaces, have also been considered
for the study of urinary stones. Especially, Scanning Electron Microscopy (SEM) has shown interesting
features for the careful analysis of these samples 44.

SEM images provide a close view of the stone structure, either surface or core. As seen in Figure 1.25,
the shape of the crystals that form the sample can be clearly determined. This information yields useful
hints for the study of lithogenesis processes, based on the crystal agglomeration patterns, existing
cavities and interfaces between different stone components.

As stated with MA, SEM requires a trained technician to interpret the images. However, SEM
microscopes are usually coupled to elemental analyzers that can perform an X-Ray scan on the surface
of the sample, yielding a signal that can uniquely identify some atoms. This X-Ray analysis, known as EDS
(Energy-Dispersive X-Ray Spectroscopy), stands as a useful tool for the complete identification of the
composition of the stone 135.

Due to availability of the equipment, related costs and time required for the sample analysis, SEM is far
from becoming a routine analysis technique, yet it has proven its suitability for advanced research in
urinary stones structure. i.e. it has been used for the study of papillary calcifications (related to papillary
COM calculi, described in Section 1.2.1.1.2. ) 86.
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Figure 1.25 Examples of SEM images. a. COM, compact structure formed by columnar crystals, b. UAD, the dehydration of
UAD into UAA creates a porous stone, c. BRU, long crystals create a solid stone with few cavities. Pictures from self-built
database.

1.3.4. X-Ray Diffraction

X-Ray Diffraction (XRD) takes advantage of the crystallization patterns of stone components. Since each
substance found in urinary stones has different lattice parameters and they have a well-defined
crystalline structure, XRD stands as a useful tool for the unique characterization of the stone structure. It
should also be considered, however, that the mixture of components can lead to overlapping bands that
make the interpretation more complex. Stone analysis by XRD is not as simple as that described for IRS.
The equipment requirements and sample preparation have allowed the latter to be set as reference 136.

The principles of XRD are based on radiation scattering by the atoms in a lattice, which occurs at
different angles depending on the lattice parameters. This phenomenon follows Bragg’s law. The
measurement of the scattering intensity at different angles can be related to lattice parameters, and so,
to stone crystal composition 137. Figure 1.26 shows the typical result for a stone analysis using XRD.
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Figure 1.26 Example of diffractogram of a COM urinary stone 138.

1.3.5. Methodologies overview

The described techniques in this Section represent the most relevant approaches for the analysis of
urinary stones taking into account the degree at which they are generally used. Each of them presents
different advantages and drawbacks based on their availability, ease of use and benefit of the results. A



comparison of the basic performance features is shown in Table 1.12. From this information, it can be
gathered that the relevance for the routine analysis of each methodology is really diverging.

Table 1.12 Performance overview of urinary stones classification techniques.

Chemical IR Microscopic X-Ray
Feature
Analy5|s Spectroscopy LMEIVES Diffraction

Component identification v 4
Chemical form identification x v v v
Component quantification x v v v
Location of components in the stone % x v x
Classification according to formation < v Vv v
causes

stone (descrintion of the disorcer) * d *
Trained technician needed x v v v
Cost € € €€€ €€
Analysis time P 3 PPPY 33

_\/‘/ Stands for an enhanced description of the disease, available only with this technique.
'Chemical analysis refers here to commercially available kits that do not require full knowledge in lithiasis.

IR Spectroscopy considers the analysis (by pellets or ATR) and spectral interpretation, not including data analysis software.

In addition to the presented methodologies, other spectroscopic alternatives have also been used for
stone classification.

Some publications point out that Raman Spectroscopy is also a suitable alternative for the classification
purposes. The works conducted in this field have been fundamentally focused on research; Raman
Spectroscopy offers similar results to those obtained by IRS, and the medical community is already used
to work with this type of data 139.

In addition, highly specific results have been achieved using synchrotron radiation. Published research
works highlight the usefulness of synchrotron radiation for the precise study of the formation
mechanisms of urinary stones, as well as the role of some metals in the stone structure 140 141.

This Thesis itself also poses some examples on new optical applications for the analysis and classification
of urinary stones, properly described in Section 2.

Some of the described methodologies might not become part of routine analysis (especially those based
on synchrotron radiation techniques), but they clearly point out that the study of lithogenesis through
stone analysis is of major importance for the correct understanding and treatment of the disease.
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1.4. Medical management of urinary stones

Renal calculi have been afflicting humans for all their history, but it was not until the very beginnings of
the 20th century when Kelling performed the first laparoscopy procedure on a urinary stone patient.
From that waking-up point on, several advances hit the urology operation rooms, but the suggested
methods were usually based on aggressive surgical treatments. Not only stone treatment, but also stone
detection techniques were presented. Urinary stones were progressively earlier detected, by means of
X-Rays 142.

On the other hand, clinical scientists have devoted much effort to the study of the causes of stones, as
well as the development of models to offer a proper treatment of the disease. Therefore, a number of
drugs have been suggested for the care of stone patients. This is generally known as urinary stone
metaphylaxis, namely, the non-surgical treatment of stones.

Urology is a notably surgical branch of medicine, so physicians pay generally little attention to the
scientific description of the disease and focus their treatment on the surgical face. Therefore, a brief
description of the main techniques for stone management in hospitals, as well as the general
metaphylaxis treatments will be done.

1.4.1. Surgical management of urinary stones

In regard to the surgical approach for treating urinary stones, little discussion can be posed; the major
advance in this field was developed in 1972 by Chaussey and Eisenberger in Munich. This innovation was
actually an ultrasonic device that could break down the stones inside the kidney without entering the
patient’s body, so no (or little) bleeding was caused. The invention, which would be later known as
“lithotripter”, was born to give shape to the nowadays most widespread technique for the surgical
management of urinary stones: Extracorporeal Shock Wave Lithotripsy, mostly referred to as ESWL 143
144,

The surgical management of urinary stones is often needed, for those cases in which the size and/or the
location of the stone make its spontaneous passage unlikely. According to statistical data, some general
considerations for the stone passage without using any technique described in this Section can be
contemplated (see Table 1.13) 145.

As already stated, ESWL entailed a breath of fresh air for physicians already a few decades ago. The first
trial with real patients took place back in 1980, using a Dornier HM1 machine 143. The commercial
model Dornier HM3, commercialized shortly after, was considered nearly a revolution in the field. This
machine was also known as the bath (see Figure 1.27), because the patient had to be introduced in a big
water bath in order to be treated 146.



Table 1.13 Likelihood of spontaneous stone passage 145.

Likelihood of spontaneous

stone passage (%)

>6 mm
4-6 mm 60
<4 mm 90

Upper ureter, >6 mm 1
Upper ureter, <4 mm 81
Lower ureter, <4 mm 93

Despite its peculiar operation way, it rapidly showed its numerous advantages compared to the
traditional, more aggressive surgeries performed up to that date. ESWL is currently the technique of
choice for the treatment of more than 50% of urinary stones 147.

Figure 1.27 Image of the first commercially available lithotripter, Dornier MH3. Image from Dornier website 148. Of course,
lithotripters have greatly evolved in terms of simplicity (they don’t use a water bath any longer) and efficacy.

In brief, the mechanisms of stone fragmentation in ESWL rely on physical processes, whereby a stone is
broken when stress, coming from a shock wave, is directly applied on it. The initial fragmentation takes
place at a stone location where the force applied exceeds a given value, directly depending on the stone
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type. Afterwards, the fragmentation continues due to coalescence and charge/discharge iterations of
the applied pulses 149 150. A single ESWL treatment lasts around one hour, while the small fragments
will need more time to be expelled, typically 30 to 50 days 151. ESWL appears to have little side effects
and very few contraindications; actually, its use is non-recommended only on pregnant women due to
the use of shock wave and X-Ray. As a result, the use of ESWL has been widely extended to stones
between 4mm and 2 cm. Smaller calculi are naturally expelled, while those of higher dimensions require
more drastic surgery 12 152.

As it can be gathered, ESWL does show advantages for the stone treatment. However, what was initially
believed to be the non-invasive panacea for the treatment of stones has also some drawbacks to
consider. While very useful for the treatment of already existing stones, ESWL poses no options
whatsoever for the further metaphylaxis of the disease and the prevention of other stone episodes. As a
matter of fact, when the patient is subjected to ESWL, the stone episode might not come to its end, due
to the formation of the so called “Steinstrasse” (German for “Stone Street”) 153. This term refers to the
little stone fragments from a broken stone that remain in the urinary tract for a long time, without being
expelled. Their importance relies on the fact that they could become a seed for the formation of new
stones, which would require further treatment. The overall stone-free rate three months after
undergoing an ESWL session has been quantified around 60% of the patients 154.

Percutaneous Nephrolithotomy, also abbreviated as PCNL, has been usually considered as the first-line
surgical treatment for big stones; that is to say, stones >20mm. Indeed, a combination of PCNL and
ESWL is often used for the stone passage, because it increases the stone-free rate to 70-95%. However,
PCNL is a much more invasive procedure and causes a greater morbidity on the patient 155 156. It was
first used in the 1970s, but it rapidly became the technique of choice for managing big stones, even
when ESWL was already available.

PCNL requires piercing the skin, since the stone is removed from the body using a tube. A previous step
of ESWL is often needed. According to the nature of the technique, it generally involves general
anesthesia, but is the alternative to choose when ESWL is not recommended. An evolution of PCNL,
mini-PCNL, is being developed, and is likely to replace PCNL, since it needs smaller tools, so the bleeding
and pain for the patient decrease notably 157.

This technique was born two decades ago, as a less invasive approach for urinary stone removal,
compared to PCNL. URS became much more useful when flexible instruments came into play 158 159.
These days, URS is the second option for medium stones (stones between 10 and 20 mm), although it is
gaining importance due to good performance of modern devices. The main advantages are the
possibility of actually seeing the inside of the urinary tract, using a camera, and the possibility of
performing the surgery accessing the stone with no skin perforation and small bleeding.



URS consists in the introduction of a flexible tube through the ureter upwards, until the position where
the stone lies is reached. Modern instruments allow reaching the upper urinary tract, so most stones
can be reached. In addition, stones can also be pulverized using laser instrumentation, which leads to an
overall stone-free rate of 90% 160.

1.4.2. Metaphylaxis of urinary stones

The understanding of the mechanisms whereby stones are formed has strongly drawn the attention of
scientists from many disciplines. The non-medical community has especially focused their efforts on the
attack of those causes which can be regulated if a proper metaphylaxis is applied. In fact, the removal of
the stone is only one step on the treatment of urinary lithiasis; special attention has to be paid on the
follow-up of the patient conditions in order to decrease the high recidivism rate described for this
disease. Some works have defined the bases for a proper metaphylaxis of stones22 161, so the common
points will be highlighted here.

Owing to the complexity of urine matrix and the particular situation for each patient, the physician may
consider a full urine analysis for determining the most suitable treatment for the patient. As a general
approach, Table 1.14 lists some of the values which can be considered as the limit for a healthy patient.
Once this limit has been exceeded, medical treatment should be considered.

Table 1.14 Limit values in urine (24 hour collection) for considering the initiation of medical treatment, due to high stone
formation risk 78. Values expressed as total amount in 24 hour urine samples.

Parameter Value Parameter Value

<5.8 or >6. 8 Oxalate >0.5 mmol, 45 mg
Den5|ty >1.010 g- cm® Phosphate >35 mmol, 1085 mg
Diuresis <2.0L Magnesium <3.0 mmol, 80 mg
Calcium >5.0 mmol, 200 mg; >8.0 mmol, | Creatinine Male: <7 or >13 mmol
320 mg (hypercalciuria) <0.8 or >1.5mg

Female: <130r >18 mmol
<1.50r>2.0mg
Uric Acid >4.0 mmol, 672 mg Ammonium >50 mmol, 850 mg

Citrate <2.5 mmol, 481 mg Cystine >0.8 mmol 192 mg

The parameters listed in Table 1.14 refer to a general, unspecific diagnosis of urinary lithiasis. The
interpretation of a single value is not definitive, due to the multiple interactions that might take place. In
addition, not only total amounts (for 24 hours) should be considered, but also concentration values
(related to total volume). Indeed, the complete risk assessment is generally calculated by including main
urine components, as described in Section 1.1.7.

Once the physician has a clear hint of the existence of a urinary stone, some trends can be considered
for each type of stone, so the general type can be identified when the calculi remains in the kidney, as
indicated in Table 1.15Error! Reference source not found.. The observations listed cannot provide
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complete and precise information (the stone analysis is required), but they are useful for a first
approach for the main groups of stones.

Table 1.15 General parameters for a rapid identification of urinary stone type 78. The signs 1 and {, refer to higher and
lower, respectively, to the amounts listed in Table 1.14.

Urine pH <6.0
Uric Acid Uric acid excretion
Uric acid level in blood
Urine pH normal or low (<6.5)
Calcium excretion
Citrate excretion {,
Uric acid excretion P
Oxalate excretion P
Magnesium excretion
Calcium excretion P
Phosphate excretion 1
Calcium phosphate Urine pH persistently >6.5 (CAP)
Urine pH persistently <6.0 (BRU)
Calcium level in blood
Urine pH >7 (sign of infection)

Calcium oxalate

Struvite Ammonium excretion T
Citrate excretion |
Cystine Cystine excretion

The most difficult point to modify is, without a doubt, the diet. This involves also changes in the
patient’s lifestyle, and this is hard to achieve. However, some general indications have been described.

The first factor pointed out by all the studies is the attention on fluid intake. As already stated, liquids
intake does directly decrease the stone formation risk, through the dilution of all the species in urine,
provided the selected drink is not one with a high oxalate content, such as tea. Fortunately, this is an
easy factor to control and is also accessible to the general population.

A factor with a capital importance in the stone formation process is urinary pH 20 162. The control of
this parameter is, however, not so straight-forward, and requires either changes in lifestyle and diet or
the intake of some specific drugs. Urine pH is strongly influenced by protein intake, being animal
proteins an important cause of acidic urine. Still, the protein intake is only a factor in a more general and
relevant parameter: the Net Acid Excretion (NAE). This value accounts for the “free” protons in urine
and it depends on the concentrations of the major species which can release protons in urine. The NAE
is calculated as displayed in Equation 1.5 22, and it can be used for the estimation of the overall stone
formation risk, as well as for the diagnostics of certain kidney malfunctions 163.



Equation 1.5 Calculation of the NAE value. “Titratable H™ accounts for titrated protons from original pH value until pH 7.4.
This includes free protons and other protons that could be bound to other species and be released in an acid/base reaction
(titration), excluding ammonia and hydrogencarbonate. Note that this definition is specific for nephrology, but it is useful for
determining the acid-base status 164.

NAE = titratable H* + [NH}] — [HCO3]

Calcium plays, of course, a relevant role in stone formation. An important part of the stones are made
out of calcium salts, yet its relation to dietary calcium is delicate. Hypercalciuria is dependent not only in
calcium intake, but also in oxalate consumption, since the latter acts as a regulator of the former in
terms of free ion. As tricky as it may seem, a reduced calcium intake has been related with an increased
lithiasic risk, due to the calcium-oxalate close relation. Low calcium intake is associated with higher
oxalate absorption, and increased CaOx stone formation risk. This issue is conveniently addressed in
Section 4.1. Therefore, it is recommended to stone formers to keep normal calcium intake, within the
range 1000-1200 mg/day 165.

Oxalate, which is considered to have the strongest influence among calcium oxalate stones promoters, is
naturally produced in the human body as a by-product of ascorbic acid metabolism 166 167. However,
the levels of this metabolite in body fluids, also in urine, are not only a function of internal production,
but strongly dependent on diet. Intestinal oxalate hyperabsorption (enteric hyperoxaluria), stressed by a
high oxalate intake, is a key factor in this disease 168. Even when fat malabsorption arises, non-absorbed
fatty acids bind to free calcium, so the availability of oxalate to be absorbed increases 169. A general
advice for calcium oxalate stone formers is to reduce oxalate intake.

While stone formation promoters get usually much of the attention of clinical scientists, the effects of
the crystallization inhibitors must not be overseen. This important, heterogeneous group of molecules,
introduced in Section 1.1.6.2. , is usually in charge of drawing the complex line between metastability
and precipitation. The part of the crystallization process that they have effect on, as well as the precise
mechanism of action is clearly divergent. Any specific diet should consider the type of stone the patient
suffers. In addition, it should include the most suitable of the inhibitors described in Section 1.1.6.2.

The knowledge available on the influence of dietetic parameters on the development of the stone
disease has allowed the formulation of some specific medications, focused on a single type of calculi,
more than a general modification of urine. Details concerning particular precipitation conditions and
factors affecting each composition of urinary stones have been discussed in Sections 1.1.6. and 1.4.2.1.

As deduced from Error! Not a valid bookmark self-reference., the classification of the stone is a basic
point to assign a correct medication to the patient. However, physicians have often accepted potassium
citrate as a “one-solution-fits-all”, and have recommended it to every stone patient. Indeed, some
manufacturers that commercialize this drug do announce it as the key product, which may solve all the
stones at once. Not only is this statement highly imprecise, but also it leaves aside the wide research on
urinary stones formation carried out.
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Table 1.16 Relation of main drugs recommended for each group of stone formers, according to the etiology of their stones 22.

Potassium citrate 9-12g Adjustment of the pH buffering capacity at the alkaline region and Ca
or ion complexation (only citrate).For patients with a high uric acid
Sodium bicarbonate 45g production, low dietary acid tolerance or high oxalate production.

Stone types: UA, CaOx

Hydrochlorothiazide 25-50 mg Correction of hypercalciuria that cannot be corrected by dietary advice
Stone types: Calcium salts

Magnesium salts 200-400 mg Correction of hyperoxaluria. Excluded patients with renal insufficiency
Stone types: CaOx

Pyridoxine 5-20 mg/kg Correction of hyperoxaluria when it does not respond to restriction of
dietary calcium and oxalate
Stone types: CaOx

L-Methionine 600-1500 mg Correction of alkaline urinary pH
Stone types: Phosphates

Allopurinol 100-300 mg Correction of hyperuricosuria when not solved by action on the diet.
Patients with overweight or enzymatic disorders.
Stone types: UA

Some attempts to the dissolution of the stone while it is still in the body have been made, in order to
avoid surgical procedures for the patient. The main studies in this field have been done on CaOx and UA
stones.

It has been reported that the dissolution of calcium oxalate stones could be possible by means of citrate.
In a study performed on in vitro artificial solutions, the addition of a high concentration of citrate could
actually dissolve existing CaOx crystals 170. However, this treatment has not been applied as therapy
yet. The studies have been only performed with in vitro solutions, which is a clearly different
environment as urine. In vivo tests should be made to clearly confirm the power of this possible
treatment. So far, the administration of citrate to patients has not lead to dissolution of any CaOx stone.

On the contrary, UA stones can be dissolved when they are still in the body 78. The goal is to keep a
urine pH around 7, for enough time for the stone to disappear, while sinking UA excretion through diet
restrictions (as described in Section 1.2.4.1. ).

Figure 1.28 shows an estimation of the solubilization of uric acid. According to this information, the
adequate treatment of uric acid stones can prevent the patient from suffering the undesired renal colic.
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Figure 1.28 Influence of UA concentration and pH in the solubility of UA stones 78.

As already indicated, modifying patients’ diet or, eventually, make them adhere to a long-term
medication, is a challenging work. Besides, urinary stone disease has an added problem: patients tend to
adhere to the recommendations and treatments as long as the memories from the last renal colic last. In
other words, the most difficult issue consists actually on making the patient play by the rules for enough
time not to end in another stone episode. It has been estimated that only 15-40% of urinary stone
patients follow a long-term medication and lifestyle change 21 171.

In essence, the knowledge on diet, lifestyle and possible treatments has to be put closer to the patient,
so that the compliance rate increases and the recidivism rate can be, in a great extent, defeated. In this
sense, some interesting initiatives have already been developed, as e-tools that offer to the patients the
information they need on-line 172.

Every step taken in this direction shall help fight the disease and make its tremendous socioeconomic
consequences shrink. More information on this point is provided in Section 1.5.

1.5. Socioeconomic impact of urinary stone disease

The incidence of urinary lithiasis is far from decrease in developed countries, as already indicated. Not
only stands this statement as a factor against the health and quality of life of the potential patients, but
also represents a tremendous economic challenge for all the healthcare institutions. The medical
community is in charge of showing their patients basic guidelines to avoid further lithiasic episodes, but
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also of treating them whenever a further stone is formed. While the outcome of the former situation is
pretty difficult to quantify, the costs associated to the latter are measurable 173. Despite the
importance of quantifying the economic impact of the disease, only a few studies have been done in this
regard.”

Already back in the early 1990s, the budget for treating urolithiasis in the USA was around $1.8
billion/year; by 2000 these costs had already increased up to $2.1 billion/year 174. Since the prevalence
of urinary lithiasis keeps increasing, the economic burden on the public health organizations becomes
greater. More recent data (year 2012) has estimated the cost of treating urolithiasis related patients in
France (approx. 65 million inhabitants) in €590 million. This amount could be reduced by €273 million if
patients are conveniently treated 175. These big numbers are basically based on the costs associated to
the regular treatment options available for the stone handling. Among those, the most important are, as
described before, ESWL, PCNL and URS. Several works have been focused on the analysis of the cost
associated to such techniques.

The values listed in Table 1.17 result from the average cost of the different approaches used for the
stone treatment. Note that the German case reflects also the percentage of patients who required
hospitalization. These amounts, together with the high prevalence of stone episodes, highlight the
magnitude of the stone disease, in terms of clinical budget.

Table 1.17. Associated costs to surgical treatment of stones (amounts per patient and episode) in some countries (values
calculated per single patient and lithiasic episode).

2500 2005 Saigal et. al. 174
2900 Sweden 1991 Grabe 176

3520 UK 2002 Chandhoke 177
5900 Germany 1997 Strohmaier 178

Indeed, the extent on which urinary lithiasis affects the economic aspects in the society is not only the
management of the stone itself, but also the hospitalization period and temporary medical leaves. Note
that only in the USA, for the period 2006-2009, more than 3.5 million patients visited the ER due to a
nephritic colic episode 179, which corresponds to 278 ER visits per 100000 inhabitants. Statistically, 68-
75% of the stone patients require hospitalization 178, a parameter that radically affects the general
costs for a single episode treatment, as seen in Table 1.17. Getting back to the value of $2.1 billion for
treating urolithiasis in year 2000 in the USA, this cost was divided as: $971 million for impatient care,
$607 million for attention at physician offices and $490 million for treatment at the ER 180.

Naturally, the medical community is aware of such statistics and the implications they have on Urology
services budget and waiting lists. Because of this, doctors relied on ESWL as a powerful tool for the

ii Note that, due to the scarce number of publications particularly focused on this topic, statistic data is extrapolated from the
USA to Europe. The similarities of epidemiological data for both regions make them comparable.



management of urinary stones and the decrease of stones relapse rate. However, ESWL does not offer
any treatment options for the patient to avoid further stone episodes, because it only acts when the
stone has already been formed. When the technique was firstly introduced in hospitals, it was supposed
to help reducing medical costs. As a German study showed, though, from its implementation to 1986
the costs associated to surgical stone management had increased as of €21 million 181. Logically, ESWL
equipment has evolved in order to alleviate the side effects inherent to the technique, but still, many of
them have not been overcome yet 149. It is clear, thus, that treating the stone once is has been formed
is not enough to really fight this disorder.

This is the scenario where metabolic evaluation and metaphylaxis (medical treatment) have a major role
in. Some studies have dug into this point, revealing and quantifying the effects of treating stones
according to a metabolic study performed for each patient 182. A metabolic study of the patient,
including the 24-h urine analysis as well as the study of the expelled urinary stone has been estimated to
cost €250-350 per patient 183, whereas the appraisal for a personalized drug treatment lies on the
range €13-130, which represents a rather modest amount of money for hospital budgets 184. These
figures can only gain sense if their effect is measured according to the benefits, in terms of reduction of
recidivism rates they might have. In this concert, a study has already proven that the correct application
of metabolic evaluation and stone analysis, together with the supply of a personalized treatment can
decrease repeating stone episodes as much as 46% 185.

Of course, the implementation of such a system is actually an investment for any health system.
However, a German study faced these calculations, including the above-mentioned measures, and the
output was potential annual savings for the healthcare organizations of €170 million 173. While the
amount may be questionable, the direction of the best approach for the management of stones is clear.

Not to forget is the off work period each stone patient experiences because the disease. In Europe, most
of hospitalized stone patients took an off work period of 14 days 174. In the USA though, where law
does not favor employees in that extent, only an average of 5 days was recorded for the same patient
group 186. Attending to the age in which the prevalence of urolithiasis is more common, 30 to 60 years,
this point becomes definitely relevant. Whilst this aspect does not directly influence the medical costs
related to urinary lithiasis, it does have an important impact in the general socioeconomic aspects of the
disease.

The bibliography published so far lacks a systematic methodology for the precise calculation of the
associated costs to urinary lithiasis. The number of parameters to consider for a general scheme is
definitely large, and their relation is complex; each country has its own health system and it depends on
many external factors. This Thesis is not especially centered on the economics related to urinary stones.
Nonetheless, the numbers and information cited here help to draw a general picture of urinary stones as
a socioeconomic problem. This intricate picture demands a multiple approach solution, which
encompass all the roles in this big portrait, from the patient to the hospital management, including
scientists from diverse fields.
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1.6. Objectives

The previous Sections have illustrated a general picture of urinary lithiasis and many related aspects that
show different relations to urinary stones. This complex, global description embraces the scientific and
practical faces of the topic. Urinary lithiasis is not a solved problem; on the contrary, the incidence is
increasing and the correct management of the disease demands wider knowledge and new alternatives.

The general objective of this Thesis is to bridge the existent gaps in urolithiasis knowledge, providing
novel fundamental and applied solutions that support physicians in their task and lead the management
of this disease towards more efficient treatments. The ultimate goal is to improve the quality of life of
stone patients.

This Dissertation aims to reach the defined objective through the application of chemical speciation on
the analysis of solid and liquid samples for the study of lithogenesis. This global goal has been the
scientific horizon in different fields of study, each of them including some specific steps: 1. Urinary
stones analysis and classification, 2. Nanoparticles in urine and 3. Study of crystallization promoters.

1. Urinary stones analysis and classification

i. Use of high resolution spectroscopy for the analysis of urinary stones, to determine
lithogenesis features.

ii. Develop new analysis methodologies that overcome limitations found in the existing ones,
especially in terms of dependence from the analyst.

iii. Apply multivariate and chemometric data analysis techniques to exploit the measured data
in a greater extent.

iv. Test the developed methodologies against existing, reference techniques to prove their
suitability.

v. Design a medical device for urinary stones analysis and test it comparing to reference
techniques.

vi. Analyze the commercialization potential of the device.
2. Nanoparticles in urine
i. Quantify the concentration of nanoparticles in urine.

ii. Assess the particle size distribution and the differences found between CaOx stone patients
and healthy controls.



3. Study of crystallization promoters

i. Quantify the amount of oxalate in plant extracts used as drugs or nutritional supplements
and assess their potential risk for CaOx stone patients.

ii. Determine the concentration of some major components in chocolates and its importance
to urinary lithiasis.

iii. Use multivariate data analysis techniques for the identification of groups of samples based
on their potential risk for CaOx stone patients.

iv. Assess the relevance of oxalate absorption in the digestive tract using isotopic labelling.
In addition, transversal objectives support the scientific individual goals described above:
1. Work within multidisciplinary collaborative teams that bind different fields of expertise.

2. Apply the basis of knowledge transfer to the scientific developments accomplished. This includes
giving priority to intellectual property and pushing basic into applied research.

3. Search for public funding to achieve the scientific objectives.
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2.1. Introduction to Image Analysis techniques

2.1.1. Hyperspectral Imaging

Originally designed for cartographic and satellite applications several decades ago, Hyperspectral
Imaging (HSI) has arisen as a technique able to give a vast amount of information in any of the fields it
has been implemented 187. Since HSI jumped from its initial purposes into the chemical analysis, an
ever-increasing number of disciplines are using this technique for their own interests, being the
pharmaceutical field the one which first used HSI advantages 188.

HSI is essentially the result of combining a digital camera and a spectrometer, that is, a complete
spectrum is recorded for every single pixel of the image. This data is organized as a hyperspectral cube, a
three-dimensional set of information consisting of two spatial and one spectral dimensions. This unique
feature places the technique as an excellent alternative to traditional spectroscopic methods, for the
study of any sample where the spatial characterization is a basic target. The definition of HSI leads to the
fact that the amount of information to be handled from a single sample is large enough to require
multivariate data analysis techniques for its proper and most advantageous interpretation.
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Figure 2.1 Scheme of the typical disposition of a HSI device. All the components can be adapted to specific applications.
Every part but the translation motor is necessary in any HSI system 192.

Indeed, it would be hard to think of chemical analysis of hyperspectral images unless Chemometrics had
taken over the interpretation of such data. It is worth to make clear that HSI is useful only for the
analysis of 2D surfaces. It is possible, though, to identify different components on a surface based on



relevant spectroscopic features. Therefore, the mapping of any sample, regardless its origin, can be
done 189 190 191. The variability of applications (samples, environments and type of spectroscopy) has
made HSI devices to be particularly designed for each user. Figure 2.1 shows the general scheme that is
shared by most HSI devices.

The analysis entity, the hyperspectral cube, is a complex array of data, which can be unfolded for its
study, as pictured in Figure 2.2. According to this Figure, the whole set of data is represented by matrix
D (three-dimensional), which has two spatial dimensions (x and y), and a third, spectral dimension,
including all the wavelengths measured. The matrix C (Concentrations) has two spatial dimensions and
only one value of spectroscopic signal for each point. This matrix allows the representation of the signal
of the whole surface for a given wavelength. The matrix C can be represented A times, one for each of
the A wavelengths recorded. Matrix " contains the spectroscopic data: the signal n for each of the
wavelengths measured (absorbance, transmittance, etc.). The product of both matrices allows, when
the residual (error) matrix E is added, the reconstruction of the hyperspectral cube 191 193.
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Figure 2.2 Unfolding of the hyperspectral cube into its two-dimensional components 193. This example is the previous step
before multivariate quantification algorithms are used. It has been chosen as example because it clearly depicts the
organization of the data.

As deduced from the configuration displayed in Figure 2.1, reflectance spectra are generally measured.
Reflectance spectra are simple to measure, they do not depend on the particle size and the
measurements become robust. The only requirement for recording the spectra is a flat surface, since it
maximizes the signal to noise ratio, due to lower reflected signal loss 194. Some different approaches
have been used for recording HSI data and creating the hyperspectral cube 191. An example of
configuration is provided in Figure 2.3. The three most common configurations for recording mapping
spectra are described here. The use of any of them will depend on time restrictions, resolution needed
and field of application (research, industry...).

Point mapping. In this configuration, a spectrum is recorded for a single point in the sample, then the
holder is moved and the next point is measured. Point mapping leads to slower measurements than



other techniques (although some Raman ultra-fast devices measure 1 point/ms). Naturally, they present
a high spectral quality. This measurement configuration has been used for the measurements described
in Section 2.4.

Line mapping. It is also known as the push-broom configuration. Similarly to the point mapping, the
measurements are done by moving the sample, but in this case a whole line of pixels is recorded, so the
sample moves in a single direction. It is much faster than point mapping. The works presented in
Sections 2.2. and 2.3. are based on such configuration.

Global imaging. The last approach is the illumination of the sample for the measurement of the spectra
of the whole surface at the same time. While very fast, the limit of this configuration is set by the pixel
size, which might challenge the definition of the image.

a) Point mapping b} Line mapping c) Global imaging
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Figure 2.3 Scheme of the different types of configurations for a HSI device. In point mapping configuration, the sample is
moved in x and y axes. Line mapping requires a line spectrograph and only one direction of movement for the sample. Global
mapping needs no movement at all, but a pixel-array spectrograph. The arrows denote the scanned axis in each possibility
(x, y: motor movement; A: monocromator sweep) 195.

HSl is a versatile technique, which has been coupled to several types of spectroscopy (Raman, IR, Visible,
Near Infrared, X-ray...) 188. Some important applications of HSI demand the analysis of solid surfaces
with a high measurement speed. As discussed in further Sections, this work has used Near Infrared
Spectroscopy (NIRS) and IRS, since they show interesting features for the analysis of urinary stones. As
stated in Section 1.3.2., IRS has been widely used for this purpose. Although not that common, some
other works have also tested NIRS for the determination of stone composition 196. These two sorts of
vibrational spectroscopy stand as the most common ones coupled to HSI, due to the diversity of
molecules that can be analyzed within the energy range they are defined by.

Other technically complex set-ups have been defined, such as the use of synchrotron radiation as the
energy source 197 198. In this case, although the principles of the technique are the same, the analysis
becomes more difficult. Firstly, the number of synchrotron facilities worldwide is reduced. Secondly, the
sample pretreatment is much more laborious than that for conventional HSI (in this case the sample



must be polished to achieve a perfect flatness). Nevertheless, the results of this energy source are
excellent, when the aim of the experiment is to improve the spatial resolution of the beam. The signal to
noise ratio of synchrotron HSI microscopes is around 100 times greater than those achieved with
conventional detectors 199. The benefits of using synchrotron radiation are illustrated in Figure 2.4. An
application based on this coupling is described in Section 2.4.
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Figure 2.4 a. Beam intensity through a scan of beam apertures for globar and synchrotron radiation sources. b. The higher
brilliance allows a better S/N ratio for small spot sizes 200.

Hyperspectral images were initially analyzed by means of the so called “first-order statistics”, such as
grayscale or RGB color images or even histograms analysis. However, the use of some more complex,
multivariate chemometric techniques is required for a total exploitation of the measurements,
procedures also known as Multivariate Image Analysis (MIA) 188. MIA serves mainly for the analysis of
images with multiple target compounds in every pixel.

Obviously, such a complex data treatment makes the analysis much more intricate, since the newly
defined dataset does not have a simple, straightforward interpretation. Despite this added complexity in
the analysis, the understanding of the nature of the samples lays in a much deeper level. This clearly
remarks the convenience for the utilization of these techniques, usually linked to the use of more
powerful software 201.

2.1.2. Data analysis techniques

The variety of MIA techniques available allows choosing the best fit for the specific goal in each analysis.
Quantitative analysis of pixels demands different techniques as the classification of samples into classes.
Several analysis methodologies have been used in this work, to adapt them to the required output in
each case. An outline on their principles and applications is given in this Section.



Factor Analysis (FA) is a powerful multivariate analysis algorithm, generally used for the reduction of the
variables that define a multiparametric dataset. The goal of FA is to find the “latent” variables (known as
“factors”), which can describe the variance of the data, not including the error. This technique is based
on variables correlation. All the real variables that show an important degree of correlation can be
expressed as a single factor, thus reducing the dimensionality of the system 202 203.

FA makes possible to distinguish the number of pure components in a data matrix that includes several
constituents. It can be used for screening the possibility of a priori identifying chemical substances, since
factors potentially bear chemical meaning.

This data analysis algorithm creates a new equations matrix that can describe the dataset with the most
relevant real variables. The matrix rank (number of linearly independent lines) equals the number of
factors needed to reproduce the system. Each factor describes a percentage of variance in the dataset.
From the highest to lowest percentage, factors are assigned a value (eigenvalue), which can be used for
weighting the factor 204.

Some theories have been described for selecting the number of factors considered as descriptors of the
model. Traditionally, only factors with an associated eigenvalue 21 have been considered. Other criteria,
based on error calculations might be considered, since they adapt better for different cases 205.

One of the leading multivariate analysis techniques is Principal Component Analysis (PCA). It helps to
reduce the dimensionality of the system, while keeping the most relevant information and decreasing
noise. In other words, PCA is able to undercover information that might be underlying in raw
multivariate data 206. PCA can be considered as a transformation of the real variables into a new
coordinates system. These new coordinates are linear combinations of real variables (in this work,
wavelengths). These units are named Principal Components (PC). Each PC is, therefore, the result of
different weights for each real variable. The weight of each variable is called loading. Each PC has the
particularity of being orthogonal to the others that form the coordinates system. Logically, samples
receive a new value for the new variables. This new values are called scores. Taking Figure 2.2 as a
reference, matrix C would be considered as the loadings matrix; it has as many columns as the real data
(as many wavelengths). The matrix S” is the set of data that contains the values for each point and each
loading; it is the scores matrix 207.

This organization of the data allows a direct identification of the most representative variables in the
system. As many PCs as desired can be calculated for a system. The first PC always explains a greater
part of the variance of the system than the second, and so on. Each system can usually be described by
as many PCs as different groups (chemical components) form the data set. Likewise, the loading for each
real variable in a PC is different, so the variable with a higher influence on a PC can be rapidly identified.



Logically, the highest loadings for the first PCs stand for the most important variables in the set. Last PCs
(the number should be specifically determined for every data set) are usually noise, and provide little, if
any, information.

Although FA and PCA share some characteristics, a basic difference separates them. While FA has the
goal of explaining the correlation between variables to express those variables as fewer latent items
(dimensions), PCA tends to create new variables for explaining as much variance of the data as possible.
In other words, FA is focused on variables, while PCA takes all the data 203 208.

Artificial Neural Networks (ANN) are considered a sophisticated and powerful computational tool that
solves analytical problems by learning from real cases. It is a supervised data analysis technique. The
main feature of ANN is based on its learning algorithm, which imitates the learning process in the brain.
The algorithm learns from examples as an iterative process, and creates internal relations between
parameters based on experience 209.

An ANN is a computational model formed from a certain number of single units, artificial neurons or
nodes, connected with coefficients (weights), which constitute the neural structure. A number of
structures for ANN have been described in literature. This work has used a simple structure, which
allows faster calculations, based on three layers: input, hidden layer and output (see Figure 2.5). The
input layer receives the information to classify; no calculation is performed at this level. The hidden
layer processes the information initiated at the input. The number and weights of the connections of the
hidden layer with the other items is defined during the model training. The output layer is the
observable response, the classification results 210.

The optimization of the ANN has been performed in this work by minimizing the root means square
error (RMS) that stands as a measure of the overall error for all the samples 211.

Hidden layer

Figure 2.5 Example of ANN structure. The input corresponds to the entered data; the output is the result, as a single variable
or as many separated values. The hidden layer can contain variable number of nodes, usually connected to all the other
elements in the system. Various hidden layers can also be defined.



This Section presents two imaging works based on the same samples and technique (HSI-NIR), with the
aim of offering an automatic classification of urinary stones based on their chemical composition and
structure. They can be regarded as two diverging ways of analysis of the same hypercube. Not only the
number of possibilities of measuring the hypercube is large; the interpretation of the data can also be
done using a number of chemometric techniques. Each approach requires a given data processing,
which leads to different information.

In this case, a new methodology for the classification of urinary stones was developed using a NIR
Imaging Spectrometer. The results were compared to the most common stone analysis techniques:
Microscopic Analysis (MA) and IR Spectroscopy (IRS). For the comparison with each of these
methodologies, the most suitable data analysis procedure was selected. MA classifies the stone into
groups, according to composition and distribution of components, so the hypercube was divided into
regions, which yielded also a group classification (Section 2.2. ). On the contrary, IRS allows the
calculation of concentration of components, so a quantification of pixels was performed in the second
case, as described in Section 2.3.

In addition, a third set of measurements was done, in this case using IR microspectroscopy. The
measurement of urinary stones by means of IR microspectroscopy provides a tremendously high
resolution. This allows the undercover of structural properties that remain hidden when traditional IRS
measurements are performed. These results, properly described in Section 2.4. , are also complemented
by the use of synchrotron radiation as radiation source. The advantages of such configuration are made
clear in the mentioned Section.

2.2. NIR-Hyperspectral Imaging: Artificial Neural
Networks

The work described in this Section was performed in collaboration with the Dipartimento Ingegneria
Chimica Materiali Ambiente (DICMA), from the Universita di Roma (University of Rome) and located at
Latina, Italy. The measurements were developed under the supervision of Professor Giuseppe Bonifazi
and Professor Silvia Serranti.

The goal of this work is the development of a urinary stone analysis and classification methodology,
which is comparable to MA, yet is able to overcome some of its limitations. As described in Section
1.3.3.1. , MA is an excellent alternative for precisely describing the stone structure and relating the
major and minor components distribution to a specific lithogenesis process. Nonetheless, these results
require a careful stone analysis, which is time consuming and, more importantly, requires a trained



technician. Naturally, the associated costs are also higher than those for IRS, fact that should be
considered for the implementation of HSI in routine laboratories. This Section suggests a highly
automated, novel methodology for the analysis of stones, that skips the requirement of a trained
analysts posed by MA.

2.2.1. Experimental Section

Urinary stone samples were collected from the Urology Services of the Hospital Universitari de Bellvitge
(Barcelona, Spain). Two hundred samples were selected from a library of 1400 renal calculi. The
selection criterion was to include a wide variance within each stone type, to reflect the multiple
possibilities seen in real cases. In other words, several stones that belong to the same type can have
different appearances (see samples images in Section 1.2. ), but the system should be able to assign the
same class label to all of them.

The stones had been obtained either by surgical removal or natural expulsion. After collection, the
stones were thoroughly rinsed with ethanol and water. Once clean, samples were individually stored,
showing no decomposition or structural damage during periods longer than a year.

As already indicated, HSI requires a flat surface for the analysis, so all the samples were cut with a
surgical knife. This step was often needed for the MA classification. Despite this theoretical limitation,
the methodology could also correctly classify rounded samples. Some stones showed a heterogeneous
structure. In those cases, both external and inner parts of the sample were analyzed.

Microscopic analysis of the samples was done previously to the HSI measurements. For this purpose, a
stereoscopic microscope was used to observe and describe the sample, according to the following
features: color, texture, distribution and approximate amount of components, stone hardness and size.
The full description of the sample included the characterization of the stone surface and core, as stated
in Section 1.3.3.1.

For those samples that were difficult to uniquely classify, SEM microscopy was used. As described in
Section 1.3.3.2., X-Ray elemental analysis was done for the precise identification of the chemical nature
of the sample. The equipment was a JEOL JSM-6300 Scanning Electron Microscope (Japan), coupled to
an Oxford Instruments Link ISIS-200 (UK) X-Ray Dispersive Energy Spectrometer.

The results obtained from the previous methodologies were considered the reference for the latter
comparison of the hyperspectral data.



The equipment used for the measurement of the hyperspectral images was located at the partner’s
facilities.

The HSI system was formed by the following components: optics, spectrograph, camera, translation
unit, energizing source and control unit. The core of the system, the NIR spectrograph, was a
ImSpector™ N17E imaging spectrograph (Specim, Finland). The spectral region scanned covered 1000 to
1700 nm. The camera consisted in a Te-cooled InGaAs photodiode array, with a spatial resolution of 15
pum and a spectral resolution of 7 nm (a total of 121 wavelengths were measured). The spectrometer
was coupled to a 50 mm lens. In this case, the measuring mode was as line scanning (example b in
Figure 2.3). The image width was 320 pixels; the length depended on the number of lines used for
recording the image (between 200 and 350 frames depending on the sample). The energizing source
was constituted by a diffused light cylinder with aluminium internal coating, embedding five halogen
lamps. This light configuration allows an intense signal, continuous in the whole spectrum, suitable for
the NIR region.

The spectral camera was hosted in a laboratory platform equipped with an adjustable speed (from 0 to
50 mm/s) conveyor belt (26 cm width and 160 cm length). Samples were placed on the top of this belt,
and they were pulled forward during the measurements. The hyperspectral cube was created by
stacking the measured lines.

The device was fully controlled by a PC unit equipped with the Spectral Scanner™ v.2.3
acquisition/preprocessing software (DV srl, Italy). The configuration used can be seen in Figure 2.6.

Figure 2.6 NIR-HSI architecture set-up. a. Conveyor belt and PC unit. b. lllumination and NIR spectrometer (in blue square)
configuration.

It can be deduced, from the configuration of the device, that the reflectance spectra of samples were
analyzed. The detector was placed over the conveyor belt, so the surface of the sample measured had to
be placed upwards. Plastic holders were used for fixing the samples.



The raw signal was corrected using an absolute black and white calibration of the detector, according to
Equation 2.1. In this Equation, R is the calculated reflectance value, r, is the reflectance measured from
the sample, ry, is the reflectance value for black (background noise) and r,, is the reflected signal for
white (100% reflectance).

Equation 2.1 Reflectance signal correction, using black and white calibration.

Ts—Tp
R =

Tw—Tp

When using HSI, the radiation penetration depth is defined as the depth at which the incident light is
reduced by 99%. It varies, in fact, according to sample characteristics, surface attributes and
investigated wavelengths (depth is lower when wavelength increases). In this study, this magnitude can
be estimated in 10-20 um.

The classification of stones into groups was done by randomly selecting some regions on the sample
surface. These Regions Of Interest (ROI) were small areas of the scanned surface, so the reflectance
value obtained was the average of all the pixels in the designated ROI. An example of ROI selection is
shown in Figure 2.7. The distribution and size of the selected ROIs were randomly chosen, to test the
independence of the methodology from the operator’s experience on selecting these areas. ROI
selection allows, firstly, the smoothing of the surface features, so the spectral noise is reduced. As
represented in Figure 2.8, when the stone surface is scanned, data is recorded as independent pixels
(grey grid). The surface of the sample might not be homogeneous considering adjacent pixels due to
organic matter, which could have been trapped in the structure during the crystallization process. If a
ROl is selected (black square) and the average of all the spectra is calculated, the effect of sudden
composition changes on the surface fades away. Secondly, the amount of information to manage is
much smaller than handling the whole hypercube. All the ROIs taken from the same stone are treated as
a single sample for the following analysis steps, so the classification is based on 5 spectra (averaged) for
each sample.

Figure 2.7 Example of ROI selection. a. Visible image of a stone. b. Reconstructed image or the same stone (from software)
with a selection of ROls.



New optics, further perspectives

Figure 2.8 ROI selection smoothing effect. The grey grid represents the measured pixels. Different pixel color fillings
symbolize different composition. A suitable ROl is indicated as a black square.

Stone types are classified according to several classes, based on their chemical composition. According
to Section 1.2., samples were sorted into several groups: uric acid (UA), brushite (BRU), calcium oxalate
dihydrate (COD), calcium oxalate monohydrate (COM), cysteine (CYS), apatite (CAP) and struvite (STR).
Some examples of the stones used as references or standards are shown in Figure 2.9. These seven
groups formed the general classification scheme, adapted to pure components. A more complex
classification was also tested, including uric acid dihydrate (UAD), layer and non-structured mixtures of
CaOx and CAP (MXL and MXD respectively), and COM obtained from COD transformation (TRA). This
extended classification (eleven classes) was much more adapted to the real stones, which are often

®

found as mixtures of components.

Figure 2.9 Reference samples for the creation of the model. a. BRU b. CAP c. COD d. COM e. CYS f. STR g. UA. Each individual
fragment seen in the figure corresponds to a different patient.

For each group of stones, some reference samples were first measured for creating a classification
model. This model was used for the classification of all the samples and also for describing the main
features of the data system, as identifying the variables with a highest weight for the description of the
dataset.

2.2.2. Results and discussion

The NIR reflectance spectra of the reference samples were measured and used for the creation of a
classification model. As it can be appreciated in Figure 2.10 (top), the spectra show some unique

65



features that make their identification possible. However, as often seen in NIR Spectroscopy, absorption
bands in this energy range are not as sharp and intense as IRS, so the use of chemometrics data analysis
techniques is needed. The intensity of the reflectance spectra is not always directly linked to the
chemical composition of the component. It depends on the surface geometry, so it might carry
information also from physical properties. Hence, the first derivative of the spectra is used for the
calculations. Figure 2.10 (bottom) shows different trends for each compound, so their identification
becomes possible. The derivative spectra were calculated after the smoothing of the curves using the
Savitzky-Golay algorithm, with a 5-point window. This procedure calculates the new, smoothed curve by
calculating the average from 5 consecutive spectral data points and repeats the operation by shifting the
5-point window until the complete spectrum has been recalculated 212.
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Figure 2.10 Reflectance spectra from standards. Top: Raw reflectance spectra. Bottom: First derivative of the spectra.



When FA is applied to ROI selected on the standards, seven factors are identified as having an
eigenvalue greater than 1 (see Figure 2.11). According to Kaiser’s rule that number of factors could point
out how many different compounds can be identified in the dataset. Chemometrics techniques usually
need to adapt to each specific case. In this specific case, Kaiser’s rule applies, although this criterion
should not be taken as a general rule. The standards include seven different chemical species, and FA
has proved that they can be correctly identified through their spectra.

Taking into account these results, a PCA analysis was also used for the correct description of the

samples.
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Figure 2.11 Eigenvalues associated to each factor.

PCA can be considered either the start of the data analysis (data screening) or the last step, since it
allows the reduction of the dimensions of the dataset as well as sorting the samples into classes. In this
work, PCA was used for the data screening and the description of the dataset. The classification of the
samples was later done by ANN (described in Section 2.2.2.1.).

Initially, PCA was performed for the classification of outliers within the reference samples set. This
action, often known as “cleaning the data”, should be useful to create a robust model. For this goal,
seven different groups of samples, each of them including only one stone type (one chemical
component), were selected. The data introduced into the PCA calculations was a selection of multiple
ROIs drawn on the surface of each stone fragment. PCA analysis on an individual group can reveal if a
sample has different characteristics from the rest and so, appears as a separate group of ROlIs.

The elimination of any point from the original samples is a crucial step, since it decreases the variability
of the system. Moreover, there is no way to be completely positive whether a sample is correctly
considered as an outlier. Thus, the elimination of potential outliers has to be done carefully, so no



overfitting of the model is forced. The model is overfitted to the samples when it is too adapted to the
dataset. Thus, a sample that belongs to the same group but does show slightly different characteristics
can be erroneously misclassified 213.

The identification of outliers was done by plotting the Hotelling T2 ellipse of the scores plot. As already
described, PCA assigns new coordinates values (scores) to the samples in a new coordinate system,
whose variables are named Principal Components (PC). Thus, the representation of the samples scores
for two PCs gives a two-dimensional plot, in which an outlier sample can be clearly identified as a
different group. The Hotelling ellipse draws the 95% confidence region. When applied to the standards,
only one sample of COM was clearly identified as an outlier (also outside the Hotelling ellipse).

Once the data from stone classes had been individually analyzed, PCA was performed on the seven
groups of different components (BRU, CAP, COD, COM, CYS, STR and UA). The model was created on a
large number of ROIs, taken from the reference samples fragments, and the performance was checked
by means of cross-validation-leave-one-out. This algorithm consists on an iterative process: all the ROIs
are placed in a pool and a single ROl is removed from the pool, which is now the training set. This partial
model is used for the classification of the single ROI. Then, the process is repeated for each ROl in the
training set until all of them have been tested 206.

The model created using the reflectance spectra explained 95% of the variance with only two PCs. On
the contrary, when using the first derivative, up to 7 PCs are needed for explaining 96% of the data
variance. These results are plotted in Figure 2.12. It is preferable to take the second approach, since
more PCs will give a more precise description of the samples. The first derivative magnifies the slight
differences existing between the spectra for different urinary stones classes. Indeed, 7 PCs is consistent
with FA calculations, which also pointed out 7 factors as the more suitable number for the description of

the system.
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Figure 2.12 Explained variance for 10 first PCs in two models. Dark grey: raw reflectance spectra. Light grey: first derivative
spectra.



One of the main claims of PCA is the reduction of the dimensionality of the dataset. Multivariate
methods can certainly give a higher amount of information than univariate ones, though many variables
from the measured range might not give valuable data, but spectral noise. PCA stands as an interesting
data analysis technique for the variable selection, so only the data with classification power is taken for
further calculations and noise is avoided in a great extent.

As described in Section 2.1.2.2. , each PC is described by a linear combination of real variables. The
weighting of each real variable is defined by its loading, a value with a magnitude between 0 and 1. The
loading values can be plotted, as in Figure 2.13, for the visualization of which real variables define which
PC. This representation allows, firstly, the identification of which spectral regions (and so, chemical
components) most influence each PC. Secondly, it also allows the localization of spectral regions of low
classification power that mostly carry noise. According to this representation, some spectral regions
with a high loading value for the 7 main PCs were selected for classification purposes.
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Figure 2.13 Representation of the loading values for the 7 main PCs.

When the scores values for combination of PCs for each group of samples are plotted (e.g. PC1 vs PC2,
PC1 vs PC3..), it is possible to assess which chemical components are distinguished which each PC.
Together with the values plotted in Figure 2.13, the wavelengths (or spectral regions) that better
identify each component can be selected. Variable selection leads to the reduction of the dimensionality
of the dataset and elimination of the noise, thereby increasing the model precision and simplifying
calculations.



A general distribution of the groups of samples in the model using a two-dimensional scores plot is
shown in Figure 2.14. From this graphic it can be clearly seen, for instance, that CYS stones are well
defined for score values <0 for PC1 and >0 for PC2, while UA is mostly found at values <0 for PC1 and >0
for PC2. This example pictures the general use of PCA. A single PC is usually not enough to define the
entire dataset, but a combination of several PCs is needed for a precise separation of the components.
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Figure 2.14 Plot of the scores values for PC1 vs PC2 for the reference set.

The careful analysis of this example shows that PC2 is well defined by positive loadings values at the
regions 1200-1250 nm and 1450-1530 nm (see Figure 2.13). These regions correspond to the energy of
C-H vibrations. On the other hand, the regions 970-990 nm and 1075-1175 nm, associated to Aryl-OH
vibration, are described by a negative loading value. These spectral regions that strongly influence PC2
fit with the chemical structure of CYS and UA, the components it correctly identifies (see Figure 2.15).
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Figure 2.15 a. CYS chemical structure. It is the only component in the set that contains C-H bonds. b. UA structure, Aryl-OH
groups can be seen due to the tautomeric structure.

CYS is the only compound of those analyzed here that has C-H bonds. UA is the only substance with a
possible Aryl-OH vibration, due to the tautomeric form, that assures aromaticity.

When all the PCs are analyzed as shown, the spectral regions that define all the PCs can be clearly
identified. COM and COD are distinguished due to the O-H vibration from water. BRU is separated from



other phosphates due to the C-H band, probably due to the high amount of organic matter these stones
keep within their structure. Specific details on each energy range are listed in Table 2.1.

Table 2.1 NIR bands that define each PC and associated molecular vibrations for each reference component.

Urinary stone A with greater Associated molecular
PC Characteristics
type loading value (nm) vibration

PC1<0 PC2>0 1188-1230, 1440-1542 CH, CH,, CH3
UA PC1<0 PC2<0 971-978, 1083-1167 Aryl-OH
COoD PC3>0 PC2>0
1462-1475 H,0
COM PC3<0 PC4>0
BRU PC3<0 PC4<0 1223-1244 C-H
CAP
STR CAP and STR are not well defined with PCA

CAP and STR cannot be correctly defined by PCA. They appear as a single cloud of ROls considering any
combination of the seven main PCs. Although they might show some different trend, the clouds for CAP
and STR are permanently overlapped, so the classification is not well achieved. Indeed, some groups do
not show absorption bands in NIR (as P-O or COOH) or in the range used in this work (S-H absorbs above
1700 nm).

For accomplishing a complete identification of all the stone groups, a three-dimensional plot of several
PCs combinations becomes useful. Figure 2.16 shows such plots, where the groups of ROIs for most
stone types can be clearly distinguished. As stated, CAP and STR clouds appear overlapped.

First derivative data of the spectra were taken into calculations with ANN algorithm, due to their better
behavior with PCA models. Five ROIs for each sample were selected, but not all the wavelengths were
considered. Only the most important variables, in terms of loading values, were selected. Initially, from
the 120 wavelengths measured, only 50 were taken for creating the ANN model. A matrix of 140
samples (the fragments for all the reference stones) and 50 wavelengths was created.

The ANN to be optimized was defined as: (input, number of nodes in the hidden layer, output). Input
stands for the number of samples used to create the model, and output, for the number of types of
urinary stones. The value for the output was a single variable that could take up to seven different
nominal values. The scheme of the ANN structure was (140, n, 7).

The backpropagation algorithm was used for the optimization of the ANN. This procedure performs the
optimization of the system by iterating connections and operations among all the input items and the
nodes. The criterion is to decrease the error calculated between the input (known results) and the



output. After the optimization step, an optimal number of 4 nodes was found. The error did not
decrease significantly when adding more nodes, so no more units were added, in order not to cause
overfitting.
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Figure 2.16 3D plot of the scores of the reference samples for PC1, PC2 and PC3.

The model was then applied to 140 samples. The efficacy was tested using cross-validation-leave-one-
out. When 50 variables were used (those selected by PCA) 100% of correct classification was obtained.
With only 30 wavelengths selected, taking only a few from each spectral range listed in Table 2.1, the
accuracy for the classification remained at 100%. When even less variables are taken for the
calculations, the percentage for right classification dropped down to 95% at most. Consequently, the
final choice was the model including 30 wavelengths.

However, due to the importance of a precise classification regarding the diagnostic for the patient, the
really interesting objective is the classification of 11 groups of different types of urinary stones. These
groups include the seven mentioned reference samples and also their mixtures or similar chemical
forms (MXD, MXL, TRA and UAD).

Thus, an optimization of a new ANN model, capable of the classification of this much more complex data
was required. In this case, 215 samples were classified. For this purpose, 50 wavelengths were
introduced as variables, being the structure of the optimized ANN (215, 13, 11). The rate of well-
classified samples reached 94.4%. The performance of the model is summarized in Table 2.2.

The error for the last model, including all types of urinary stones, is only slightly higher than that for the
simpler model. Nevertheless, the second model offers a great advantage, since it is able to deal with any



of the urinary stone types usually found. The prediction differences between the newly developed
methodology and the conventional techniques involve basically calcium oxalate urinary stones.

Table 2.2 Number of samples, sorted by group, correctly classified when the ANN model is applied.

Urinary stone Number of No. Samples % correct
type samples correjc.tly classification
classified
COM 39 37 94.9
cop 27 24 88.9
TRA 27 23 85.2
CAP 18 18 100
STR 19 18 100
MXL 10 9 90
MXD 13 11 84.6
BRU 25 25 100
UA 17 17 100
UAD 10 10 100
CYS 10 10 100
Total 94.4
2.2.3. Final remarks

This work has proven the suitability of NIR-HSI technique together with ANN data analysis for the
classification of urinary stones. The results obtained are comparable to those coming from MA.

It is important to remark, however, that the methodology presented here is fast, inexpensive and
independent from the analyst. The only point on which the analyst can introduce a bias on the results is
the ROI selection. As described in Section1.3. , the most used techniques depend on the analyst
experience, while the method presented in this work performs the interpretation of the results
independently.

This Section points out NIR-HSI as a possible technique to be used in routine laboratories, according to
the results shown. IRS still offers the quantification of stone components. While this interesting issue
has not been addressed in this Section, it is carefully studied in the next Section.

The implementation of such methodology in clinical laboratories would only be affordable if other target
samples can be analyzed. Thus, new methods should be developed to completely exploit the
possibilities of HSI. In this concern, the high versatility of HSI plays a key role for the potential
development of other analysis.



The work described in this Section has been published at Journal of Biomedical Optics.

Blanco, F., Lépez-Mesas, M., Serranti, S., Bonifazi, G., Havel, J., Valiente, M. “Hyperspectral Imaging
based method for fast characterization of kidney stone types”, 2012, Journal of Biomedical Optics, 17
(7), 076027. This document has been attached in Supplemental Materials (8.3. ).

The described advantages highlight its commercialization potential, so the process has been protected
through a patent. A private company in the lithiasis field has actually licensed the patent, so its potential
interest to be used in clinical laboratories is clear. Further details on this concern are given in Section
5.2. The register document of this patent can be consulted in Supplemental Materials (Error! Reference
source not found.

2.3. NIR-Hyperspectral Imaging: Pixel-to-Pixel
Analysis

This work was developed including collaborations with DICMA — Universita di Roma and University Stone
Centre, Universitatsklinukum Bonn.

This second work using NIR-HSI technique has important similarities with the previous Section. Indeed,
the measurements and so, the dataset, are the same data. This Section represents a different way of
treating the hypercube; actually exploiting to a greater extent the main feature of image analysis: spatial
resolution. This work relies on a different analysis of the data for the exploration of each individual pixel.
The analysis with ANN was based on ROI selection, so it had to be compared with the conventional
microscopic analysis (MA), since this technique yields qualitative results. However, as described in
Section 1.3.2., IRS has become the reference methodology in the field and it does yield quantitative
results. Thus, the comparison of NIR-HSI technique with the traditional IRS seems of great interest to
prove its suitability to become a part of routine analysis.

NIR-HSI stands as an interesting possibility to quantify stone components while keeping information
concerning their location.

2.3.1. Experimental Section

The samples used in this Section are the same as in the previous, and so the traditional classification,
performed using MA. Microscopy should be considered, in this work, as a support methodology used for
sample selection, because it only gives qualitative information. The numerical comparison between IR
and NIR-HSI was done on all the samples and standards after this selection step. Therefore, the
experimental procedures associated to the previous classification of the samples (for their proper



selection, according to the defined criteria) and the NIR-HSI measurements are the same as those
described in the previous Section.

IR Spectroscopy has been used as reference methodology to test the results of NIR-HSI. The main
advantages to consider IR as the standard are the robustness and wide acceptance of the technique and
the calculation of a numerical value for the sample composition. The IR spectra of the prepared pellets
were collected using a representative fragment of each sample, which was dried in an oven for 24 hours
at 40 oC prior to the analysis. This fragment was grinded in an Agatha mortar and 0.9 mg of sample were
then mixed with 0.3 g of KBr powder. A pellet was prepared by setting this mixture under 10 Tm
pressure in a manual press (Perkin Elmer, MA, USA).

The IR spectra were collected using an IR Spectrometer Spectrum BX (Perkin Elmer, MA, USA). The
spectral range measured ran from 450 to 4400 cm™ (which corresponds to a wavelength range from
approximately 2200 to 22000 nm), with a spectral resolution of 4 cm™.

For the determination of the composition of the samples, a comparison of the measured spectrum with
those in the bibliography was done 128. This collection of spectra considered pure compounds,
combination of two species and even a combination of three components, for the common case of
calcium oxalate mono and dihydrate and carbonate apatite, including different gradations for the
amounts of each component in a 10% (w/w) grading.

2.3.1.2.1.  Qualitative analysis

The data analysis was based, in this case, in a selection of the most relevant variables by using PCA. A
first approach used MATLAB software for the qualitative analysis of the surface 214. The identification of
the different compounds was done by interpretation of the colors obtained when creating
reconstructed RGB images from the hyperspectral cube. When using this kind of representation, each PC
is assigned a color, so the value of the score for that PC will determine the intensity of that pixel. If some
PCs are combined in the same plot, the scores values for each of the PCs will determine the combination
of colors for that pixel.

The qualitative analysis of urinary stones by means of HSI had already been used. Published results are
nonetheless only indicative, because they rely on a description of the sample with no quantification of
the components (as described in Section 2.1. ) 133. The goal of the quantitative analysis described in this
Section is to offer comparable results to IRS. Since HSI allows the individual classification of pixels, a
classifier has been developed for sorting into classes and quantifying the pixels in a stone. The results,
calculated as percentage, should be then comparable to IRS.



2.3.1.2.2. Quantitative analysis

A further step in the data analysis considered the creation of a classification model, using the most
suitable classifier. A classifier is any mathematical function able to assign a label “class” to a given
sample, when it has been learned on a specific training set 215.

Following the criteria of the best classification rate, Quadratic Discriminant Analysis (QDA) was selected.
This classifier is a classic Bayesian method, generally used on machine learning. It assumes normal
distribution of the data within each class and different co-variance within classes 216. Due to the
complex nature of the sample set used in this work, QDA is a good approach, since it can establish
boundaries between classes based on quadratic algorithms, so it is more flexible than linear classifiers.
This classification scheme showed a better performance than other also tested, including k-nearest
neighbor, random forest and support vector machines.

The image analysis of the training and test sample sets was performed using SciPy and Scikit-learn, two
open source Python libraries for scientific analysis 217 218. When the classification model created using
the standards was applied to the samples, the structural analysis of the stone was achieved. Since the
spectra were acquired using a multispectral camera, that generates a complete spectrum for each pixel,
the physical structure of the stone was reconstructed, based on the result for the analysis of each pixel.
This procedures lead to the creation of chemical maps of the stones, which bear the spatial resolution of
the technique.

The analysis of the hypercube was performed, as explained for the ROI analysis, by reducing the
dimensionality of the dataset using PCA. The advantages are also similar; the classifier has fewer
parameters to work with, so the number of interactions is lower. The main features of the PCA analysis
will not be outlined here, since they overlap with the previous Section.

The classification model included a variable number between 6 and 8 stone fragments of each stone
type with homogeneous composition. Each stone fragment was collected from a different patient, so
the model overfitting was reduced. Note that, although only a few samples were taken in the training
set, and according to the characteristics of the HSI technique (i.e. acquisition of a spectrum for each
pixel of the image sample), thousands of pixels were used for training purposes. The number of samples
in the model was large enough to cover all the naturally occurring components in urinary stones.

The creation of the model included a test step, using the leave-one-out approach. The vectors of 10
principal components of every pixel of each fragment are placed in a pool. Then, each time a certain
fragment has to be analyzed, that is, we want to assign a class label to each of its pixels, they are
removed from the pool which now is the training set. The QDA classifier parameters are learned and the
classification on the given fragment vectors, which act as testing set, is performed. This process is
iterated for every fragment. In pattern classification literature this procedure is known as leave-one-out,
although in this case it was done at a “fragment level” 206.



2.3.2. Results and discussion

The qualitative pixel analysis is useful for the direct observation of the distribution of pixels in a sample.
To a certain extent, it represents the evolution of the microscopic analysis into an analyst independent
technique.

When the qualitative pixel analysis is applied on the reference samples, the results resemble those seen
in Figure 2.17. As seen in this Figure, different combinations of PC lead to diverging representations of
the samples, since each one describes each component with different precision. Figure 2.17 shows
different colors for each kind of urinary stones, providing a simple way to distinguish a type among the
others, except for STR and CAP. Indeed, the results obtained analyzing the hyperspectral cube
completely matched with those obtained by taking ROIs from the samples (when only PCA is
considered).

Figure 2.17 Representation of PCA results, based on the combination of 3 PCs. Top: PC1, PC2, PC3. Center: PC1, PC2, PC4.
Bottom: PC1, PC3, PC4.

2.3.2.2.1. Performance of the HSI-NIR model

The training set was analyzed using IR Spectroscopy (reference values) and also using NIR-HSI. In this
case, only homogeneous samples were considered, since the objective of this step was to train the
classifier in the recognition of stone classes using a large number of pure pixels. It was easier to isolate



2. Image analysis

pure pixels in homogeneous stones. The advantages in spatial resolution of HSI are not relevant in this
step. The graphical results obtained for the HSI model performance are shown in Figure 2.18.

COD UA COM BRU STR CYS CAP UAD
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Figure 2.18 Classification results using the training set (not all the samples used for the creation of the model are shown).
Upper row: Reconstructed image from original stones, generated using the acquisition software. The different fragments ,
each from a different patient, can be appreciated. Lower row: Results of the classification model, where each pixel is
individually assigned a class and so, a different color.

The overall correct classification rate of the model was calculated to be 90.4%, in terms of correctly
classified pixels, comparing to the results obtained by IRS. The specific efficacy of the model on the
classification of each stone type is shown in the normalized confusion matrix (Table 2.3).

Table 2.3 Normalized confusion matrix. The efficiency of the model can be measured as percentage of correct classification
for each stone class. Light blue cells highlight the diagonal, which shows that most values greater than 90%.

Predicted values (%)

BRU 99.37 0.08 0.55

coM 0.04 99.75 0 0.04 0 0.17 0 0

UA 0 0 9933 0 0.16 0.08 0 0.43
Cob 0 0 0 99.77 0.17 0 0.06 0
CAP 4.83 0 0 1.26 7333  0.07 2051 0
cys 0 0 0 0.03 0 99.84  0.13 0
STR 0 0 0 0 2655  0.02 7343 0
UAD 2.06 0 0.36 4.58 0 0.72 1.17 91.11

The diagonal of the matrix shows how, for most classes, only a residual number of pixels are confused
with other classes, with the exception of CAP and STR. Indeed, CAP and STR are mostly confused with
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New optics, further perspectives

each other (30-40% of the pixels). This lack of classification power can be attributed to the similarities in
the spectra of both species. These results are similar to those obtained when only PCA is used, as
described in Section 2.2.2.2.

These results can be considered as a good performance, even considering the remarkable variability of
the spectra within individual groups of stones, depicted in Figure 2.19. NIR does not overlap with IR
Spectral range. Despite this important difference, most of the relevant bonds in organic components can
be identified in the NIR range, including: C-H, S-H, N-H, O-H or O-H linked to an aromatic ring. The
sensitivity of those bonds (which are also identified in IR Spectroscopy) in the NIR range, grants a proper
recognition of urinary stones mineralogical components, as discussed here.
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Figure 2.19 Representation of all the spectra in the training set for all the stone classes. The spectra have been normalized.

From the performance of HSI it can be deduced that thousands of pixels from each species are taken
into the calculations. Although a fragment from a single patient does not contain totally independent
pixels (and so, spectra), the vast number of spectra measured present an inherent variability, which
benefits the creation of a more robust model. The number of pixels included in the model for each stone
type is plotted in Figure 2.20. Only UAD counts with a smaller amount of pixels for the creation of the
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model. It was laborious to isolate rather pure regions of UAD, since UAD rapidly transforms into UAA in
contact with urine 112. The computer model, though, is able to perfectly discriminate (>99%, as seen in
Table 2.3) between the two derivatives of uric acid, and also distinguish them from any other
component in a great extent.
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Figure 2.20 Frequencies histogram. The model is created from such pixels distribution. The total count of pixels is related not
only to the number of fragments considered for each group, but also to the size of those fragments.

2.3.2.2.2.  Implementation of the NIR-HSI model

The created model was rapidly implemented on the 200 test samples by using the described data
analysis software. Two types of output were demanded from this software:

- quantification of components and calculation of composition percentage and;
- classification of each pixel into a group from the standards and a reconstructed picture of the stone.

The first item is comparable to IRS; the result is expressed as numbers that describe the stone
composition. The second output is analogous to MA, because the stone structure is also described as a
picture. These pictures represent the spatial resolution, that is, the possibility to perform a topological
assessment of the detected species in the sample offed by this methodology: the added value that NIR-
HSI offers compared to IRS.

The quantification analysis will be addressed first. Samples were analyzed using the NIR-HSI
classification model and the results, expressed as percentage of each component, were compared to the
composition measured by IRS. The component gradations for the mixtures in the reference IRS
bibliography 128 were 10%, so an error <10% can be assigned to this classification. Thus, the results
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calculated from NIR-HSI were considered to correlate with the IRS results if the composition matched,
considering a £10% deviation.

A thorough analysis of the results shows the composition obtained by NIR-HSI to generally fit that from
IRS (achieving 70% correlation), with some variations that require a more careful analysis. It should be
taken into account that the sensitivity of minor components is higher for the NIR-HSI technique than for
IRS. Minor components could cause only a small IR spectral band to grow or appear, so the spectrum
would hardly be changed. IRS strongly relies on the analyst experience, so such small changes might be
hard to quantify. Instead, since each pixel is analyzed individually by NIR-HSI, minor components are
identified with the same precision as main constituents of the sample. Therefore, as it will be described
later, NIR-HSI can give more information on lithogenesis in some cases than IRS does.

The description of the classification results and their correlation to the IRS analyses is listed as groups,
based on their mineralogical composition and summarized in Table 2.4.

Table 2.4 Overview of the classification results obtained by the NIR-HSI methodology and their correlation to IRS for each
type of stone. Results correspond to a total of 200 urinary stones analyzed by both techniques.

Type of stone Correlation (%)

BRU 88
CAP 60
CcoD 78
COM 94
CYS 100
STR 64
UA 93
UAD 90
Mixed 78

Each class should be analyzed individually, because of some specific features that can make the
classification error particularly increase in some cases.

Calcium oxalate. This complex group of urinary stones includes COM, COD and, frequently, a mixture of
those components together with CAP. In addition, COD is not stable in contact with urine, so it slowly

transforms into the thermodynamically most stable derivative COM, as introduced in Section 1.2.1.
Thus, both isomers can be found in a wide range of proportions. When the model was applied to this
group of samples, the classification for those containing basically COM correlated more than 90% with
IRS results. For COD and mixed stones, this value stayed close to 80%. This difference could be based on
terms of frequency and composition. While stones which composition is >90% COM are very common,
COD tends to be mixed with COM (often formed from COD transformation) or CAP in variable amounts



44. This fact could cause the calculated composition by NIR-HSI to lie out of the £10% error for IRS
results; then a wrong correlation was considered. It should be highlighted that NIR-HSI is able to locate
the different components in the stone, allowing the performance of a full textural characterization of
the minerals that constitute the stone itself. Starting from these features, it is thus possible to derive
useful information about stone formation and, as a consequence, to formulate a description of the
position and so the moment in which each component precipitated. Hence, these mixtures of several
components were described in a further dimension.

Cystine. This stone type presented the highest correlation rate, namely 100% of the samples analyzed by
NIR-HSI completely agreed with IRS analysis. As stated in Section 1.2.5. , this type of stones is strictly
related to a genetic disorder, so CYS precipitates in special conditions and it usually does not co-
precipitate. Besides, since CYS is the only species in the studied group containing C-H bonds, its NIR
spectrum shows unique features, so the identification was well achieved.

Phosphate stones. CAP and STR stones, as well as the less frequent BRU form this heterogeneous group

of stones. The classification of BRU urinary stones by NIR-HSI correlated as much as 87.5% to that from
IRS. Only a few pixels in several samples were confused with CAP (as seen in the model), which is also a
calcium phosphate. In regard to CAP and STR, the NIR-HSI model could match around 60-65% of the
pixels (see confusion matrix, Table 2.3) of the results to those obtained by IRS. Their NIR spectra are
similar (see Figure 2.19) and they tend to precipitate together, so the quantification of each component
in mixed stones becomes challenging. The composition obtained by NIR-HSI was not dramatically
different from IRS results (most samples relied within +20% range). Nevertheless, the fraction of
samples that laid outside the +10% region was higher than other stone groups.

Uric acid. This type of stones include actually two different components: uric acid (UAA) and its kinetic
derivative, the dihydrate form (UAD). The analysis of both components by NIR-HSI yielded very good
results, with a correlation higher than 90%. The model could distinguish with little error these two forms
of uric acid, and its comparison to IRS results behaved good in a large extend.

2.3.2.2.3.  Spatially defined analysis

As already stated, the main advantage of NIR-HSI over the conventional IRS is the spatial resolution of
the analysis (i.e. topological assessment of the different mineralogical species), not available when the
sample is grinded for IRS measurements. Thus, NIR-HSI offers the possibility to describe all the stages in
the stone formation, and so, the urine conditions at each point of the process. This information can
direct to a treatment precisely adapted to every patient. This is the advantage that the examples
presented in this Section highlight.

Among the total amount of samples that were analyzed, some specific, representative examples will be
accurately described in order to illustrate the performance of the developed model to remark the
differential results that both techniques offer. The graphical results are shown in Figure 2.21, while the
composition numerical results are listed in Table 2.5.



a. The first example shows a CaOx mixed stone, assigned a similar composition for both methodologies.
This stone presents a singular structure: it is basically a COM stone, totally covered by a COD layer. Thus,
the order of precipitation is important: COD (which usually precipitates due to hypercalciuria and
hyperoxaluria conditions 219) precipitated exclusively at the end of the stone episode. The higher
percentage of COD quantified by NIR-HSI should be noted. As appreciated in the picture, the inner and
outer parts of the stone were analyzed simultaneously, so the COD surface is bigger than that for COM.
HSI is a surface technique, so attention shall be paid to which part of the stone is being analyzed. Once
this is clear, HSI allows the description of two steps in the stone formation, while IR can only give a
general composition ratio of these two phases.

a b c d e
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Figure 2.21 Examples of some results for stone analysis comparing NIR-HSI and IRS. First row: Color, real pictures of the
samples. Second row: Reconstructed images corresponding to the samples listed in the first row; these images are the
output of the imaging analysis software used. The legend (bottom) shows the correspondence between colors and
components.

Table 2.5 Composition corresponding to the samples listed in Figure 2.21, for the two methodologies used. The composition
values are expressed as percentage.

Sample a o c d e
NIR-HSI 40 COM goc(c:)l.i/lD 78 COM 63 STR 55 UA
60 COD 22 UA 37 CAP 45 UAD
5 CAP
RS 60 COD 51;(5) ng/l 80 COM 70 STR 60 UA
40 COM 5 CAP 20 UA 30 CAP 40 UAD

b. This stone corresponds to a very common composition: CaOx and CAP. The stone was formed as COD,
and the core transformed into COM, due to the higher stability of the latter (see Section 1.2.1. ). This
phenomenon can be observed here as a different color in the nucleus region. CAP did precipitate in this



stone as a few deposits within the stone structure. Both techniques could identify the same three
components; the higher percentage of COM in the IR should be attributed to the difference of relative
surface (NIR-HSI) and relative weight in the stone (IRS) of this component. NIR-HSI allows the location of
CAP not only in the stone core, so the stone formation steps become clearer when image analysis is
used.

¢. This mixed stone of UA and COM yielded a very similar numerical composition when analyzed by the
two methodologies suggested in this work. However, NIR-HSI allowed the location of COM in the core of
the stone, so the acidic urine conditions needed for the precipitation of UA can be located in the latter
stages of the stone formation. This independent analysis of core and shell requires the addition of steps
to the stone analysis process by IRS (namely the measurement of two spectra), so the time for the
analysis is increased.

d. This is a common mixed stone, made of CAP and STR. These stones usually lack any defined structure,
and this exact situation can be appreciated in Figure 2.21. In addition, the quantification of the stone
components is really similar using both techniques.

e. UAD is the kinetic derivative of UA and, as seen in the calcium oxalate case, it also transforms into the
most stable UA when it remains in contact with urine (see Section 1.2.4. ). While the composition
according to both techniques is basically the same, HSI also gives the distribution of components, which
appears to be different in the two analyzed fragments. HSI is able to define which fragments are UAD, so
the description of the sample is totally precise for this particular patient.

2.3.3. Final remarks

The previous section presented a new methodology that should overcome some of the main drawbacks
of traditional urinary stone analysis, mainly analysis time and dependence on the analyst. However, a
performance comparison with the reference technique in the field, IRS, was needed, for completely
assuring the suitability of HSI for stone analysis.

The results show how HSI has a good performance on stone analysis, since it yields similar results to IRS
but adding the unique distinctiveness of the appropriate location of components in the stone.

The high performance of the software enhances this methodology from the one presented in the
previous Section, since no ROl selection is needed. This is a fully independent procedure that requires a
very short analysis time (dozens of samples per hour can be processed), what positions NIR-HSI as an
attractive update for the stone analysis in clinical laboratories.

The operational features of NIR-HSI lead to a more accurate description of the stone history, which, in
turn, allows a more precise diagnosis. This is a basic issue for producing key tools for an individualized
treatment.

Despite the similar results observed for NIR-HSI and IRS, it should also be considered that IRS takes the
whole sample into analysis (it requires grinding the sample), while HSI is a surface technique. In some



samples, this could cause some bias in the results. This little drawback can be overcome with a basic
recognition of the sample surface and core.

This work has been submitted for publication at Journal of Biomedical Optics, and was under revision at
the moment this Dissertation was written.

2.4. p-IR Spectroscopy

This Section also presents an HSI approach for the analysis of urinary stones. This time, however, the
radiation used is IR, so the spectral features analyzed differ from those used in the previous Sections.
The suitability of the radiation energy range is granted by the numerous publications that have
positioned IRS as the reference technique for urinary stone analysis (see Section 1.3.2.).

The high spatial resolution used in this work allows the fine description of the stone structure, so the
amount of information achieved surpasses in a large extent the conventional IRS and even the NIR
measurements presented in the previous Sections.

In this case, also synchrotron was used as radiation source, because of the advantages it shows respect
conventional globar sources, described in Section 2.1.1.

Differently to the NIR-HSI measurements, the work described in this Section is not intended to suggest
IR Microspectroscopy (u-IR) as an immediate incorporation to routine laboratories, essentially due to
the long time required for the analysis. On the contrary, p-IR is to be considered a support technique in
the urinary lithiasis field, being its main core application the precise characterization of materials, with
research purposes.

In fact, due to time limitations, only a few samples were studied in this work. The measurements
introduced here can be regarded as indicative, although they show strong arguments that favor the use
of u-IR for stone analysis.

2.4.1. Experimental Section

Three samples were carefully selected from a library of renal calculi collected at the urology services in
the Hospital Universitari de Bellvitge, Barcelona (Spain). These three stones include the most common
components observed in urinary lithiasis: COM, COD and CAP. Despite the scarcity of sampling, the
results extracted here reflect the stone classes distribution plotted in Figure 1.10. The three selected



samples included a COM sample, a mixed CaOx sample (it includes COM, COD and COD transformed into
COM, as well as CAP deposits), and a CAP sample. These samples were previously classified by means of
optical and electronic microscopies, as described in Section 1.3.3. This step assured the selection of
representative samples. u-IR measurements demand flat and thin layers of samples, so radiation is not
scattered. The scanned region is small, so an uneven surface could cause the loss of signal. Urinary
stones were embedded in an epoxy resin and polished until they reached approximately 30 um
thickness.

Spectroscopic measurements were performed at the SOLEIL Synchrotron Radiation Facilities in Paris,
France. The equipment used was located in the SMIS beamline. The hypercube data was created by
measuring reflectance IR spectra of a given area of the sample, and perform a scan on x and y axis (point
mapping). For this purpose, two microscopes were used, which differed on the energy source, globar or
synchrotron as described below.

2.4.1.2.1.  Globar source IR mapping

Spectral maps from samples were measured by means of a Thermo Scientific Nicolet iN10 FT-IR
Spectrometer. The spot size was set at 80 x 80 um®. The surface of the sample was divided into a grid,
where a spectrum was measured each 50 um in both axes. Note that the mapping spot size was larger
than the step size, procedure known as oversampling 220 221. This process does not bring more spectral
information, yet it results in images with better fidelity to the visible image. Oversampling also reduces
the risk of measuring an interesting feature at the edge of a pixel, or even missing it. This ensures a
better description of layers interfaces. Mapping experiments require finding a balance between number
of points and spectral quality (measuring time per spectrum). While an oversampling ratio of 2 is often
used, this parameter was adapted in this work, to take into account the mentioned constraints. The
software processes the signal of overlapped points as an averaged value. The measured spectra covered
a range from 720 to 4000 cm™, with a resolution of 8 cm™ and storing 16 interferograms for each data
point. A background using an Au layer was previously measured by storing 500 spectra, and was used to
correct the mapping spectra of the samples. The measurement of the IR spectra for a whole sample
required typically 8 to 10 hours, depending on the size of the analyzed surface. Due to timing reasons,
the number of spectra stored for the sample was lower than that for the background.

2.4.1.2.2.  Synchrotron radiation IR mapping

For u-IR measurements based on a synchrotron energy source (abbreviated as sFTIR), a Thermo Nicolet
Continupm FT-IR microscope was used. In this case, due to the higher brightness of the radiation source,
a smaller spot size was used: 10 x 10 pm®. The step size was 6 um, also considering oversampling. The
spectral range was the same as that for the globar source, yet with a higher spectral resolution, reaching
4 cm™. For the achievement of a better S/N ratio, 100 spectra were collected for each point of



measurement. Likewise, the background was collected measuring an Au layer and averaging 500
spectra. Mapping experiments become slow, since the time needed for acquiring a line of 10 pixels is
roughly 30 minutes.

The software package OMNIC 8.0 (Thermo Scientific) was used for data acquisition and processing. The
ratio of all spectra to the background was calculated and afterwards Kramers-Kronig correction
algorithm was applied. The resulting data was then processed for the production of chemical maps,
plotted as RGB color images. In this Section, RGB images have been produced not only based on the
intensity of a single peak, but also using the ratio of intensities of two peaks. When plotting the ratio of
intensities for various peaks, the effects of a possible uneven area in the sample, which might cause a
biased signal (variations in intensity) were avoided. Indeed, the samples used in this work showed
remarkable differences in the intensities of selected peaks for neighboring pixels. This can be attributed
to surface imperfections, due to the porosity of the samples or to little imperfections created during the
polishing process. Certainly, an analysis based on peak ratios is not quantitative, but the goal of this
work was directed to a qualitative description of the samples; any quantitative result is only indicative.

2.4.1.3.1.  Spectral bands

The IR spectra of the studied components: COM, COD and CAP, show a number of peaks. The
interpretation of the spectral results was done using only a few intense and characteristic spectral
bands. These are listed in Table 2.6.

Table 2.6 Frequencies used for the identification of components.

Component | Spectral band (cm™) Associated vibration
780 C-C/C-0 single bond stretching
comMm 1318 C-C/C-0 single bond stretching
1630 C-0 double bond stretching
CcoD 1680 C-0 double bond stretching
CAP 1060 P-O double bond stretching
2.4.2. Results and discussion

This Section summarizes the details concerning the analysis of three studied samples. The description of
each sample is presented individually, to emphasize the advantages of pu-IR on each type of stone.



2. Image analysis

On the whole, the use of enhanced spatial resolution spectroscopy (considering conventional
approaches for stone analysis, IRS) provides a high level of detail on the sample description. Logically,
specific results direct to a much more powerful diagnosis.

2.4.2.1. Calcium oxalate monohydrate

This sample had been previously classified as pure COM by MA. In this analysis, concentric
circumferences were appreciated within the structure of the stone, yet their nature could not be
analyzed due to lack of resolution of the optical technique. Mapping spectra covering the whole area of
the sample were done using the FT-IR microscope with a globar source.

Figure 2.22 Mapping plots of the complete sample. a. Intensity of the peak at 1630 cm? b. Intensity of the peak at 1318 cm?
c. Ratio of intensities 1630 to 1318 cm™ d. Ratio of intensities 1630 to 780 cm™.

The chemical map for the peak at 1630 cm™ shows the maximum intensity at the core area of the stone
(see Figure 2.22a). However, this trend is inverted when the peak at 1318 cm™ is taken into
consideration, as pictured in Figure 2.22b. The first peak is, as known, a feature of calcium oxalate
spectrum, since it corresponds to the C-O double bond stretching vibration. This spectral band is also
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seen in organic matter, while the strong intensity recorded at 1318 cm™, C-O and C-C single bonds
stretching, is especially intense for COM. According to bibliography 44, COM urinary stones tend to grow
from a core with a high content in organic matter, what corroborates the previous observation. The
intensity ratio for the peak at 1630 cm™ to that at 1318 cm™ is plotted in Figure 2.22c, in order to discard
any possible effect from surface defects on the signal intensity. This ratio shows a much higher intensity
at the core of the stone. The intensity quickly decreases when the distance to the core of the sample
increases. Therefore, only strictly the core of the stone shows this profile. Figure 2.22a evidences two
other regions of the sample with a high value for the intensity of this peak.

In order to further describe those regions, the ratio of the intensity of the 1630 cm™ to the 780 cm™ was
also calculated. The peak at 780 cm™ is a characteristic band for COM, while the other studied
compounds hardly present it. According to Figure 2.22d, the core of the stone shows the highest
intensity for this ratio, along with the same areas illustrated in Figure 2.22c. Since COM dominates the
composition of the structure, the peak should be found overall on the analyzed surface. This peak has an
intense signal, so the amide | band (C-O double bond stretching) is overlapped and not clearly identified.
As shown in the referred regions of the stone, the peak around 1630 cm™ has a high intensity, while that
at 780 cm™ disappears. The spectra in the core region also show a band at 1500 cm™, which can be
attributed to amide Il (N-H bond stretching). These results support the observation that a considerable
region around the core of the stone has an important amount of organic matter. These observations fit
with some bibliography sources, which point out the strong dependence of the COM crystal growth on
organic matter 80, and its location in the core of the stone 44.

The observation of secondary spots with these spectral features suggests the existence of new
nucleation points, that promoted the precipitation of new COM crystals and they were later integrated
within the structure. The absence of any characteristic CAP peak (1060 cm™) dismisses the influence of a
Randall’s plaque during the development of the stone, since these structures are based on calcium
phosphates (see Section 1.2.1.1.2. ).

Concerning the circular structures observed surrounding the core of the stone, the spectra in this area
reveal that this component is actually not COM (Figure 2.23a). The peak with a maximum located at
1680 cm™ suggests that the circular COM layers are separated by a thin COD layer. It is important to
note that the intensity for the COD peak shows maximum intensity at the points where the interfaces
are located. Likewise, the intensity of the peak at 1630 cm™, corresponding to COM, is plotted in a wider
area in Figure 2.23b. in this case, the circular interfaces are recognized as a minimum. The core shows a
high intensity for both wavelengths due to the high signal at this point, that masks any difference
appreciated in other regions. The intensity of the spectral band at 1630 cm™ is stronger than that for
1318 cm™, but the peak can still be distinguished from that for COD.

From these findings, it follows that the growing process of the columnar COM crystals that build up the
structure of the stone was temporarily hindered due to the deposition of a thin COD layer. These
changes were possibly due to punctual and regular changes in urine composition, stages characterized
by a high calcium concentration, condition that especially favors the formation of the kinetic derivative



(COD). The patient has suffered these conditions regularly, fact that lead to the formation of these
concentric circles, since a layer of COD covered, at that precise time, the whole urinary stone. When the
conditions necessary for the formation of solid concretions of COM were achieved again, the
thermodynamic derivative continued precipitating.

Intenzity (an,)

1R

Figure 2.23 a. Map from the highlighted area, based on the intensity for the peak at 1680cm™. The maximum of the COD
peak overlaps with the location of the concentric circumferences. b. Chemical map from the selected sample area, the
intensity for the peak at 1630 emtis plotted. The circumferences appear this time as minimum intensity pixels. Note the
thickness of the COD surfaces does not exceed 100 um. Comparable results were obtained when the intensity for the peak at
1318 cm™ was plotted.

It was not possible to characterize the composition of these thin layers by using traditional optical
microscopy. U-IR has shown a great advantage for the description of such small areas of the stone.
Although the analysis of a single sample is not enough for the description of a general behavior of COM
stones precipitation mechanisms, this finding is highly interesting, because of the high frequency in
which this type of structure is found.

The analysis of this sample using MA revealed a mixed CaOx stone. COD suffers normally a slow
transformation into the most stable COM derivative due to a long-term contact with urine. Optical
microscopy cannot help to define precise limits of the regions where COD or COM are most abundant,
so the goal of y-IR mapping measurements is to precisely locate those components.



Firstly, a globar source FT-IR microscope was used for the analysis of a large surface of the sample. Due
to the large area of the stone and time limitations, only the half of the sample was mapped, which
included the core of the stone as well as a large surface area. This region can be considered
representative of the whole urinary stone.

A map based on the intensity of the signal at 1680 cm™, corresponding to COD, can be seen in Figure
2.24a. As expected, the strongest signal for COD is found in the outer part of the stone, since it is the

one of latest formation.

Alternatively, the intensity for the band at 1630 cm™ (COM) is much higher on the core of the sample.
The residual signal seen on the most external part of the stone is due to the high intensity of the C-O
double bond vibration. These results are plotted in Figure 2.24b.

Figure 2.24 Mapping plots. a. Intensity of the peak at 1680 cm™ (COD) b. Intensity of the peak at 1630 cm™ (COM) c. Ratio of
intensities of the peak at 1630 em™ to 1680 cm™ d. Intensity of the peak at 1060 cm™ (CAP).

The characteristic spectral bands for the carbonyl group in COM and COD are overlapped. Their
vibrational energy is close and intensity is high. The chemical map may appear to be biased because of
the proximity of the bands, but the features of both spectra allow their unique recognition. This band
overlapping can actually be overcome when the ratio of intensities for such peaks is used for the
graphical representations.

In order to correctly define the composition for each area of the stone, a map of the sample, based on
the relative intensities between the bands at 1630 cm™ and 1680 cm™, is displayed (Figure 2.24c). The



areas dominated by COM appear in red, while blue represents regions rich in COD. As it can be seen, a
full conversion is achieved in the core, later discussed. From the core outwards, a first radial section of
medium intensity is found. This suggests that this area, due to a continuous contact with urine (because
of the stone porous structure), continued its transformation to the most stable derivative. Finally, the
surface of the stone comprises pure COD, in its characteristic sharp crystals. It can be concluded that the

transformation has taken place progressively.

Spectral evidence can also be found for the description of the stone structure. Figure 2.25a pictures the
variation of the composition throughout the stone, from the core the surface. This figure expresses the
ratio of the peaks at 1630 cm™ to 1680 cm™, that is COM/COD. As previously, COM regions will appear
as red areas. The IR spectra of the highlighted points are plotted in Figure 2.25b.

1R {a.u)

T T T T T T 1
g0 1000 1200 1400 1600 1800 2000

YWavenumber (cri')

Figure 2.25 a. Map of the central area of the sample, from the core to the surface of the stone. Intensities according to the
ratio 1630 cm-1 (COM) to 1680 cm-1 (COD) b. IR spectra corresponding to the indicated points in the mapping image.

Point 1 corresponds to the core area. The curve resembles in a great extent the spectrum for pure COM
and practically no shoulder for the COD band can be appreciated, so it can be assumed that the



transformation has been virtually complete. Microscopic analysis of the sample reveals a poorly
compact structure, far from that seen in directly formed COM stones, fact that supports the initial
precipitation of COD.

The region immediately adjacent to the core is represented by Point 2. Although COM is still the
substance that dominates this area, a shoulder can already be seen at 1680 cm™, so COD was not totally
transformed.

The next radial sphere surrounding the core has a different fingerprint. A spectral band at 1060 cm™,
that perfectly fits the absorption region for CAP, can be seen in Point 3. Indeed, CAP is the only
component in some fragments of the stone located in this middle area (see Point 4). This fact suggests
that, after the core area was formed, the patient experienced rather different urine conditions, probably
a dramatic increase in the pH value that led to the formation of large CAP deposits.

At last, the outer area is analyzed in Point 5. This can be regarded as the youngest area of the stone, so
pure COD should be expected to be found here. This curve entirely fits with this assumption.

The distribution of the components can be described not only following individual spectra, but also by
the representation of chemical maps of a specific region. Figure 2.26 clearly indicates the extension
covered by each type of component. COM fills the major part of the core area and also spreads towards
the surface, which fits with the previous description. COD is basically located in the external region and
only low intensity bands, which could be due to the overlapping peak at 1630 cm™, is seen in the core
area. Interestingly, CAP is found as radial depositions that spread from core to surface.

In this sample, the location of CAP deposits is of especial interest. As it can be seen in Figure 2.26 and, to
a greater extent in Figure 2.24, the intensity of the band at 1060 cm™ defines some regions in central
parts of the stone. Therefore, it could be stated that the conditions for the formation of these solid
concretions did not occur either at the first steps of the stone growing nor during the final stages.

A second reasonable interpretation of these Figures could point out other details. The careful inspection
of the red areas in the picture defines cavities in the structure of the stone. This fact may point out to a
change in urine conditions at the later stages of the stone formation. Urine, probably at a rather basic
pH, could run throughout the cavities of the stone al loose its dynamic flow in these internal paths, were
CAP could have been stored as solid depositions at a later stage in the stone formation.

A further analysis of the results could locate the precipitation of CAP during the formation of the stone,
due to changes in the urine composition. After the precipitation of calcium oxalate, pH and the
concentration of some precipitation promoters could change, favouring the formation of CAP solid
concretions.
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Figure 2.26 Intensity maps of a central area in the sample. The area from the core to the surface is shown. Intensities for the
most representative spectral bands (COM, COD and CAP) are plotted separately.

For this sample, also a single measurement using sFTIR, which allows a higher resolution, was also
performed. A single, straight line of 30 points, covering a distance of 180 um from the core towards the
surface of the sample, was analysed (line of pixels indicated in Figure 2.27a). The spectral
measurements, plotted in Figure 2.27b, show more precise information, not available when a
conventional, globar source is used. It appears clear that the band for COM is the one dominating the
core of the stone. However, a smaller band for COD (1680 cm™) is also seen in the core region. Thus, it
can be understood that the transformation of COD into COM did not take place in a full extent, as it
seemed in the previous experiments. The spectra for the outer part of the stone evidence the only
existence of COD, as already seen by lower resolution p-IR and stereoscopic microscopy.

Likewise, Figure 2.27c supports these results, since the spectral band at 780 cm™, a specific signal for
COM, decreases as the position of the spectrum gets closer to the surface of the sample.

The greater resolution allowed by the coupling of a synchrotron light source to pu-IR has led to the best
description of the sample. For time reasons, the number of samples measured was small, so the results
can only be considered preliminary. Nonetheless, these measurements add some hints to the results
obtained by lower resolution spectroscopy. In some cases, where the resolution is a basic question,
sFTIR can throw some light on the precise definition of the lithogenesis process.
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Figure 2.27 sFTIR measurements a. Localization of the measured line map in the sample surface b. Representation of the
carbonyl group absorption band c. Representation of the absorption band at 780 cm™, characteristic for COM.

The classification of this sample using MA yielded a pure CAP stone. As described in Section 1.2.2.1.,
such stones are porous, and often co-precipitate with other substances. Particularly, STR is a mineral
likely to form deposits in bacteriological infection conditions, and can be mixed with CAP in variable
amounts. Furthermore, due to relatively similar precipitation circumstances, calcium oxalate is also
highly expected to be found within the structure of CAP samples.

Before performing this work, the CAP stone used was analyzed using SEM-EDS. This analysis did not
show any magnesium peak, so the existence of struvite was discarded. The presence of CaOx deposits
can be more difficult to identify. If the agglomerations are small enough, the phosphorous signal (CAP)
may still appear, and the crystal structure differences between both components might be hard to
appreciate using MA.

The sample was analyzed using a globar energy source. CAP stone are much softer that other stone
types. As a consequence, some of the sample material could have been lost during the preparative
polish procedures. This area is seen as a big blue zone in Figure 2.28. This Figure clearly shows that most



2. Image analysis

of the measured surface is CAP, since the intensity for the characteristic spectral band is maximal.
Although the big blue region has a similar spectrum to the holding resin, the spectra of the small areas
of low intensity for the 1060 cm™ band show a different pattern.

Figure 2.28 Map of the stone, intensity of the peak at 1060 em™.

Once the presence of struvite was dismissed using SEM-EDS as previously discussed, the existence of
CaOx within the structure was checked. With this concern, the intensity of the CaOx spectral band at
1680 cm™ is plotted in Figure 2.29a. As it can be appreciated, some regions show an especially intense
signal for calcium oxalate. These areas depict lines crossing the whole stone.

A more precise analysis is supported by Figure 2.29b. Point 1 in this Figure describes an outer area of the
stone with a focalized region of calcium oxalate precipitation. If the spectrum from this spot is taken
(Figure 2.29b), the peak position reveals the predominance of COD. In fact, the CAP spectral band is not
appreciated, so no phosphates were precipitating together with calcium oxalate. In a latter step, CAP
continued depositing on the surface of the stone, covering the COD deposits.

Similarly, Point 2 is representative for a long layer of CaOx deposits in the stone, which suggests that the
conditions in the urine at that point lead to the precipitation of CaOx rather than CAP, for a given period
of time. As seen in Figure 2.29b, the spectra from this region show a maximum absorption band at 1630
cm?, so the main component can be thought to be COM. However, the existence of a shoulder at 1680
cm™ suggests the presence of COD. It could be understood that COD precipitated initially and then it got
transformed into the thermodynamically more stable COM. According to Figure 2.29b, there is a
noticeable peak for CAP, so COD precipitated along with CAP.

It is worth to say that the thickness of each of these layers is lower than 150 um, a similar size as the
porous in the structure of mixed stones. Again, the most relevant features listed for this stone make the
precise description of the structure particularly difficult, when only MA is used. The complete
characterization of the stone cannot be granted even if SEM-EDS is used.
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New optics, further perspectives

This sample, previously classified as a CAP containing stone, has been fully described by means of p-IR.
This technique leads to the elucidation of three stages in the stone formation process.
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Figure 2.29 a. Map of the whole sample, based on the intensity of the spectral band at 1680 em? b. IR spectra measured at
the points highlighted in Figure 7a.

2.4.3. Final remarks

This Section has revealed once more the importance of a good resolution power for the best description
of urinary stones, getting information different to that obtained by the use of traditional techniques.

Indeed, minor components in some stones have been located, fact that helps in the definition of the
stone history, that is, lithogenesis. This history is directly linked to the metabolic disturbances the

97



patient has gone through, so their precise description leads to the definition of the best management of
the disease and selected treatment.

The formulation of precise statistically robust results is certainly hampered by the limited number of
samples that could be included in the study. However, this work points out p-IR as an interesting
approach for the study of renal calculi. It is clear that, due to the time needed for the measurements,
the related costs and the equipment availability, the experiments described here, also including those
using synchrotron radiation, are not likely to become a routine analysis technique for clinical
laboratories. Nevertheless, the information provided by these techniques serves as a validation of the
already existing methodologies. It widens the knowledge on urinary stone formation mechanisms, as the
description of precipitation patterns.

This Section can be considered as the use of a more advanced approach than the available IRS for the
analysis of urinary stones. It is important to highlight that the results are comparable to those usually
managed by physicians.

In order to be totally attractive to clinical laboratories, the analysis should become inexpensive and fast,
and new applications (i.e. spectroscopic analysis of other tissues) should be developed. This would help
take profit of the most modern spectrometers, which are often used in research for the analysis of
biological samples.

The work described in this Section has been published at Journal of Biophotonics.

Blanco F, Ortiz-Alias P, Lopez-Mesas M, Valiente M. High precision mapping of kidney stones using pu-IR
spectroscopy to determine urinary lithogenesis. Journal of Biophotonics. DOI: 10.1002/jbio.201300201.

This work has been attached in Supplemental Materials (Error! Reference source not found.).
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3.1. Introduction to nanoparticles analysis

For years, it has been a well-known fact that physical properties of substances in solution are different
when particle size changes. Last decades have seen the interest of many different scientific fields on
nanoparticles dramatically rise. The number of applications recently developed exceeds the barriers of
any scientific discipline, and links the use and/or study of nanoparticles (NPs) to environment and food
research/monitoring, chemical synthesis, biochemistry and medicine 222 223.

In order to conveniently address this topic the size criteria should be discussed. Synthetic and natural
NPs are considered so when at least one dimension is found in the size range 1-100 nm 224. According
to IUPAC, natural colloids of organic or inorganic origin are considered into this group even broadening
this size range: 1-1000 nm 225. NPs often show aggregation properties that can cause the identification
of colloids that actually exceed the theoretical upper limit of NPs. This is the case of this work, so the
results discussed here should consider this particular issue.

Naturally occurring NPs present a remarkable heterogeneity in the radius of morphology, physical
characteristics and chemical reactivity. Hence, analysis of NPs in natural media should consider a proper
characterization of their size and nature. The role of these colloids in the environment and biological
systems influences biogeochemical cycles of the elements, due to the different degree of interaction
with living organisms and other particles 226.

As already described in this work, urine is a complex matrix, which contains organic and inorganic
components, as well as biological macromolecules. It appears clear that natural NPs could strongly
influence physical and chemical processes in urine. Some studies have addressed the influence of NPs of
different nature in urine processes. For instance, proteins are known to aggregate and form structures in
the size range of NPs. It has been demonstrated that the urinary proteome can be described via the
characterization of the NPs content in this matrix 227.

Indeed, the interaction between nanoparticles could play a role in the lithogenesis, process on which
this work is focused on. Some works have already tried to describe the influence that nanocrystallites in
urine could have in the formation of urinary stones. The assumption of NPs as the precursor for urinary
stones appears logical. As described in Section 1.1.5. , urine is supersaturated respect some
components, fact that could make them aggregate to form nuclei (usually <10 nm). These crystals are
retained within the urinary tract or get fixed to a part of it and form a urinary stone (generally 0.1 to
several cm) 228.

The observation of urinary crystallites has been done for many decades. Nonetheless, the technique of
choice was typically optical microscopy, so the observation of crystals was limited to the micrometers
range. In addition, the observation of such images could be influenced by metabolic processes and
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include organic debris 229. An example of the typical images observed with this type of microscopy is
shown in Figure 3.1.

Figure 3.1 Images of urinary crystallites. Left: Optical microscope view of STR crystals. Right: CaOx crystals observed at
Transmission Electron Microscope 230.

Aware of these limitations, crystallite formation in urine has been studied with more advanced
techniques, which reflect the importance of those processes 231. The main advantage this observation
shows is that the characterization of urine crystallites can be used as a prediction of the risk of a given
patient to suffer from urinary stones. As discussed in Section 1.1.7. , some stone formation risk markers
have been described, yet the results might depend on the variables measured. The characterization of
urinary crystallites is purely empirical, so it takes into account promoters, inhibitors and any other
trigger that may force urinary components to precipitate.

Previous studies have been focused on the characterization of morphology, particle size, aggregation
and Z-potential of urinary particles.

The particle morphology, size and aggregation have generally been determined using Transmission
Electron Microscopy (TEM). This technique allows the analysis of images with nanometers resolution.
The determination of crystals aggregates is also achieved by direct observation of the structures 230
232. The limitations of this methodology are given by the selection of a representative aliquot of the
sample, the need to take several aliquots for each sample for a statistical approach and the need of a
trained technician for a rather tedious analysis. Figure 3.1 shows an example of the images usually
acquired using TEM.

As mentioned, Z-potential has also been monitored for urinary crystallites in stone formers and healthy
controls. This magnitude depends on the surface negative charges of the crystals, so a greater absolute
value for Z-potential correlates with a higher density of surface charges. A higher density of negative
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charges implies more repulsion between crystals, so the stone formation risk is sunk. This parameter has
been detected to be lower (more charges) in healthy controls than in stone formers. Z-potential
measurements have been done on CaOx and UA stone patients 230 233.

The methodologies listed are either tedious or not generally available. This makes the determination of
the stone formation risk via nanoparticles characterization difficult to integrate into routine
laboratories. Hence, the goal of the work described in this Section is to suggest a new methodology for
the quantification and characterization of nanoparticles in urine, for its use as urinary stone formation
risk biomarker. For this purpose, one of the leading techniques for the analysis of NPs is used: Field Flow
Fractionation (FFF).

The experimental work presented in this Section was performed at UT2A, Université de Pau et des Pays
de I’Adour, Pau, France.

3.2. Nanoparticles analysis techniques

3.2.1. Field Flow Fractionation

NPs have traditionally been analyzed using a variety of techniques: sieving and ultra-filtration,
sedimentation and centrifugation, size exclusion chromatography and capillary electrophoresis. It was
not until the 1980s when FFF became commercially available. FFF resulted one of the most capable
techniques, due to improvements in separation range, selectivity and resolution 222.

FFF bases the NPs separation capacity on the interaction between them and a field, produced by some
kind of auxiliary flow. Although FFF represents a family of separation techniques, only Flow-Field Flow
Fractionation (FI-FFF) will be introduced here, since it is the technique selected for the experimental
section. In FI-FFF, the separation force relies on a perpendicular flow applied simultaneously along the
separation channel (cross flow). The inlet flow takes a parabolic form that drives the NPs in the sample
throughout the channel, while the cross flow interacts with these particles. Smaller particles will interact
less with this force and will elute first; bigger particles will be more retained in the channel. The
separation principles are thus based on classical, physical chemistry laws: Brownian motion,
translational diffusion, laminar flow and frictional forces 234. NPs are kept in the channel due to the
existence of a membrane of variable composition and porous size (also known as accumulation wall) on
the channel bottom. The chemical nature of this membrane plays also a role in NPs interaction and
retention. Figure 3.2 represents the disposition of the basic items in FI-FFF.

Some particularities can also be pointed out in regard to the channel configuration. A popular approach
in FI-FFF consists on the use of an asymmetrical channel, variation known as As-FI-FFF (A4F). This
variation represented the resolution of some technical problems, related to the stability of a
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homogeneous cross flow along the channel 235. In addition, the peak resolution and fractionation speed
increase when asymmetrical channels are used. A schematic view of the channel form can be seen in
Figure 3.3. The trapezoidal shape of the channel is produced by a plastic part with such a hole and a
given thickness, both relevant in the fractionation efficiency.
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Figure 3.3 Schematic view of the separation channel. Note that the inlet and outlet ports (for the carrier solution) are located
at both ends of the channel. The sample enters the channel 20 mm downstream from the carrier injection port (red arrow).
All the size indications refer to the unit used in this work.

According to the previous statements, the retention time should conduct to the determination of the
particle size. This theory should be analyzed carefully, since some deviations can arise from the
calibration method. The calibration is usually performed using commercially available standards, which
are generally polystyrene spheres. Due to the different behavior of spherical NPs, they might not be
regarded as good indicators of the particle size when compared to heterogeneous urine NPs 236. In this
work, particle size has been calculated using an on-line detector, later described.

The sample introduction differs from the mode used in chromatography. In A4F the sample is
introduced downstream from the carrier flow inlet. During the injection, the sample is subjected to a
focusing step. During this period of time (typically a few minutes) both inlet and outlet ports let carrier
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solution into the channel and the exceeding solution leaves the channel through the membrane
(channel bottom). This process assures that all the NPs are located at the same point within the channel
in a Gaussian distribution around the focusing point 237. After this step, the separation conditions start,
so the carrier flow crosses the channel from inlet to outlet, while the cross flow leaves the channel
through the membrane.

A4F does present some advantages against other separation techniques, as the absence of a higher
molecular weight limit, but one of the most relevant is the possibility to couple a large number of in-line
detectors, that complement the information obtained for the characterization of NPs. Due to its
applicability to this work, the specific characteristics of the Multi-Angle Light Scattering detector (MALS)
will be described.

3.2.2. Multi-Angle Light Scattering Detector

This type of detector measures the light scattered by NPs in a liquid medium. Light scattering shows
some important advantages when it is combined with A4F. It can give information on particle size over a
wide range (1 — 50.000 nm) with no need of running a calibration curve and its short measurement time
allows an on-line use. For these reasons, the hyphenation A4F-MALS has been widely used 226.

NPs are in constant random motion when they are in a liquid medium. Theoretically, a particle irradiated
with light produces a scattering pattern based on light and dark bands that decrease for higher radial
positions. Since the scattered radiation intensity (Rg) depends on the scattering angle, MALS detectors
are equipped with a series of individual detectors that simultaneously measure the emitted signal 238.
The intensity of scattered radiation depends on the mass/size of the NPs in the sample, being bigger NPs
the ones that scatter light more efficiently 239.

The theoretic principle of light scattering, according to Zimm, follows Equation 3.1. Although there are
other approaches for the estimation of the NPs size and molar mass, Zimm does not assume spherical
particles. This is especially useful in our case, because the particle shape in urine samples will probably
be irregular, and assuming any shape restriction would entail the introduction of bias in the calculations
240.

Equation 3.1 Zimm Equation

Ry
K*c

= MP(6) — 2A,cM?P%(0)

In Equation 3.1, Rp is the scattered radiation intensity, K" is an optical constant depending on the fluid, ¢
is the mass concentration of the NPs, M is the molar mass, P(0) is a theoretically derived factor that
depends on the scattering angle and A, is the second virial coefficient, which includes the interaction
between particles.



According to these observations, if Equation 3.1 is solved, the molecular weight and radius of the NPs
analyzed can be calculated by measuring the scattered light, if the fluid characteristics (i.e. water) are
known.

The solution of the Zimm Equation is done by fitting Ri vs sin?(0/2). Since MALS detectors have
2]

individual detectors at different angles from the incidence point, a regression response curve can be
calculated. The y-axes intersection will lead to the calculation of the molar mass 241.

The NPs radius can be then calculated, since it is proportional to A (incident wavelength) and M (molar
mass). Equation 3.2 shows the dependence of r* (square radius, from which r, the radius, is calculated).
m, can be calculated using the derivative of the fitted curve at each point. The calculated value is the
hydrodynamic radius.

Equation 3.2 Calculation of the particle size, as a function of the second power of the radius.
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3.3. Experimental Section

3.3.1. Samples

Urine samples were collected from healthy controls and stone patients. Healthy participants were
recruited from Barcelona area, while patients came from Hospital Trias i Pujol (Badalona) and Hospital
Clinic (Barcelona). The selection and exclusion criteria for the recruitment of the volunteers are detailed
in Table 3.1.

Note that the inclusion criteria for the stone formers cite only calcium urolithiasis as possible stones to
consider. As described in Section 1.2., CaOx and CaP stand for more than 75% of the total amount of
cases, so the results achieved represent the majority of cases. The time limit of 6 months after the
lithiasic episode should limit the variation in urine conditions after the stone is passed. All the patients
recruited had already experienced at least one stone episode previously, to assure urine conditions
were more likely to belong to the stone formers group.

24 hour urine samples were used. The whole volume was collected in the same bottle, mixed and then
homogenized aliquots of 100 ml were frozen and stored at -20°C until the analysis was performed.

The sample treatment for the FFF analysis included filtration of the samples with a 0.45 um filter to
eliminate debris and prevent largest particles to be injected into the FFF channel. Once filtered, the



samples were left in an ultrasonic bath for 15 minutes, to minimize particle aggregation, and then
analyzed immediately.

Table 3.1 Inclusion and exclusion criteria used for the selection of the volunteers for urine collection.

Stone patients Healthy controls

Inclusion criteria Inclusion criteria
1. Recurrent wurinary stone patients 1. Healthy individuals, with no previous
(CaOx and CaP) history of urolithiasis

2. Patients recruited during 6 months
following to the lithiasic episode
Exclusion criteria

Underage (<18 years old)
Women in pregnancy
Serious illness (oncologic process...)
Osteoporosis or on-going related treatments
Morbid obesity
Associated urinary pathology (benign prostatic hyperplasia...)
7. Potentially lithogenic drug treatment
8. Last wurinary stone expelled not 8. Urinary lithiasis, with or without symptoms
analyzed
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3.3.2. FFF analysis

The equipment used was served by a HPLC quaternary pump G1311A from Agilent Technologies (Santa
Clara, CA, USA) and an autosampler G1329A from Agilent Technologies, equipped with a 900 pl variable
injection syringe. The separation was performed using an A4F separation channel (Wyatt Technologies
Europe, Dernbach, Germany) and controlled by an Eclipse Separation System (Wyatt). The channel had a
trapezoidal shape, with the injection point located at 20 mm of the wide end (see Figure 3.3).

Particle size measurements were performed using an on-line MALS detector, equipped with 18
individual observation angles (Wyatt Dawn Helios Il, Wyatt Technologies). The data collection interval
was 2 Hz.

3.3.3. Data analysis

The fractograms (intensity vs time plot, similar to a chromatogram in chromatography) were analyzed
using ASTRA v.6.0.2 (Wyatt Technologies) software, which allowed the measurement of particle size and
particle size distribution for each sample. The MALS signal was treated according to Zimm approach. The
fitting of the data was done using a first order approach, and the calculations were done for each data
point, so for each slice of the fractogram. Thus, each point was represented by an adjusted curve that
allowed the calculation of the radius (see Section 3.2.2. for the description of the theoretical basis). It
was possible, thus, to record the intensity and particle size at each elution time and calculate the
cumulative particle size: the particle size distribution.



Due to the interest in this precise case, a particular type of graphical representations will be introduced
here.

Box-whiskers plots are a clear representation of the distribution in a population, since they also consider
the variability within the data in each class. Figure 3.4 shows the basic points in such plot, which are:
minimum and maximum in the series, and the 25, 50 and 75% marks of the data available. The plots
shown were calculated as the histogram in Figure 3.15, so each size fraction was represented by a box.
Note that, for a better data analysis, the outliers points were subtracted from the calculations. A data
point was considered an outlier if the distance to the Q3 point (see Figure 3.4) was higher than 1.5 times
the 1QD (Inter Quartile Distance, Q3 — Q1 distance), as widely accepted 242.

J_,_,ﬁ Maximum value

7 Q3, 75% of the data

#

—— Median, 50% of the data

J_ T Q1, 25% of the data

“\3
Minimum value

Figure 3.4 Basic points in a box-whiskers plot. This representation helps understanding the data distribution in a population
and the variability of the data at the same time. Quartiles 1 and 3 (Q1 and Q3) represent the central part of the data, used
for the determination of outliers.

3.4. Results and discussion

This Section includes not only the results on particle size determination, but also the preparation and
test of the analysis method, since it had to be specifically developed for this case.



3.4.1. Optimization of the analysis methodology

According to the particularities of the technique, a number of tests were run to choose among several
parameters and configuration possibilities. The goal of this optimization was the fractionation of the NPs
content in urine. ldeally, if the NPs population in urine included variable concentrations of different
sizes, the fractogram would show well resolved peaks with different intensities. Totally resolved peaks
would be characterized by a single NP size, so the radius measured at each of them would be constant
along the peak (except for the start and end of the peak, when a low signal might do the measured
radius slightly differ). These results are usually achieved when the system is polydisperse (some
populations of NPs of different size can be found), and the particle size distribution is not continuous.
Although this condition might not be achieved, due to the heterogeneity of nanoparticles in natural
matrices, it is will be regarded as the reference for the final step of the optimization. The described
situation is shown in Figure 3.5.
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Figure 3.5 Ideally, in a polydisperse system, the fractionation should achieve the separation of several NPs populations. The
quality of the separation can be measured, in addition to the peak resolution, by checking the stability of the hydrodynamic
radius within the peak. Blue line and axis represent the detector signal; grey ones, the hydrodynamic radius.

The optimization of the methodology was done using a spot of urine sample. More than 100 ml of this
sample were collected, so it could be kept during the optimization process.

With this aim, the parameters that were optimized included: Carrier and cross flows, nature of carrier
solution, nature of the membrane and channel spacer (namely the thickness of the separation channel).
Some fractograms will be shown, in order to graphically describe the criteria used for the conditions
selection. Note that the parameters used for the determination of a correct fractionation are the
fractograms (signal vs time) or the determination of the hydrodynamic radius. Both can be considered as
good indicators of the fractionation efficiency 243.

This Section will only emphasize some representative optimized parameters. Besides the variables here
discussed, the sample preparation (filtration/centrifugation), amount of sample injected and carrier flow
were also studied. The best results were seen for filtered samples (using a 0.45 um filter), 200 pul urine
injected and 1 ml/min for the carrier flow.



For a carrier flow of 1 ml/min, which is a generally used value, the influence of varying the cross flow
was checked. The important effect of changing the cross flow within 0-2 ml/min range is seen in Figure
3.6. Low particle interaction when no cross flow is used leads to a poor fractionation. On the other side,
when high cross flow values are used, the NPs are so retained that they hardly leave the channel during
the separation. It is only after the separation time, during the cleaning step, that they elute the channel
(large peaks at the end of 1 and 2 ml/min curves). Thus, in these fractionation conditions, the system
will be kept at cross flow values lower than 1 ml/min.
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Figure 3.6 Fractograms of the test sample, using a range of cross flow values and keeping the carrier flow at 1 ml/min.

The nature of the mobile phase was also tested, since it is crucial for the efficiency of FFF separation.
Different compositions in the carrier solution cause variations in particle stability and interactions with
the membrane. Water can be enough for the fractionation of particles depending on the matrix,
although the results are often improved when a surfactant is used. These molecules influence
electrostatic interactions and stabilization, due to the steric effects derived from surfactant organic
chains 243. The results from the separation using surfactant were not satisfactory (in our case ionic and
non-ionic components were selected). The list of surfactants tested included Tween 80, Tween 20 and
SDS (sodium dodecyl sulfate) 0.05% w/w, highly used in FFF. From these, the results for Tween 80 (see
chemical structure in Figure 3.7) are used as an example. As seen in Figure 3.8b, the calculated radii
result noisy and somehow illogical. Apparently, bigger NPs elute first from the channel, which is
contradictory with FFF theory. These unexpected results could be attributed to the interaction between
NPs surrounded by surfactant and the membrane, which could make the fractionation process less
efficient. Instead, when sodium azide is added to the solution, the radius obtained is much nicer. Besides
the extremes of the peak, where the low signal (due to low amount of particles) can cause noise and
imprecise calculations, the radius is stable and follows the theoretical trend (see Figure 3.8a).
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Figure 3.7 Structure of Tween 80 (also polysorbate 80). Polysorbates are a family of compounds; for 80, w+x+y+z equals 20.

Consequently, the carrier solution chosen is NaN3 0.05% adjusted at pH 6. A lower pH could dissolve CAP
NPs, as described in Section 1.2.2.1. On the contrary, higher pH values could force the precipitation of
CaOx. Although the pH of the carrier solution was not adjusted to each urine sample, it was kept in a
compromise area, thus balancing the complex equilibria existing in urine. According to bibliography,
NaNjs also contributes to stabilize the ionic strength of the solution and prevents bacteriological growth
in the channel, useful when working with biological samples 244.
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Figure 3.8 Results using different carrier natures. a. NaN3 0.05% w/w at pH 6. b. Tween 80 0.05% w/w.

As stated in the introduction of the FFF technique, the accumulation wall, physically defined by a
polymeric membrane, is a key point in the optimization of a separation method. It strongly interacts
with NPs, therefore influencing the fractionation speed and efficiency. Two of the most common
membrane types were compared: regenerated cellulose (hydrophilic) and polystyrene (hydrophobic). In
both cases, the molecular weight cut off (MWCO) was 10 kDa, the lowest available, so smaller NPs were
not removed from the channel during the focusing time. MWCO is defined as the molecular weight at
which >90% of the NPs are retained in the channel 245. The fibrous nature of the membranes can cause
the MWCO to slightly vary within a range and also increase the interaction NPs — membrane. As seen in
Figure 3.9, the cellulose membrane caused a much noisier signal, due to a higher interaction with the
NPs. The PES unit was selected to improve peak resolution and allow better calculations of radius. This
different behavior can be attributed to: 1) diverse degree of heterogeneity on the membrane surface
that may make NPs interact more with it and 2) cellulose membranes have a highly negatively charged



surface, fact that can retain more the particles, thus leading to a poorer separation efficiency and an
increase in the signal noise (the effects observed in Figure 3.9).
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Figure 3.9 Comparative fractograms of a urine sample analyzed using Regenerated Cellulose (RC) or Polystyrene (PES) 10 kDa
membranes as accumulation wall.

The next parameter optimized was the channel thickness, regulated through the spacer. The initial 350
pum thick spacer was changed for a 250 um one. A thinner channel should reduce band broadening, due
to the increase in the carrier flow and the establishment of more efficient equilibria within the channel
volume. This fact is analogue as increasing the number of plates in a chromatographic column 246. The
results obtained by using a different spacer are shown in Figure 3.10. As expected, the separation
performance increases and a better separation of NPs sizes can be obtained. The results do not show
different peaks with a unique size, but a continuous size distribution starting around 10-20nm.
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Figure 3.10 Radius measured when a 250 pm channel thickness is set. The size distribution is logical and spreads from 10-
250nm. The noise in the last part of the curve is due to the low amount of particles (and so low signal) at the end of the peak.

Finally, the reproducibility of the separation conditions selected was checked by injecting 10 times
aliquots of the same sample. The fractograms and size distribution profiles were considered basic
criteria for the reproducibility, so they were carefully analyzed. As seen in Figure 3.11, the fractograms



for all the analyzed aliquots are overlapped, which indicates a similar behavior of the sample in the
channel. The average hydrodynamic radius calculated was 63 £ 6 nm, which relies within 10% error.

As previously indicated, the total fractionation of the NPs of the sample, to obtain separate peaks of
individual size, was not possible. Instead, the results resembled a partial fractionation of different sizes
of NPs that eluted as a single, wide peak. The particle size distribution could still be calculated, according
to the increasing radius calculated along the peak. This relation between peak shape and particle size
can be clearly appreciated in Figure 3.12.
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Figure 3.11 Fractograms of the 10 analyzed aliquots. Each tone (from light grey to black) represents the measurement of a
different aliquot.
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Figure 3.12 Representation of the signal (detector voltage) and the hydrodynamic radius vs time. Note the logarithmic scale
for the hydrodynamic radius axis.



To sum up, the general conditions selected for the fractionation of NPs in the samples were: 1 ml/min
carrier flow, 0.5 ml/min cross flow, carrier phase NaN; 0.05% w/w adjusted at pH 6, PES, 10 kDa MWCO
membrane and 250 um spacer.

3.4.2. Results of particle size determination

Once the fractionation methodology had been defined, the analysis of the collected samples was
performed according to the selected parameters. The samples have been sorted into two groups:
healthy controls and stone patients (cases), according to the criteria described in Section 3.3.1.

Due to the limitations of FFF technique for the NPs size determination in urine, namely the existence of
a continuous size distribution that makes not possible to obtain and individually quantify NPs
populations, the comparison of the data includes the calculation of mean values for selected
magnitudes.

Firstly, the mean radius is compared. This parameter refers to the mean radius calculated for each
sample, not considering the particle size distribution. As seen in Figure 3.13, the average value is very
similar in both cases, and the standard deviation is so high, that it makes both groups identical for this
parameter.

100 +
80 -

60 -

® Controls
40 -+
M Cases

Mean radius (nm)

20 -

Figure 3.13 Mean NP radius for controls and cases.

Since the comparison of the mean radius does not bring any difference between controls and cases, the
mean minimum and maximum sizes are also compared. Assuming particle size distributions are
different, the mean hydrodynamic radius might not be a good parameter to reflect differences in such
distribution. The average minimum and maximum radius can give a better idea on the size distribution.
Again, the results define two similar groups (see Figure 3.14). The values are close within both groups
and the variation within each class is so large that they include each other. Interestingly the standard
deviation is especially high for the cases group.
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Figure 3.14 Representation of the average minimum (a) and maximum (b) hydrodynamic radius for the two study groups.

The comparison of the mean values is also confirmed by the absence of statistical differences between
these values (see Table 3.2). The statistical test run was the comparison of two means using a one-tail t-
test; the alternative hypothesis was that the cases mean could be greater or smaller than the controls.

Table 3.2 Statistical analysis of the NP mean particle size measurements.

Parameter Controls Cases —

Mean radius 73124 72 +27 0.42
Mean minimum radius 61+34 77 £ 55 0.11
Mean maximum radius 288 + 146 271 +147 0.33

: p values bigger than 0.05 indicate not significant statistical differences between means.

These results do not fit exactly with some reported particle size studies on urinary stone patients. Duan
and colleagues 230 reported a medium diameter (note that radius have been calculated in our work) of
310 £ 160 nm for controls and 524 = 320 nm for CaOx stone patients. Indeed, after a treatment with
potassium citrate, the particle size in stone formers was reduced to 354 £ 173 nm (for the properties of
citrate as stone inhibitor, refer to Section 1.1.6.2. ). In that study the difference was reported to be
statistically significant. The basic similarity with the results expressed in this Section is the high
variability within groups, especially in stone patients. Differently to the work presented in this Section,
the work cited used TEM (Transmission Electron Microscopy) as the technique for the determination of
the particle size. TEM presents some limitations to avoid particle aggregation and provide
representative aliquots from the sample. Even considering the filtration step (0.45 um) previous to the
analysis used in this Section, the average particle size is distant to that published.

Comparing the mean particle size has not lead to a clear difference between both study groups. Indeed,
the values discussed do not represent the size distribution of the NPs in urine. As shown in the
histogram represented in Figure 3.15, the size distribution in both groups could be different, although



the mean value does not reflect this. This Figure shows similar particle distributions for both groups,
with some remarkable differences. While the percentage of particles with a radius >200 nm for controls
is low, and the probability of finding radius greater than 300 nm is very low for this group, the cases
show a different profile in this part of the representation. Cases show a higher percentage of particles
with a radius above 300 nm. If the filtering step (0.45 um filters) is considered, the calculation of such
high radius that describe NPs of 600-800 nm diameter, indicates a high aggregation potential of the NPs
in patients. For a clearer analysis of the size distribution, box-whiskers plots are also shown.
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Figure 3.15 NPs size distribution for both groups. The percentages shown have been calculated by calculating the percentage
(from the total value in each sample) of NPs found in each size fraction of 25 nm. This Figure represents, for each size
fraction, the average percentage of NPs for each group.

The distribution analysis of the data using box-whiskers plots is shown in Figure 3.16. Because of the
high variability of the data within each size fraction, the maximum value (not considering outliers) is in
many cases distant from the box. Indeed, the first quartile (lower end of the box) is zero in many size
fractions; for the cases group this value is found in all the fractions. This detail makes clear that the size
dispersion is much wider in patients than controls.

While these results show some particularities for cases and controls, they are not enough to correctly
discriminate between both groups. Although the sample selection criteria were intended to reduce any
bias within the data, it could have induced some trends. Note that urine from patients was collected
during the following 6 months to the stone episode. During this period of time, the patients were
probably treated with some drugs (e.g. potassium citrate) and this could have made the particle size of
their urine decrease. In addition, since the stone episode was recent, they might have kept adhered to a
high liquid intake, fact that would have made concentration and aggregation of particles lower. Still, a
slightly higher degree of particle aggregation has been observed.
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Figure 3.16 Box-whiskers plots of the NPs size distribution for controls (top) and cases (bottom).



3.5. Final remarks

The idea of a fast NPs size analysis using FFF for the immediate indication of the stone formation risk is
attractive. This Section has tried to address this point from the creation of a suitable fractionation
methodology to the test of it with real samples.

The first step has been achieved. Assuming a continuous size distribution, typically found in natural NPs,
the developed FFF method has allowed the analysis of the size distribution of NPs in urine samples. It
represents the first attempt to achieve this goal using FFF. As stated, other approaches have been
reported, basically focused in the use of electronic microscopy. However, this work intended to define a
methodology which does not rely on a tedious analysis performed by a trained person, but on an
automatic analysis that could be offered to routine clinical laboratories.

The achievement of the method details definition has not granted the determination of significantly
different particle size or particle size distributions for healthy controls and stone patients. As discussed,
some previously reported results point out to a difference in average NP diameter (also with a
remarkable variability within groups), but these differences have not been appreciated in our case.

In order to contrast this data, new sampling could be carried out, including patients with a very recent
stone episode, patients who do not adhere to any stone treatment, or even a follow-up study on some
stone patients. This would be more challenging, but the characterization of NPs at all the steps of the
stone treatment could through some light on the process, and help use the NPs size determination as
lithogenic risk biomarker.

A different approach would include the use of elemental analysis to perform chemical speciation on
NPs. Thanks to the easily coupling of ICP-MS to FFF, the analysis of NPs could be complemented with a
description of which is the concentration of e.g. calcium-containing NPs in each size fraction. This
elemental characterization would represent an additional dimension to the description of these
samples, that might yield better results for its use as lithogenic risk biomarker.
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4.1. Oxalate as crystallization promoter

The complex interaction between those urine components that directly affect the formation of urinary
stones has been described in Section 1.1.6. In brief, the existence of two diverging groups is clear: some
molecules promote crystal formation while others reduce the precipitation speed instead. The
identification of which component is playing in each of those sides has been a key factor in urinary stone
management for a long time 247. As made clear throughout Section 1., one of the goals of physicians is
to reduce the incidence of urinary stones, and also the recurrence of this disease. This objective should
be achieved by the careful study of the influence of promoters and inhibitors on lithogenesis.

The close link between stone formation risk factors and patients’ diet and lifestyle is a basic issue when
addressing stone formation risk 248 249. The general advice for the prevention of urinary stones of
increasing the amount of ingested liquid should be given hand in hand with specific diet
recommendations or even restrictions. This would require an individualized treatment of the patient,
but would also lead to the best results.

The medical community and the stone patients are generally aware of possible beneficial and harmful
effects of the diet. This concern has been reflected in many studies, conducted in order to determine
the content of promoters or inhibitors in many food varieties 250. Consequently, some foods have been
traditionally pointed as adequate or not for avoiding (certain types) of stones.

The studies conducted in this Section have been focused on CaOx lithiasis, due to its higher incidence
and the morphology and composition variety seen within this class (discussed in Section 1.2. ). CaOx
lithiasis is closely linked to the concentration of Ca** and oxalate as main promoters. Likewise, inhibitors
as phytic acid, pyrophosphate or glycosaminoglycans strongly affect the crystallization of CaOx, as
reported in bibliography 89. This complex combination of factors makes the study of the causes of
formation and interaction between these molecules particularly interesting.

Oxalate has been often considered as bearing the strongest influence on CaOx precipitation among all
the promoters, when its concentration in urine is high (condition known as hyperoxaluria, often
corresponding to >45 mg/day excreted in urine) 166 167. Several causes for increased urinary oxalate
levels in urine have been described.

Oxalate ion is produced in the human body as a by-product of ascorbic and glyoxalic acids metabolism.
Primary hyperoxaluria is related to the overproduction and accumulation of oxalate, what might cause
stone formation and renal damage. This is not the most common cause of hyperoxaluria 251.

Diet is an important source of oxalate. Some ranges have been indicated as the normal level of total
oxalate absorbed from diet: from 10-20% to 40-53%. While very diverging, the amounts are



representative. It has also been reported that the consumption of a low oxalate content diet directly
causes the excreted oxalate concentration to sink 252. Secondary hyperoxaluria is linked to these
exogenous sources of oxalate, since it has been defined as the increased intake and/or intestinal
hyperabsorption of oxalate. An increased oxalate load through the diet might cause the amount of
oxalate absorbed in the colon to rise. Oxalate can also be absorbed in a degree higher as desired
depending on complementary nutrients intake. For instance, bile acid malabsorption increases the
permeability of the colon. Likewise, fatty acid malabsorption is also related to hyperoxaluria: free fatty
acids bind to free intraluminal Ca®', thus preventing it from binding to oxalate. This causes a higher
intraluminal oxalate availability and so increased absorption 168 169. This effect is emphasized when
calcium intake is restricted. Diets poor in calcium were thought to be suitable for CaOx stone formers
treatment, although it has been demonstrated that this effect was actually the opposite 167.

The presence of the bacteria Oxalobacter formigenes has also been identified as an additional cause for
hyperoxaluria. These bacteria selectively use oxalate as their carbon supply and are naturally found in
the digestive tract. The lack of O. formigenes, e.g. due to antibiotics administration, might force oxalate
absorption levels to rise 253.

Due to the relevance of secondary hyperoxaluria, some works mainly focused on this promoter are
presented in this Section. The studies presented here investigate the oxalate (and other promoters and
inhibitors) content of some foods, nutrition complements and drugs, since they could greatly influence
the oxalate load of the consumer. The control of the ingested oxalate is a key point in the treatment of
stone patients. It has been seen that 3-12% of the dietary oxalate intake is absorbed in the digestive
tract. This amount is greater in calcium oxalate stone formers than in healthy controls 254 255.

Other promoters and inhibitors have also been studied, as phosphate or metals: Na, Ca, K and Mg. They
will be introduced in Section 4.3.

The analysis of the mentioned components has been done using two of the most suitable techniques for
the analysis of organic ions and metals. Oxalate was analyzed by lon Chromatography and all the metals
and phosphate, using ICP-MS. The basic principles will be described here for a proper comprehension of
the numerical results.

4.1.1. Analysis techniques

Chromatography is the most used analysis technique based on the separation of analytes. In our case, a
specific type applied to liquids (ion chromatography) was used. The versatility of this technique relies on
the variety of columns that can be fitted. The equipment used in this work used an anionic column, so
anions were retained and gradually eluted for their detection. These columns are typically filled with
small spherical particles of organic chains functionalized with acid or basic groups 256.



lon chromatography allows the introduction in the separation column of a liquid sample, which is
pushed by the carrier solution. The carrier solution regulates the degree in which different species are
pushed downstream the column. The composition of this solution is a key point for the achievement of a
good separation performance. It sets the environment that surrounds the components in the column, so
the equilibria that take place in the system strongly depend on it. For the separation of anions, the basic
parameter to change is solvent pH.

The components in the sample are separated (optimally) in the column according to different retention
times. As a general rule, a good resolution is achieved when the baseline is reached between two peaks,
so their signal is totally independent. This is the basic parameter to account for in a method
development.

Once the species elute from the column, they run through the detector. A conductivity detector is
generally fitted in these instruments. The detector measures the difference of conductivity between the
eluent from the column (which carries the analytes) and the carrier alone. Conductivity detectors are
normally coupled to an upstream ion suppressor. This is a small column that converts the ions in the
mobile phase into molecular species with little ionization, while the analyte remains ionized.

This technique is simple, robust and provides a good sensitivity to work with anions at relatively low
concentration levels (ppm).

4.1.1.1.1. IC-MS

The work presented in Section 4.4. includes the analysis of isotopic labeled molecules. When a molecule
is signaled with some isotope that makes the composition different to the natural abundance, a mass
spectrometer is required for its analysis, since chemical properties remain unchanged.

The eluent of the column is divided into two parts, so only an small part of the total amount of liquid is
driven into the MS. In this case, the ionization type is ESI (Electrospray lonization). High voltage is
applied to the sample, so the liquid becomes an aerosol (nebulization) and is also ionized. ESI is known
as a soft ionization technique, because little fragmentation of the molecules is done (it occurs at low-
moderate energy, 30-40 kV). In these conditions, a pseudo-molecular ion is usually created. Organic
acids tend to form [M-H]" ions, so the target molecule can be recognized easily 256.

The coupling of IC-MS allows not only the quantification of molecules signalized with specific isotopes,
but also the improvement of LOD down to ppb-ppt scale. It can also be applied to different molecules
that have the same retention time, so appear as a single peak when only using conductivity detectors.

Inductively Coupled Plasma is one of the most used multielemental analysis techniques. When linked to
Mass Spectroscopy, the advantages of measuring many elements simultaneously are complemented by



extremely high sensitivity that reaches ppt levels for some elements. The basis of ICP-MS is the
atomization and ionization of the sample to determine the mass/charge ratio (m/z) 256.

Samples are generally liquid, so a nebulization process using a carrier gas is needed (Ref). The carrier gas
is usually Ar, due to its low reactivity. The nebulization process is so efficient, that only 1-2% of the
sample finally continues its path forward. After the nebulization process, the aerosol is guided through
the torch. The torch holds the plasma, a highly ionized and electrically conductor gas mixture, which is
kept at 10°K and facilitates the cleavage of chemical bonds and creation of ions.

This ion cloud is conducted through a lenses system into a high vacuum area where the detector is
located. Atoms with a high ionization potential (non-metals) yield a low signal, since the ionization
process is less efficient and neutral molecules are removed from the torrent in the lenses step. A
quadrupole system sorts the ion cloud according to individual m/z ratios, so each mass can be analyzed
individually. Each separated m/z group (ideally a single ion) goes into the detector, an electron multiplier
that amplifies the signal. This process takes a few ms, typically 10-50 ms for each m/z ratio 257.

As any other analytical technique, ICP-MS is affected by the existence of interferences. Two types of
interferences are mainly described: spectral and matrix interferences. Spectral interferences are caused
by ionic species that have the same m/z ratio as the analyte. These interferences are either monoatomic
ions (as *Ar" and *°Ca*), or polyatomic ions produced in the plasma (e.g. “°Ar**0* and *°Fe’). The second
type of interferences is due to the own sample matrix, which can affect the signal by altering the
ionization processes occurring in the plasma.

Spectral interferences can be minimized by using CCT (Collision Cell Technology), which requires the use
of an auxiliary gas in the lenses. This gas, generally He, causes polyatomic ions to leave the channel,
since they are bigger and will collide more often with it. However, this also produces some analyte ions
to leave, so the sensitivity decreases. A compromise solution is then required.

On the other hand, matrix interferences are often solved by diluting the sample and so, the ion content
in the ionized liquid. In most cases the use of internal standards can help measuring and controlling this
possible signal bias.

4.2. Determination of oxalate content in drugs and
nutritional supplements

According to the described dependence of the urine oxalate levels on the oxalate intake, some studies
have addressed the content of oxalate in plants and vegetables. Several roles have been described for
oxalate in plants 258. CaOx crystals act as a calcium reservoir in plants; it has been seen how, during
periods when calcium is scarce, the amount of these crystals dramatically increases in many plant



species. The low solubility of many metal-oxalate salts is used by some species for the detoxification of
toxic metals, since they can be kept as crystals and accumulated in leaves. Some plants use CaOx crystals
as a protection against predators, due to dermal irritation.

Most vegetables and fruits regularly consumed in Western diets have low-medium oxalate content 259.
This oxalate intake has been estimated in 50-350 mg/day, value that advises a controlled intake of these
vegetables for CaOx stone patients 168. Owing to the relevance of oxalate amounts in vegetables, many
foods have been examined to determine their oxalate content (see Table 4.1, for some examples).

Table 4.1 Examples of oxalate content in vegetables already found in literature.

Green tea infusions 260 95-139.5 (mg/l)

Spinachs 261 760 — 1580 mg/100g
Bread 262 16.5—-111.5 mg/100g
Pasta 263 10.2 - 91.8 mg/100g

The previous examples make clear that the ingestion of some foods represent a considerable oxalate
ingestion if their consumption is regular. However, not only the total amount of oxalate should be
considered; the quantification of the soluble fraction is also necessary. As described in Section 4.1. , the
insolubility of CaOx plays an important role in the digestive tract. While oxalate ion is readily absorbed,
the bioavailability of the solid CaOx is much lower. Although this behavior of calcium and oxalate is
known, the estimation of the amount of oxalate lost as solid depositions in gastric fluids is complex. Still,
the calculation of the soluble to total oxalate ratio is a rather good approach to guess its bioavailability.
This aspect is solved by analyzing the oxalate content soluble in water (or bioavailable) and the oxalate
soluble in acidic environment (total content) 167 259.

The intake of dietary supplements has been promoted in the last decades, due to the benefits they can
exert on the organism. One of the most common, tea leaves extract, has been attributed properties
related to: antioxidant effect, anti-mutagenic effect and capacity to sink blood cholesterol 264. Because
of the popularity of nutritional supplements, and given the remarks listed in the previous paragraphs, it
is worth to examine if the intake of such plant extract might be harmful for CaOx stone patients.

4.2.1. Experimental Section

The selection of 18 commercially available drugs and nutritional supplements containing plant extracts
were chosen, in order to cover a wide range of plant families. The samples were purchased in Germany.
They are generally used as nutrition supplementation or for fighting general physical discomfort related
to cold and flu, so their use is remarkably widespread. Although all the samples are plant extracts, the
collection included different intake formats (capsules, liquids...), as described in Table 4.2.



Table 4.2 Description of the samples. The commercial names and distributors correspond to the German market, from which
the samples were purchased.

Plant o Plant Family and Species Intake
. Distributor Plant part
(Commercial name) Supplement components format

Green tea
(Praevent-loges)

Chamomile
(Eukamillat)

Echinacea

(Vita Echinacea solution)
Black cohosh

Vitex

(Mo6nchspfeffer)

Hypericum
(Johanniskraut)

Valerians
(Baldrian-Dispert)

Thyme (Bronchicum)

Camphor, Hawthorn
(Korodin)

Birch,
Goldenrod
(Harntee 400 TAD N)

Orthosiphon,

Ginkgo
(Ginkobil)

Activated carbon
(Kohle-Compretten)

Hawthorn
(Crataegutt novo)

Common vervain, Gentian,
Sorrel, Elder, Cowslip
(Sinupret forte)

Ivy-leaved Speedwell
(Prospan)

Uzara
(Uzara)

Iceland moss
(Isla moos)

Dr. Loges GmbH

Dr. Rentschler
Arzneimittel GmbH

Bergwalder

Ratiopharm GmbH

Ratiopharm GmbH

Chelapharm
Arzneimittel GmbH

Cassella-med
GmbH

Robugen GmbH

TAD
GmbH

Pharma

Ratiopharm GmbH

Merck

Schwabe

Bionorica

Engelhard

Hemopharm

Engelhard

Camellia sinensis

Green tee extract (59%
Acerola powder (12% w/w)
Matricaria chamolilla
Chamomile flowers essential oil
(liquid)

Echinacea purpurea

Echinacea flowers pressed extract
in ethanol (liquid)

Cimicifuga racemosa

Vitex agnus-castus

Dry extract (7-13:1) from plant
fruits in ethanol

Hypericum anagalloides

Dry extract (3.5-6.0:1) from leaves,
ethanol

Valeriana officinalis

Dry extract (3-6:1) from valerians
root in ethanol

Thymus vulgaris

Liquid extract from thyme (2-2.5:1)
and primula roots (5:1)
Cinnamonum camphora, Crataegus
monogyna

Liquid extract from Hawthorn fruits
(1.3-1.5:1) and camphor (2.5%
w/w)

Betula  pubescens, Orthosiphon
stamineus, Solidago virgaurea

Birch extract (4.3-7.7:1),
orthosiphon (4.5-70.1:1) and
goldenrod extract (5.0-7.1:1)
Ginkgo biloba

Extract from ginkgo leaves (35-
67:1) in acetone

w/w),

Medical carbon

Crataegus monogyna
Hawthorn extract
ethanol

Verbena officinalis (23%), Gentiana
verna (8%), Rumex acetosa (23%),
Sambucus (23%), Primula veris
(23%)

Veronica hederifolia

Leaves extract (5-7.5:1) in ethanol
30%

Xysmalobium undulatum

Extract from root (4.5-6.2:1) in
methanol 60%

Cetraria islandica

Extract from leaves (0.4-0.8:1)

(4-6.6:1) in

Leaves

Flower

Flower

Root

Fruit

Leaves

Root

Leaves,
roots

Leaves,
Fruit

Leaves

Leaves

Leaves,
Flower

Leaves,
Root,
Flower

Leaves

Root

Leaves

Capsule

Liquid

Liquid
Tablet

Tablet

Capsule

Tablet

Liquid

Liquid

Solid,
granulate

Tablet

Tablet

Tablet

Tablet

Liquid

Liquid

Capsules




Two different conditions were used for the sample preparation, in order to determine the soluble to
total oxalate ratio. The soluble oxalate fraction was obtained using Milli Q water (18.3 MQ filtered),
whereas 2 M HCl (Merck, Darmstadt, Germany) was used for the total oxalate content. The acid
treatment was selected to imitate the conditions that samples would suffer in the stomach. In both
cases, one sample unit (capsule or tablet) was weighted and dissolved in 4 ml of water or HCI and stirred
for 15 minutes at room temperature using a magnetic stirrer. The resulting solutions were filtered at
gravity and, immediately afterwards, the samples were placed in the analyzer. For those samples in a
capsule format, only the inner content was used for the analyses, since the composition of the capsule
did not contain oxalate or any precursor, according to the manufacturers’ information.

In the present work, the equipment used was a Dionex 1CS2100 (Dionex, CA, USA), served by a Thermo
Fisher Dionex AS-AP auto sampler. After a 1:50 to 1:200 dilution, adapted to each sample, in 0.3 M
H;BO; (Sigma Aldrich, Steinheim, Germany), the sample was injected through a 25 pul loop into the
separation system. This part of the equipment consisted on a pre-column Dionex lon Pac AC11 (2 x 50
mm), followed by an anionic separation column Dionex lonPac AS11 (2 x 50 mm), operated at 35 °C. the
detector used was an ion suppressor, Dionex ASRS-300. The software Chromeleon (Dionex) allowed the
experiment performance and data recording.

These conditions were adapted from the existing bibliography 265 266. The mobile phase used was KOH
(flow 1.5 ml/min) with a concentration gradient as follows: 0.2 mM during 6 minutes; then, KOH
concentration increased up to 5 mM at 0.8 mM/min (total run 12 min). After 12 minutes, the separation
gradient was followed by a cleaning sequence (5 minutes running 100 mM KOH) and a stabilization time
of 5 minutes.

A six-point calibration curve was measured; covering oxalate concentrations in the range 0-10 uM. the
set of standards was prepared from a concentrated 2 mM sodium oxalate solution (Sigma Aldrich,
Steinheim, Germany). All samples, including both oxalate extraction methodologies, were analyzed in
duplicate.

4.2.2. Results and discussion

The methodology yielded good results in terms of component separation and, especially, oxalate
guantification.

A standard solution containing possible interferences, which might induce overlapping peaks, was also
measured. Sulfate and phosphate ions, usually occurring in natural samples, were added to a standard



solution as a test. As observed in Figure 4.1, the resolution of the oxalate peak was satisfactory, and the
baseline, nicely reached after the sulfate peak.

QA/QC was performed by checks on the samples. A standard was checked each 10 samples and a spiked
sample was added every 4 analyses. Spikes were done on the samples before and after the dissolution
with water and HCI. The absence of oxalate contamination was checked by measuring a blank sample
after the last calibration point and after each run. The values for the calibration curve are shown in
Table 4.3. LOD and LOQ were calculated as the concentration associated to the blank signal plus its
standard deviation multiplied by 3 and 10, respectively. The methodology reproducibility (calculated as
RSD, Relative Standard Deviation) was measured by repeatedly running the same sample in the same
and different batches.

As seen in Table 4.3, the parameters concerning the suitability of the chromatographic method for the
analysis of the plant extract samples laid within acceptable quality and reproducibility limits.
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Figure 4.1 Example of a chromatogram for a standard solution containing 10 uM oxalate. This standard was spiked with 20
UM of potential interferences: sulfate and phosphate.

Table 4.3 Calibration results and quality control checks.

Calibration curve: y = 5.56 (+ 0.04) - [oxalate concentration] - 1.40 (+ 0.03)
(Values expressed as -107, sensitivity units: uS/pM)

LOD 0.26 uM Sample spike recovery within £ 10%
LoQ 0.28 uM Reproducibility intra-batch (RSD) <5%

r 0.998 Reproducibility inter-batch (RSD) <5%




According to the different plant species the samples belong to, their oxalate content lies within a wide
range (from 0.04 to 2.2 mg/g extract). The results are listed in Table 4.4. When describing the samples,
“unit” refers to an intake unit; capsule or tablet.

As expected, green tea extract has a remarkably high oxalate concentration, as the plant itself does, as
reported in several publications 260 267. Soluble and insoluble oxalate contents were compared: 1.8
and 1.9 mg/g extract. Most of the oxalate might be, thus, easily absorbed, so the intake of such
complements could have negative effects for patients with risk profile.

Table 4.4 Oxalate concentrations in the analyzed samples (solid).

Oxalate concentration m Unit weight : .
e/8 .g Oxalate amount per unit (mg/unit)
extract (g/unit)

Green tea 0.47 0 01 | 091 0. 06 0.86 0.05
Black cohosh 0.04 0.01 0.03 0.01 0.28 0.01 | 0.011 0.003 0.007 0.002
Vitex 0.030 0.001 | 0.024 0.001 | 0.26 0.01 | 0.0078 0.0001 | 0.0062 0.0002
Hypericum 0.37 0.01 0.17 0.03 0.55 0.01 | 0.20 0.01 0.09 0.01
Valerians 0.51 0.01 0.47 0.03 0.14 0.01 | 0.074 0.002 0.068 0.006
Birch,

Orthosiphon, 0.18 0.01 0.17 0.01 1.0 0.1 0.18 0.01 0.17 0.01
Goldenrod

Ginkgo 0.086 0.003 | 0.058 0.004 | 0.27 0.01 | 0.023 0.001 0.015 0.001
Activated <LOD <LOD 042 001 N/A N/A
carbon

Hawthorn 0.27 0.01 0.25 0.01 0.43 0.04 | 0.12 0.01 0.10 0.01
Common

vervain,

Gentian, 2.2 0.2 0.22 0.03 0.51 0.02 |11 0.1 0.11 0.02
Sorrel, Elder,

Cowslip

Iceland moss 0.41 0.01 0.02 0.01 0.99 0.02 | 041 0.02 0.019 0.001

<LOD: Concentration below the LOD.
N/A: not applicable

Interestingly, from the plant extract listed in Table 4.4, the one which showed the highest oxalate
content was that containing the most complex mixture of plants. Indeed, the amount of oxalate in this
case was even higher than that for tea. Some components listed in this mixture have been reported to
have high oxalate content or even pointed out as potentially harmful for kidney function 259 268. These
results advise stone patients to carefully consider the intake of such plant extract.

On the other side, some of the analyzed extracts showed little amounts of oxalate. In fact, black cohosh,
vitex and ginkgo had oxalate concentration below 0.1 mg/g extract. For the activated carbon, this value
was even below the LOD, fact that fits to its nature, based on elemental carbon.



In regard to the extracts in liquid format, the oxalate content range was not as wide as for the solids (see
results in Table 4.5). Nevertheless, three groups could be defined: the concentration for ivey-leaved
speedwell and uzara extracts was around 5 mg/l; Echinacea laid over 70 mg/I; the rest ranged from 10.4
to 23 mg/l.

Table 4.5 Oxalate concentrations in the analyzed samples (liquid).

Oxalate concentration
mg/g extract

Chamomile 12.9 0.5
Echinacea 73

Thyme 23 1
Camphor, 10.4 0.1
Hawthorn

Ivy-leaved

speedwell 5.52 0.04
Uzara 5.17 0.08

Table 4.6 Oxalate daily intake, according to recommended dose. In liquid samples, the whole oxalate fraction was assumed
to be in soluble form or as very small particles in suspension, but not as crystals.

Daily dose Total oxalate Soluble oxalate intake/day (solid samples)
intake/day

2 1.8 0.1 1.7

Green tea 0.1 94.7 0.1
Black cohosh 2 0.023 0.006 0.015 0.004 65.9 0.4
Vitex 1 0.0078 0.0001 0.0062  0.0002 80.1 0.0
Hypericum 2 0.41 0.01 0.18 0.03 44.9 0.1
Valerians 9 0.67 0.02 0.61 0.06 91.5 0.1
Birch, 16¢g 2.92 0.04 2.7 0.1 93.2 0.0
Orthosiphon,

Goldenrod

Ginkgo 6 0.14 0.01 0.093 0.008 67.0 0.1
Activated carbon 16 N/A N/A N/A
Hawthorn 2 0.23 0.02 0.21 0.02 90.7 0.2
Common vervain, 3 3.3 04 0.33 0.06 9.90 0.03
Gentian, Sorrel,

Elder, Cowslip

Iceland moss 2 0.81 0.04 0.038 0.001 4.68 0.00
Chamomile 6 ml 0.077 0.003

Echinacea 3ml 0.22 0.01

Thyme 7.5 ml 0.18 0.01

Campbhor, 1.5 ml 0.016 0.000

Hawthorn

Ivy-leaved 15 ml 0.083 0.001

Speedwell

Uzara 30 ml 0.15 0.00

N/A: not applicable



Based on the concentration values, the daily oxalate intake, according to the manufacturer
recommended dose, was also calculated (see Table 4.6). In this sense, only in three of the analyzed plant
extracts (green tea and the mixtures birch-orthosiphon-goldenrod and common vervain-gentian-sorrel-
elder-cowslip) resulted on a total daily amount close or greater than 2 mg. The oxalate content
determined in the rest of the samples was rather low.

As previously stated, the quantification of the soluble fraction is also necessary for a correct
understanding of the oxalate absorption in the digestive tract. Table 4.6 lists these values, which range
from more than 65% to 95% in green tea. A few exceptions were found, namely Iceland moss extract
and the mixture containing common vervain-gentian-sorrel-elder-cowslip, for which really small oxalate
contents were determined.

4.2.3. Final remarks

The oxalate concentration of the plant extracts analyzed in this work shows a high variability. The
influence of such amount on the total oxalate intake should be considered. Although strongly influenced
by the type of diet, a general value for the oxalate intake ranges from 50 to 350 mg/day, not including
diets that incorporate a high portion of oxalate-rich vegetables. Those plant extracts with the highest
oxalate content (green tea and the mixture of common vervain, gentian, sorrel, elder and cowslip) might
represent a relevant fraction of the total amount of oxalate. In the most dramatic case, for those diets
with low oxalate content, the intake of these supplementations would account for 8% of the total
oxalate.

These results should be carefully considered, especially in those cases in which the patient is strongly
affected by increased oxalate intakes.

When the results obtained are carefully examined, it can be gathered that the normal consumption of
the mentioned nutrition supplements could account for an 8% of the total oxalate intake in the worst
case. Therefore, the intake of some of the plant extracts analyzed in this work should be considered,
especially for those patients who develop calcium oxalate stones.

4.3. Determination of urinary lithiasis promoters and
inhibitors in chocolate

One of the most beloved foods is chocolate. This food, which is a highly processed product made from
cocoa beans, has also been pointed out as a healthy food, due to the considerable levels of antioxidant
that it contains 269. Nonetheless, chocolate intake has often been questioned, basically due to its high



caloric content (>3000 kcal/kg) 270, which can become a problem in over-weighted societies, as the
Western one.

Not only the caloric content of chocolate, but also its oxalate content (derived from cocoa beans) has
often been addressed. Some studies have indicated high content of oxalate in chocolates, which has
been described to surpass 600 mg oxalate/100 g chocolate 271. This value might represent an increased
risk for those CaOx stone patients who suffer oxalate hyperabsorption.

This Section intends to throw some light into the description of the stone formation risk associated to
chocolate intake. In this concern, not only the oxalate content of the chocolate samples was analyzed,
but also the content of some other promoters and inhibitors has been quantified. The collection of
samples chosen includes a wide variety of chocolates, with different cocoa content and also including
mixtures with other products, such as nuts, milk or caramel. This selection should provide a general
overview of chocolate containing products as potential harmful foods for CaOx stone patients.

This goal will be addressed by determining the concentration of some important nutrients in chocolate.
Special attention will be given to oxalate and calcium content, due to its direct relation to the
mentioned group of urinary stones.

4.3.1. Experimental Section

The collection of samples included 94 different commercially available chocolate products and also pure
cocoa beans; a total of 95 samples were studied. All the samples were purchased in Germany. In order
to correctly reflect chocolate intake in Western society, different cocoa contents and combination of
ingredients were selected. The samples included in the study are listed in Table 4.7.

The sample preparation was done according to the description in Section 4.2.1.2. As described in that
section, two different preparation procedures were followed, in order to quantify only soluble or total
components in chocolates (water and hydrochloric acid were used). The chromatographic analysis was
performed immediately after the sample preparation. The samples were then kept frozen until the
elemental analysis on ICP-MS was done.

The system, analysis conditions and sample dilution used in this step are the same as those described in
Section 4.2.1.3.



Table 4.7 Description of the samples. The commercial names correspond to the German market. The cocoa content was the indicated by product labelling.

Type of chocolate

Nougat

Joghurt

White

Milk and cereal
Hazelnut

Cookies

Milk chocolate
Cereals

Marzipan

Coconut
Himbeer-Cranberry Joghurt
Cookies and nuts
Alps milk chocolate
Erdbeer Joghurt
Dark Mousse
Cafe-Creme

Milk Praline
Hazelnut

Dark Cream
Marzipan

Almonds

Milk chocolate
Dark chocolate
Dark chocolate
Edel Vollmilch
Bitter

Milk chocolate
Dark bitter

Milk chocolate with almonds
White

Commercial brand

Ritter Sport
Ritter Sport
Ritter Sport
Ritter Sport
Ritter Sport
Ritter Sport
Ritter Sport
Ritter Sport
Ritter Sport
Ritter Sport
Ritter Sport
Ritter Sport
Ritter Sport
Ritter Sport
Merci
Merci
Merci
Merci
Merci
Merci
Merci
Merci
Moser Roth
Moser Roth
Moser Roth
Moser Roth
Moser Roth
Herren Schokolade
Choceur
Choceur

Cocoa
content

(%)

20
15
27
25
20

30
15
25
20
17
15
30
15
48
33
32
32
45
48
32
32
85
70
32
85
32
60
33
28

Cocoa
Type of chocolate Commercial brand content
(%)

Bitter Choceur 45
Milk chocolate Choceur 33
Delicate bitter Choceur 50
Marzipan Choceur 25
Creamy milk chocolate Choceur 33
Milk and nuts Choceur 30
Hazelnuts Choceur 33
Milk chocolate Choceur 16
Alps milk chocolate Choceur 30
Coconut Choceur 27
Grapes nuts Choceur 32
Marzipan Mirabell Mozartkugeln 13.4
Cocoa beans - 100
Milk Choc. w/ Honey and almond Toblerone )8
nougat

Milk chocolate Kinder Ferrero 20
Milk chocolate Schogetten 30
Bitter Schogetten 65
White Schogetten 25
Milk chocolate Milka 30
White Milka 27
Delicate bitter Milka 45
Milk chocolate Gut & Glinstig 30
Milk and hazelnuts Gut & Glinstig 30
Cocoa powder Bensdorp 100
Nougat Cream Noccionlino 7
Shortbread Cookies (Hawaii) Candies Big Island 20
Caramel Storck 12
Bitter Dr. Oetker 39
Milk chocolate w/ wallnuts Nussknacker 32




Table 4.7. Continuation from previous page.

Cocoa

Cocoa
Type of chocolate Commercial brand co?;;nt Type of chocolate Commercial brand content
o o

Caramel dark Confisserie Premium Triiffel 50 Milk Malteser M))
Cherry dark Confisserie Premium Triiffel 50 Schoka-Kola Schoka-Kola 30
Orange dark Confisserie Premium Triiffel 50 Caramel Snickers 25
Cream hazelnut Confisserie Premium Triiffel 50 Caramel cookie Twix 75
Pistachio dark Confisserie Premium Triiffel 50 Hazelnut cream Ferrero 7
Lemon dark Confisserie Premium Triiffel 50 Coconut Ferrero 15
Latte Macchiato Confisserie Premium Triiffel 50 Hazelnut Ferrero 20
Vanille dark Confisserie Premium Triffel 50 Nuts Ferrero 15
Caramel Crispy bits 30 White Ferrero 25
Milk chocolate Lindt Excellence 30 Joghurt Ferrero 17
Milk chocolate Ja 30 Hanuta Ferrero 15
Ca.ramel Mars 25 Mint chocolate After Eight 70
Milk caramel Bounty 25 Milk chocolate Ferrero Kinder 15
Caramel Bqunty 25 Erdnuss M&M 15
Caramel Milky Way 25 Peanuts Mr. Tom 30
Milk Dove 25 Chocolate powder Dr. Oetker 15

Milk caramel Dove caramel 25




ICP measurements were performed using a Thermo Fisher Scientific XSeries 2 ICP-MS. A conical quartz
nebulizer (Ar flow 0.8 |/min) was used. The radiofrequency generator power, used to keep the plasma,
was 1400W. The torch included a 1 mm injector. Before acquiring the sample signal, the stabilization
time was set at 50 sec, and a cleaning step of 90 sec was set after each sample. The mass spectrometer
analyzer was configured to perform each measurement three times and the measuring time at each
mass was 30 ms (50 ms for Ca, due to its low sensitivity). This yielded an analysis time of 25
seconds/sample.

Due to the measurement of ions with potential mass interferences from other polyatomic ions, CCT
(Collision Cell Technology) was used. An auxiliary He flow (4.5 ml/min) was injected in the hexapole (See
Section 4.1.1.2. ).

The only sample preparation required was a 1:1000 dilution of the sample using 2% HNO; (JT Baker,
Center Valley, PA, USA). The same solvent was used for the external calibration curve (1-500 ppb) and
for cleaning between samples. Each sample was diluted up to 10 ml, and then 50 ul of a solution
containing 1 ppm Sc were added. Sc, at a final concentration of 5 ppb, was used as internal standard.
The most suitable isotopes were selected, in order to minimize interferences and optimize the signal, as
listed in Table 4.8. The list of interferences described shows some cases that could represent a problem
for the measurements. However, the use of CCT allowed to satisfactorily minimizing those, as checked
using quality control samples.

Table 4.8 Isotopes determined in the ICP-MS analysis.

0

“Na 100 YIN+Be, °0+'Li
Mg 78.6 c+*c, "H+”Na
31P 100 17OH+14N, 16O+15N
¥k 93.08 0+%3Na, c+¥Al
*ca 2.13 YoH+7Al, “°Ar+*He
s¢ 100 YN+, Y OH+%si

The list of interferences has been obtained from Plasmalab software, Thermo Fisher Scientific.

The analysis of P at ICP-MS can be extrapolated as phosphate content. Phosphorous molecules other
than PO,> are found in chocolate in a much lower concentration. Since mass 31 (phosphorous) was
measured, the analyte P will be cited in this Section, referred to PO,>.

The analyte determination in chocolate samples included 6 different components. This leads to a
complex dataset, since each analyte might show a different trend, besides the large number of
interactions that could link some of them. For this reason, some multivariate data analysis techniques



have been used in this Section. Data analysis has been performed using The Unscrambler X software
(CAMO, USA).

Principal Component Analysis (PCA) was used for the analysis of this dataset. In brief, PCA allows the
reduction of the dimensionality of the dataset, by creating a new variables system, based on the
description of the data variance. The new variables (loadings) are a combination of real variables,
combining different weights. The coordinates that describe each sample in the new variables set are
called scores. For more details on PCA theory, refer to Section 2.1.2.2. In this Section, PCA was
performed by mean-centering the data, so the mean for each parameter was subtracted from each
value. This step allows not considering the magnitude, if different parameters are compared. The PCA
model was validated using cross-validation, stablishing 20 segments (or independent sample groups)
within the dataset.

Hierarchical Cluster Analysis (HCA) 206 was also used for the unsupervised classification of the samples.
HCA is able to group the samples into groups (clusters) according to underlying interactions between
variables. The real classes or groups are not an input in the data analysis. Clusters are defined according
to “distance” criteria. Indeed, the method used for calculating the distance is a key point in HCA, since it
conditions the shape of the classes’ distribution, generally plotted as a dendrogram (see Figure 4.2 for
an example). Many approaches have been defined for the cluster-to-cluster distance calculations as well
as for building the cluster. Here, the ones selected for the analysis of the data presented in this Section
will be described. The selection criterion was based on the most coherent group clustering, according to
the samples nature.

Figure 4.2 Example of a dendrogram. Samples are sorted in pairs according to minimum distance. The distance is represented
in the vertical axis. Each pair is linked to the closest one to create a new group, and this procedure is repeated until the
whole dendrogram has been defined.



Complete linkage clustering was chosen for the construction of the dendrogram. This algorithm, also
known as farthest neighbor method, sorts the samples into pairs according to maximal object-to-object
distance. The distance between two clusters is calculated as the distance between the two furthest
objects within the groups. This process is iterated to create a net (dendrogram) as shown in Figure 4.2.

The distance itself was calculated by a correlation algorithm. The distance between two objects is
assigned a value between -1 and +1, according to the dependence of those. The absolute value of the
correlation gives meaning to positive or negative correlations.

4.3.1. Results and discussion

lon chromatography analyses yielded similar results as described in Section 4.2.2.1. , referred to
separation efficiency, reproducibility and quality control. ICP-MS analyses also behaved in an
appropriate way, and were subjected to similar quality controls as ion chromatography (duplicated
sample measurements, quantitative spikes and correlation of the calibration curves). lon
Chromatography results and quality control criteria have been cited in Section 4.2.2.1., and also apply in
this case. Only the LOD and LOQ values for ICP-MS analyses will be described here (Table 4.9).

Table 4.9 ICP-MS analyses quality parameters.

Parameter
Calibration slope (counts/ppb) | 165.6 70.5 0.5 113.5 4.2
Correlation (rz) ‘ 0.99993 0.99998 0.99976 0.99994 0.99688
LOD (ppb) \ 5.5 2.6 32.3 5.8 77.0
LOQ (ppb) | 7.2 4.4 124.7 7.0 182.5

4.3.1.2.1. General statistical parameters

It was the goal of this study to offer a general view of lithogenic risk associated to different chocolate
types. This lead to the collection of a large number of samples, so the data associated was also
abundant. Since a precise data analysis (sample by sample) will not offer a clear trend within groups, the
specific results have been omitted in this Section. They can be consulted at Supplemental Materials (8.1.
). The results shown there include oxalate, sodium, potassium, magnesium, phosphorous and calcium
concentrations. They have been organized in two tables (Tables 8.1 and 8.2), that collect the results for
total components (homogenized in HCl) and soluble ones (homogenized with H,0) separately.



Instead of discussing those specific data, a general description of the data set has been done in this
Section. Statistical parameters that describe the general trends in the dataset are listed in Table 4.10. As
appreciated in from the values in this Table, oxalate content has a wide variation range. In the worst
case the intake of oxalate would be higher than 600 mg/100 g chocolate. This is a considerable amount
for CaOx stone formers, since it nearly doubles the highest range of estimated daily oxalate (350 mg). In
addition, the bioavailability of oxalate (soluble oxalate) is also high, with its maximum reaching 571
mg/100 g chocolate in the analyzed sample collection. However, the variation range is also remarkably
high, so samples are very different in regard to oxalate content. Indeed, the range for all the analyzed
components is wide. This could be expected from the different composition of the sample set. As
described in Table 4.7, the samples include dark chocolate, which is supposed to have high oxalate
content, but also milk chocolate and some products with caramel and yoghurt. The soluble content
fraction depends on which component is analyzed. An important fraction of Na and K, 75-80%, is
soluble, and this value remains at 60 % for P. The rest of components are more sensitive to the
treatment environment. This is especially interesting for calcium and oxalate, due to their close relation
in the digestive tract and the link between oxalate bioavailability and its hyperabsorption (see Section
4.1.).

Table 4.10 General statistical parameters that describe the total and soluble content of the analyzed components.

Total (mg/100 g chocolate)

Mean 72.1 20.3 17.9 106.2 93.5 37.5
Maximum 619.3 71.3 57.3 384.1 150.0 80.3
Minimum 2.6 <LOD <LOD 2.2 1.6 0.5
Range 616.7 71.3 57.3 381.9 148.4 79.8
Standard deviation 89.8 13.4 11.9 44.5 27.8 16.6
oluble g/100 g ocolate
Mean 28.7 17.0 7.5 80.2 56.2 13.2
Maximum 571.3 59.5 32.2 208.0 129.9 38.9
Minimum 1.1 <LOD <LOD 2.0 2.5 <LOD
Range 570.2 59.5 32.2 206.0 127.4 38.9
Standard deviation 69.8 11.3 5.8 27.2 19.3 9.2

<LOD: Below Limit Of Detection. LOD is equivalent, in mg/100 g chocolate, to: Na: 0.55, Mg: 0.26, Ca: 7.7.

Cocoa beans have also been included within the sample set. The oxalate content in those was 378
mg/100 g product and was. Indeed, the highest value within the whole set was attributed to cocoa
powder (according to the manufacturer, 99.8% pure), which had 619 mg/100 g product. Different origins
also condition the amount of oxalate in cocoa beans 272.

In order to better describe the structure of the sample set, box-whiskers plots have also been plotted for
total and soluble content of the analyzed components. The results are shown in Figure 4.3. For further
indications on theory and interpretation of box-whiskers plots, refer to Section 3.3.3.1. Besides some



particular values, that make the upper quartile more distant to the Q1-Q3 box, it can be clearly
appreciated that soluble oxalate lies in a much narrower region (lower variability). The absolute value
(mg/100 g chocolate) is also lower for soluble oxalate. Emphasis should be made on the similar behavior
of calcium. This suggests the existence of some relation between both components.

Figure 4.4 specifically shows the correlation between oxalate and calcium results. The fraction (%) of
insoluble oxalate vs insoluble calcium in chocolate samples has been represented. Despite the low
correlation value (r?) achieved (0.05), which does not indicate a close relation, some interesting features
are made clear in this representation. In this plot, most of the samples form a dense cloud in the high
percentage of insoluble oxalate and calcium area, observation that fits with the results in Figure 4.3.

Two other particular regions can be defined. Some samples can be classified as having low insoluble
oxalate content (<50%), yet a high portion of calcium is insoluble. This group of samples also happens to
be characterized by low total calcium content and medium to high oxalate concentrations. Most of
these samples are indeed dark chocolates (>60% cocoa content). This could be a result of oxalate
binding nearly all free calcium, so much oxalate remains soluble. This fact locates dark chocolate
samples as potentially risky for CaOx stone patients. A second region in Figure 4.4 presents low insoluble
calcium fractions together with high insoluble oxalate fractions. Chocolate types in this region have
medium to high oxalate content (>Q3 in Figure 4.3) and low total calcium (<Q1 in Figure 4.3).These
samples are mostly those containing ingredients different to chocolate in important amounts: caramel,
yoghurt and nuts.
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Figure 4.3 Box-whiskers plots for total and soluble content of each component.
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Figure 4.4 Insoluble oxalate vs insoluble calcium (calculated by subtracting soluble to total amounts).

As previously indicated, cocoa beans are oxalate-rich. Thus, it would be expected to measure a high
oxalate content in those chocolates containing a higher cocoa fraction. The correlation calculations
between both magnitudes are shown in Figure 4.5. R2 values are close to 0.45; although it denotes a
weak correlation between both variables, the general trend is clear. A higher correlation could be
expected for oxalate and cocoa, however the chocolate samples in the analysis set included a number of
different components other than chocolate, so the deviation of linearity of the clouds in Figure 4.5 can
be attributed to this.
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Figure 4.5 Correlation between oxalate concentration (total, top; soluble, bottom) and % cocoa in chocolate samples.



Oxalate was the variable that showed a higher correlation with cocoa content (%) in samples. The rest of

components determined (Na, K, Mg, Ca and P) showed weaker or even lack of correlation with cocoa
content.

4.3.1.2.2.  Principal Component Analysis

The analysis of the value, variability and dispersion of the data for each variable can give a general idea
on the characterization of the sample set. However, the interaction between different variables
becomes very complex when the trends and variance are independent one from the other, as seen in
this dataset. Indeed, the previous Section has not clearly indicated which groups are found underneath
the data matrix. The data analysis was done on values considering soluble and total components
separately, and also including and taking out from calculations cocoa content. Thus, four different sets
of values were used for the calculations.

Firstly, the variance explained by each Principal Component (PC) was calculated. The similarity of the
sample sets in regard to interactions between variables was checked by analyzing the variance explained
by each PC. Despite the slight differences of the data collections, if the datasets are explained using a
similar number of PCs and these PCs depend mostly on the same real variables, the interaction between
them can be considered similar.

Indeed, these are the results seen in Figure 4.6. This plot shows the average value of the explained
variance for each PC, considering the four groups of samples listed. The reduced standard deviation
clearly points out that the number of PCs needed for the description of the system is the same in all four
groups. This fact suggests that the variables with a higher classification power are the same in all the
sample sets. However, those PCs can be influenced by different real variables (indeed only two groups
include “cocoa content”). The study of the influence of each variable on every PC (loadings
determination) should throw some light onto this relation.
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Figure 4.6 Average (1+SD indicated by the error bars) of the explained variance by each PC for the four sample groups
investigated. SD values are low, especially for PCs 4 to 7.



The loadings values, which help understanding the description power of each real variable, are shown in
Figure 4.7 (see Section 2.1.2.2. for more precise indications on loadings). The data in this Figure
corresponds to the soluble values of each measured parameter.
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Figure 4.7 Loadings values for each PC. Data correspond to the soluble amount of each component. The plot at the top shows
loadings distribution when cocoa is not included as a variable in the dataset; the bottom plot includes this seventh variable.
Note that the number of PCs is equal to the number of variables in each case (PC 7 only applies to the bottom plot).

Soluble values where chosen for this analysis, since they represent the bioavailable portion of every
parameter and so, is more representative for its real effect. The data associated to the total amount
does not present remarkable differences with that shown here. As clearly seen in Figure 4.7, PC1
depends, on a great extent, on oxalate concentration. Interestingly, PC1 describes most of the variance
within the data set (see Figure 4.6). According to PCA theory, PCs are calculated to describe the dataset
starting from the direction in which the variance is bigger. This observation fits with the results seen in



Figure 4.3, since oxalate (followed by potassium) is the component that shows a greatest variance
among the analyzed ones.

Despite the link between oxalate and calcium concentrations seen in Figure 4.4, PC1 does not directly
relate those ions. Calcium mostly influences PC5 and PC6, which describe little variance in the dataset.

Cocoa bears also some classification power, but clearly behind oxalate. When this variable is introduced
into the dataset, PC3 and PC4 are basically affected. Thus, cocoa content does not seem a good indicator
of potential lithogenic risk of chocolates.

These observations lead to the conclusion that chocolates are basically differentiated by their oxalate
content. Since the relationship between oxalate hyperabsorption in diet and oxalate intake has been
described, some chocolates could be quickly assigned a label of “increased lithogenic risk”.

In order to identify which chocolates might represent an increased risk due to their composition, the
scores representation for PC1 vs PC2 was done. This plot should position the samples according to their
widest variability, since the two first PCs explain 91% of the dataset variance. This representation is
shown in Figure 4.8. Basically, two groups can be appreciated: positive and negative score values for
PC1. If we focus on the PC1>0 group, it includes dark chocolate samples.

The characteristics of this group of samples are different from the average values of the whole
collection. As an example, average soluble oxalate, calcium and cocoa content have been calculated and
compared to the values from the whole collection (see Table 4.11). According to this Table, those values
are significantly different for the selected group of samples. As described before, dark chocolates have
higher soluble oxalate and lower soluble calcium, which increases the likelihood of oxalate being
absorbed in the digestive tract.
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Figure 4.8 PC1 vs PC2 plot of all chocolate samples.



Table 4.11 Average comparison of soluble components, using a t-test (95% confidence). p values <0.05 denote significantly

Group PC1>0 Group PC1<0

different populations.

Parameter

Average Average
Oxalate 116 122 28 69 <0.05
Calcium 5 15 | 13 83 <0.05
Cocoa 54 24 | 32 18 <0.05

4.3.1.2.3.  Hierarchical Cluster Analysis

PCA analysis allowed the identification of a group of samples presenting a higher risk for CaOx stone
patients. It would be still useful to define some groups also at other levels, to stablish some criterion on
the chocolate intake by stone formers.

For this reason, Hierarchical Cluster Analysis (HCA) was done over the results. Here, the results of the
HCA classification including cocoa content will be shown. Figure 4.9 defines some groups within the
sample collection, which share some significant characteristics. These results have been calculated using
soluble amounts, but total content yielded comparable results, with little different in group
composition.

HCA reinforces the results seen using PCA. Again, dark chocolate samples form a single group (Group A
in the Figure), defined by the magnitudes described in point 1 in the Figure. Oxalate content is higher
than 30 mg/100g chocolate, while calcium is lower than 10 mg/100g chocolate. This values show a
higher lithogenic risk for this sample group. Magnesium acts as an inhibitor in stone formation (see
1.1.6.2. ), and the concentration values for this metal in this group have also been identified as high
among the sample collection (>15mg magnesium/100g chocolate). This fact could help on the
prevention of stone formation, although the high soluble oxalate content represents for sure a high
amount of this component in urine. The inhibitory potential of urine (not only magnesium) should
compensate for the oxalate load.

Also with a high cocoa content, but lower oxalate values, chocolates containing caramel are identified as
group B in the Figure. They represent a lower lithogenic risk, followed by group C that corresponds to
nut containing chocolates. As expected, group D, that of lower lithogenic risk, is the largest, including
white and milt chocolates. Oxalate content is <10mg/100g chocolate and calcium has been quantified
above 10mg/100g sample.

The description of these groups has been done qualitatively. A table that lists all the samples and their
assigned class is included in Supplemental Materials (8.1. ), Table 8.3.



!

B 4
3':|, J
=
C
;7
4
=
:} ;
0 :>:|-
b
¥
3

Figure 4.9 Dendrogram resulting from applying HCA to soluble data. The distance between samples is proportional to
horizontal distance in this representation. A: Dark chocolates, B: Caramel chocolates, C: Nut chocolates, D: Milk/White
chocolates. 1: <10mg calcium/100g choc., >30mg oxalate/100g choc., >15 mg magnesium/100g chocolate, >50% cocoa; 2:
>50% cocoa; 3: <10mg oxalate/100g choc., >10mg calcium/100g choc.

4.3.2. Final remarks

The wide consumption of chocolate requires an adequate comprehension of its risks for stone patients,
due to the well-known high oxalate content of cocoa beans. This Section has assessed this risk, providing
a general classification of diverse chocolate types and so, an answer to the question whether stone
patients should avoid eating chocolate.

The wide variability within data, derived from a large variation in composition, does not indicate itself
the lithogenic risk. However, it has been assessed by multivariate analysis techniques. Oxalate has been
identified as the most important factor to discriminate between different chocolate sorts. A clear
correlation between oxalate and cocoa content was expected, but this was only weak.

Not only cocoa content, but also the whole chocolate composition should be considered, because it can
affect the total (and soluble) oxalate content. This composition has also an important effect on other
components (mainly calcium), that can prevent oxalate from being highly bioavailable.



This work indicates the clear advice of avoiding those chocolates in groups A and D (dark and caramel
chocolates) for CaOx stone formers. Due to the low amount of stone formation promoters found in
white and milk chocolate, its intake should not imply an increased risk for those patients.

4.4. Determination of oxalate absorption using
isotopic labeling

As described in Section 4.1. diet is an important source for oxalate. It has been estimated that 10-20% of
the oxalate content excreted in has this origin 252. Oxalate is a component often used in many vegetal
species in remarkable concentrations, so keeping intake oxalate levels below 50mg/day becomes
difficult in general diets.

Due to the importance of oxalate as a promoter, major concerns affect its intake and absorption. The
statement that oxalate absorption is closely related to other components has been introduced in Section
4.1. Calcium is especially important in this concern, although other nutrients might also affect indirectly.

Some studies have addressed the effect of diet on the oxalate excretion. This study is not based on
calculations of the total oxalate intake based on tabulated values for foods. Although this can yield
precise results, this work relies on isotopic labelling for this determination. In our case, oxalate has been
tracked using C labelling. The measurement of metabolic fluxes with *C has been widely used for
biological uses 273. The goal in this work was not to track oxalate along the body, but to specifically
calculate the oxalate absorption in patients.

The complex interaction of oxalate with other ions makes it interesting not to rely only on one
parameter (oxalate concentration) for the estimation of stone formation risk. The relevance of different
approaches to determine lithogenic risk have described in Section 1.1.7. One of the most used
techniques for the calculation of stone formation risk is RSS.

This work uses this approach to compare oxalate absorption to a general risk index that considers also
the interactions between different components and the existing equilibria.

4.4.1. Experimental Section

Urine samples were collected from 28 stone patients, who were given controlled diet and fluids. The
isotopic labeling was achieved by administrating a capsule containing 50mg of sodium oxalate (double



labeled with **C, abbreviated as *C,-Ox), which corresponds to 33.82mg of **C,-Ox (Sodium oxalate-"C,
99.9%, Sigma Aldrich, Steinheim, Germany). The example of a capsule is shown in Figure 4.10.

Figure 4.10 The capsule administrated to the patients contained 50 mg of sodium oxalate containing only 13CZ-Ox.

24 hour urine samples were collected one day previous to the capsule ingestion. This value was used to
calculate the RSS parameter. The following day, the patient was administrated the capsule and three
urine samples were then collected. Sample 1 was collected from time 0 to 6 hours from the capsule
intake; sample 2 from time 6 to 12 hours and sample 3 from 12 to 24 hours. The sum of these three
fractions yielded the total amount of *C,-Ox excreted, so the percentage of absorbed oxalate could be
calculated, taking the amount in the administrated capsule as reference.

Urine samples were collected from patients and immediately afterwards, 20 pl HCl were added to 1 ml
storing vials, for a proper conservation and prevention of oxalate precipitation. Vials were kept frozen at
-30°C until the analysis was performed. No sample treatment was required for the determinations other
than 1:50 dilution of urine.

The need to determine different carbon molecular weight for oxalate (87.9 for not labelled, or 2¢,-0x,
and 89.9 for labelled, *C,-Ox) requires the use of a mass spectrometer for the determinations. The
determination of *C,-Ox in urine has been reported in literature using Gas Chromatography — Mass
Spectrometry 274 275. The methods reported in bibliography provide robust measurements. However,
oxalate needs to undergo a derivatization process to make it volatile for the gas analysis. This reaction is
often tedious and long, so the efficiency of the analysis is dramatically reduced. For this reason, the
methodology selected in this work was lon Chromatography coupled to Mass Spectrometry. Details on
Mass Spectrometry applied to chromatography are provided in Section 4.1.1.1.

The ion chromatograph used was the same unit as described in Section 4.2.1.3. and it was directly
coupled to a MSQ Plus Mass Spectrometer (Dionex, CA, USA). This MS was controlled from the



Chromeleon software, so the mass analyses were integrated with the chromatographic ones. The device
could perform scans and also SIM measurements (Single lon Monitoring). After identifying the most
sensitive m/z ratios (88.9 and 90.9), the SIM mode was used, so only the target m/z ratios were
measured. This increases the sensitivity and reduced the instrumental noise. Note that organic acids, as
oxalate, tend to form [M-H]" ions, instead of M*, so the measured m/z values corresponded to 1 mass
unit added to *2C,-Ox or *C,-Ox 276. An example of the measured masses is shown in Figure 4.11.

The conditions of the IC have been listed in Section4.2.1.3. the MS was operated according to the
following parameters: Electrospray lonization (ESI) source, nitrogen as nebulizer gas, Probe temperature
450°C. Each mass included a window of +0.25 amu, so both isotopes were not overlap. Oxalate
concentration in samples was only quantified using MS, since the conductivity detector signal included
both isotopes (they have the same retention time).

In IC-MS analyses, naturally occurring oxalate was considered to correspond only to the 88.9 signal, and
90.9 represented fully isotopic labeled oxalate. Strictly, this is not true, since *C has a natural
abundance of 1%, so this percentage of natural oxalate should weight 88.9 (oxalate containing only one
BC atom) and 0.01% of natural oxalate should correspond to C,-Ox. These amounts could be
qualitatively seen during test mass scans. Nonetheless, the percentage they represent is so low that the
error was not significant in the determinations.

88.9 50.9

o1 88 86.9 89.8 928 938 ga3 | 98.8

Figure 4.11 Mass scan (m/z 80-100) of the interest region. y-axis represents relative intensity. The mass of [12C2-Ox-H]+ and
[13C2-OX—H]+ ions are clearly identified in this test sample that includes both isotopes.

The calculation of the RSS parameter was done with the EQUIL Software 56, as indicated in Section
1.1.7.1. This calculation included a list of urinary parameters that include all major components in urine:
calcium, magnesium, potassium, sodium, ammonium, sulfate, phosphate, chloride, oxalate, citrate, uric
acid and pH.

An aliquot of the samples was send to the general laboratory in the facilities (Universitatsklinikum
Zentrallabor). All the urinary parameters, but the *C,-Ox concentration, were determined there.

The list of analytes included in the RSS calculations does not include minor components in urine, which
could have a relevant role in the crystallization process. However, the list of parameters indicated covers



all the major substances in urine and, more importantly, is the standard list of analytes that any clinical
laboratory offers as urine analysis. Thus, the results obtained here could be easily extrapolated.

4.4.2, Results and discussion

The chromatographic separation of urinary anions was successfully achieved as described in Section
4.2.2.1. As stated, *C,-Ox and >C,-Ox were not separated in the chromatographic column, since they
have the same chemical behavior. The quantification was done using MS.

The quality checks for the calibration curve and sample analysis were correctly achieved. Table 4.12
shows the results for the IC-MS determinations. These results offer robustness and perfect
differentiation between both isotopes. The absence of cross-noise between both signals was checked
(i.e. absence of signal at m/z 88.9 when only 13¢,-Ox was in the solution).

Table 4.12 Calibration results for 12Cz-Ox and 13C2-Ox determinations.

Parameter
Calibration range (uM) | 0.5-10 0.075-1.5
Calibration curve | y =0.00045 £ 1.00028 - [conc. ox] y=0.0174 £1.675 - [conc. ox]
r? | 0.9994 0.9998
LOD (uM) | 0.039 0.033
LOQ (M) | 0.13 0.088

4.4.2.2.1. Oxalate absorption

Patients were administrated the *C,-Ox containing capsule at day 2 (8.00 am). This was the starting time
for the oxalate to run through the digestive tract and be absorbed (or not) during this itinerary. Since
urine was collected from patients 6, 12 and 24 hours after this initial time, the oxalate absorption rate
could be followed. Most of the oxalate was excreted within the first 6 hours.

In some cases, the amount of oxalate in the third urine sample was found below the LOD of the
methodology (see Table 4.12). In most patients, the third value was clearly smaller than the two initial
ones. Thus, the absorption of oxalate could be located during the first 12 hours.

The oxalate absorption results, based on 13¢,-Ox determination on the three fractions collected, report
most of the results within the normal absorption range. The average absorption value is 6 £ 4 %, and the
range runs from 1.04 to 15.9 %.



These results fit with bibliography sources that report urinary oxalate levels similar for stone formers
and healthy controls. Thus, normal oxalate absorption percentages should not have a dramatic effect in
RSS values. This contrasts with calcium urine concentrations, since stone formers usually present
hypercalciuria 252.

4.4.2.2.2. Study of RSS and oxalate absorption

The complexity of urine and the multiple interactions between many of its components (major and
minor) can be conveniently addressed using RSS. This Section introduces the RSS values for calcium
oxalate in the analyzed samples.

Due to the large amount of data generated, specific results on concentration of the specific analytes and
RSS parameters have been included as Supplemental Material (8.2. ), Table 8.4 and Table 8.5.

RSS parameters have been outlined in Table 4.13. The activity product (AP) is the same for COM and
COD, since they share the same ions in their structures. RSS values are slightly higher for COM than COD,
according to the smaller Ks for COM.

Most of the AP values lye in the 10°® region. Curiously, the two samples with a highest AP value (107) do
not have particularly low urine volume (1.56 and 3.24 1), which could be thought to be the critical
parameter that makes urine more concentrated. The two samples with a lower value (10°°) show normal
or low urine volume: 1.89 and 0.71 |. According to the high/low AP values, the RSS for COM and COD are
the highest and lowest within the data set.

AP CaO RSS COM RSS COD

Table 4.13 RSS results.

Mean 6.54-10° 14.6 12.4

Range 7.40 - 10 - 1.6-23.4 1.4-19.9
1.05-107

Standard deviation 2.69-10° 6.00 5.11

The Ks values used by EQUIL software are: COM: 2.24-10° and COD: 5.27-10°.

In order to find relation between variables, especially with oxalate absorption, the correlation between
all the variables was calculated. This date has been listed as Supplemental Material (8.2. ), Table 8.6.

A careful correlation analysis between the oxalate absorption and the AP and RSS values does not show
a clear relation between them. Despite the oxalate load received by the patients, other sources might
also affect the excretion and the total amount of oxalate found in urine. This hint indicates once more
the relevance of the inhibitory capacity of urine. Even by a high oxalate intake a convenient amount of
inhibitors is able to compensate the general lithogenic risk.



Table 4.14 General statistic parameters for all the variables measured in urine. Units: Volume (l), Density (g-cm?’),
concentrations (mol/I).

O oo o o e [ Lol ve L

Mean 2.15 1.007 0.058 0.022 2.6:10° 2.2:10° 0.014
Maximum 3.24 7.1 1.010 0.099 0.068 4.310® 5.010% 0.025
Minimum 0.71 5.4 1.003 0.037 0.008 3.010"  7.410™ 0.008
Range 2.53 1.7 0.007 0.062 0.060  4.0.10®  4.2:10% 0.017
Star.‘d?rd 0.60 0.002 0.014 0.010 9.510% 89.10™ 0.004
deviation
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Mean 0.063 0.011 0.008 6.810% 1.410%® 1.710% 1.1.10¢
Maximum 0.102 0.018 0.031 1.810%” 3.210%® 8010 2610%
Minimum 0.040 0.005 0.002 2.410%® 7.410" 9510 5110
Range 0.062 0.013 0029 1510 2410” 7.110" 2610%
standard 0018  0.003 0005 2910% 5010% 1.310% 7.1.10%
deviation

The correlation analysis yielded an expected correlation (although only weak, r’=0.42) between calcium
concentration and APCaOx, RSS COM and RSS COD. Due to the relevance of calcium in the crystallization
process, its influence on the RSS was expected to be higher, together with oxalate concentration. The
correlation of oxalate with RSS for COM and COD was very low. This, indeed, supports the literature that
assigns more relevance to calcium than to oxalate in lithogenic risk 252.

Curiously, RSS values for the analyzed urines did moderately correlate with volume, but positively. This
specific correlation was expected to be negative, since reduced urine volume has been clearly pointed
out as decisive risk factor. This suggests that RSS should include a more extensive list of lithiasis
inhibitors, in order to assess stone formation risk more precisely.

Citrate showed generally low correlation to other parameters. Interestingly, one of the highest values
for citrate was seen for the correlation with magnesium. These two components are well known
crystallization inhibitors (discussed in Section 1.1.6.2. ). Apparently, the inhibitory capacity of the
analyzed urines presented similar trends for those two components. This situation did not have a
remarkable influence in RSS values, since these were not significantly lower for patients who had high
citrate/magnesium concentration values.

4.4.3. Final remarks

The experiments presented in this Section have addressed the relevance of oxalate absorption in the
digestive tract. As previously described, the results measured fit with the general range for this value.

The expected correlations between oxalate absorption and RSS values have not been clearly found.
Despite the importance of oxalate as lithiasis promoter, its influence on the RSS as risk estimator is not



straight-forward. The numerous interactions between different urine components mask the direct
influence of oxalate absorption on lithiasic risk.

Even for those patients who show higher oxalate absorption, the RSS parameter is not necessarily higher
than for other groups. The importance of crystallization inhibitors is, once more, proven, based on RSS
and variable correlation calculations.
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5.1. Knowledge Transfer as horizon

5.1.1. Basic concepts on Knowledge Transfer

It is a logical and well-known fact that scientists working at Universities and other research centers are
devoted to the newest scientific knowledge. For a bunch of decades, researchers have poured their
energies and resources in cutting-edge scientific advances. Not seldom, this gigantic effort has been
conducted to basic science, with little interest by the University to go any further than publishing that
research in a well rated scientific journal.

However, times are changing and so is the organization and playing rules of the society. Nowadays, the
University is not considered as an isolated structure any more. On the contrary, it has been located at
the very center of the regional development policies, since governments consider research centers as
the main producers of basic and applied knowledge 277. While the USA was already aware of this
metamorphosis, and offered impulse to their scientists to take their ideas to the market, the EU took a
few more years to get on board. The arrival of the 21% century brought along also a repositioning of the
public policies in regard to University budget and priorities for giving funding. The University does not
turn its back to the private sector; they both work together, since it is the better way to enhance
regional development, local economy and competitiveness 278.

Knowledge Transfer (KT) stands then as the transmission of the information generated in a research
center to the industry or to a commercial agent. However, KT is not simple information; it also embraces
a wide expertise, usually based on a long research career. It also involves the knowledge of procedures
and related information that serve as a solid scaffold for any project. In other words, KT means the
transfer of a whole know-how from the research center to a business unit or factory 279. The transfer of
this know-how requires a close interaction between the researchers and the private sector agents.

To a certain extent, the collaboration between the two agents requires an adaptation period for the
scientist. Usually researchers have little knowledge on how to commercialize an idea or which are the
priorities in the private sector, and even the language to express the benefits or novelty of a scientific
work can represent a challenge. In this sense, Universities have created the so-called “Scientific Parks”,
aimed to lend a hand to their scientific community in these issues. A structure such as a Scientific Park
usually includes a knowledge transfer office, which offers legal and specialized advice to laboratory
researchers. These offices, which hang from the University structure, offer the scientist the possibility to
find investors, continue their projects towards the market and even create university-based companies
(spin-offs), in which the University gives actually venture capital 278,280. A structure such a Scientific
Park also plays the role of offering business formation to the researchers working in the same
institution, as a basic tool that encourages the entrepreneurship right from the laboratory.



In the Universitat Autonoma de Barcelona, the institution where this Doctoral Thesis has been mainly
developed, the roles just described are overtaken by the Parc de Recerca de la Universitat Autonoma de
Barcelona (PRUAB) or UAB Research Park 281.

The frame where the KT is naturally developed in is not simple. It has correctly been defined, taking DNA
structure as a template, as a triple helix, formed by University, Government and Industry 282. University
is not only an institution where teaching is magically combined with research; it is reconverting itself
into an organization that on top of its former functions, signs contracts with private companies and
provide the market with scientists trained at a high level. Industry is, of course, the player that focuses
the production and commercial branches, whilst the government provides a stable environment for
normal relationships to take place. In the society we are building step by step, with a solid focus in
knowledge as the starting point to any advance, the University is raised to a closer position as industry
and government used to have. This role is symbolically pictured in Figure 1.4Figure 5.1. KT stands, thus,
as an interactive procedure and an exchange of experiences between the three parts of the system.
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Figure 5.1 Picture intended to show a complex relation. University (orange) provides the know-how, and know-why, that is,
the technical knowledge and procedures needed for the development and the basic, theoretical knowledge the expertise is
based on. The private sector (blue) know what is needed in the market and, more importantly, who to contact for the
commercialization of ideas. The government (green) provides a stable frame for these actions to take place and set the
regulations to follow for the normal development of KT.

5.1.2. The University in the Knowledge Transfer context

Universities have generally started the promotion of such activities through the creation of Scientific
Parks, so the question now is: what do researchers need to consider KT as the desired goal, to set it at
the horizon of their research, instead of as a rare possibility to implement? As a matter of fact, the
scientific community has already started working following these ideas; however, a definitive change in
the general way of working is still expected 283.



Some studies have been focused precisely on the most valuable inputs for researchers to take part in
knowledge transfer activities 283. Of course, the personal profile and professional formation condition
in @ major extent the engagement on KT. Transferring knowledge to the private sector requires support
from the University to overcome technical and legal barriers; it has been seen that scientists who have a
better backing from their institutions participate in KT activities much more actively. Also, recognition
has been pointed out as an important, appreciated factor for researchers. This recognition is seen as
economic reward (through royalties) and social recognition for the University.

Not all the institutions have the same success in stimulating KT enrolment. Their activity in the field can
be measured, mainly, by two important and clear yardsticks: patents and spin-offs creation. These two
points will be briefly described.

The implementation of the Bayh-Dole Act in the USA, back in 1980, whereby American Universities were
allowed to actually own inventions developed in their facilities and also to own patents funded by
federal grants, was strongly criticized already at that very moment 278. While that law represented a
step forward in terms of encouraging researchers (through their institutions) generate commercially
exploitable knowledge, some researchers saw those regulations as the government clipping the wings of
those scientists devoted to basic, not applied science. For better or worse, the Bayh-Dole Act has made
the USA one of the leading countries worldwide in regard to the knowledge transfer from Universities.
That regulation served to create a KT culture among the University community. Other currents point out
that this regulation did not encourage that much researchers; instead, their position in the university did
284. In the USA researchers are employees in the University, while in Europe they are usually civil
servants, so the search of a solid funding is a major priority for the American scientific community in a
major extent than for the European.

In regard to the creation of spin-offs, when KT is compared in the USA and the UK (as an example of
European models), numbers are clear 278. American universities create an average of 2.8 spin-offs per
year and institution, while the UK creates 1.3 companies. Besides, the mean number of patent licenses
granted to US universities was 23.2 per year, while this number was reduced to 3.8 for British
Universities. In essence, these values mean $6.6 million revenues per US university per year (2.8% of the
whole research budget), while for UK institutions they represented $365,000 (1.1%). Those are data
from 2004 and the landscape in Europe has changed dramatically, although USA is still a step forward in
this sense.

Despite the consideration of spin-offs production for an institution as a marker for their KT activity, it
should be considered that licensing patents can be somehow more economically profitable than the
creation of a company 278. The patent field is also remarkably different in the US and EU.

Patents Offices still register a higher quote of University owned patents in the US than in the EU,
although the underlying differences make the interpretation of this fact complex 285. The European
model includes private firms in earlier stages of the patent development, so quite often they play the
role of patent owner. At least, this has been done until recent years, when Universities have overtaken
the ownership of patents. However, when it comes to patents in which the University is the inventor of



the patent, the quote between USA and the EU equilibrates. Therefore, the changes implemented in the
recent years in Europe shall homogenize the patent field with the American case.

Despite the differences due to governmental, labor or cultural differences, the University stands
noticeably as a fundamental pillar in the creation of knowledge. The so-called “capitalization of
knowledge” implies, in fact, that public Universities have changed from dedicating funding to perform
basic science into using this funding to produce not only self-sustainability for the research centers, but
also to lift the economic level of their local regions. Through close links with the private sector,
Universities have arose as a key point in local economies: they stimulate the professional hiring of highly
trained scientists in private companies and encourage local, small companies to enroll in R&D projects.

5.1.3. Local and national environment (Spain)

The situation in the national context in which this thesis has been developed (Spain) follows the general
characteristics described for the European countries. Therefore, this Section will be centered on the
discussion of more specific details.

Spanish Universities bear an important part of the R&D developments registered in the country 286.
Indeed, 26.7% of the total domestic R&D investments in Spain are attributed to these institutions.
Conversely, 60.8% of the total professionals dedicated to R&D in Spain are researchers. This imbalanced
numbers are the result of a complex situation on Spanish researchers: the entrepreneurship culture has
been low for many decades and the incompatibilities of their duties at universities are usually an
important hindrance for the development of KT activities.

New University policies are being set, so the KT in Spanish research centers becomes more efficient. Not
only should the steps for a more effective KT be more accessible and clear for researchers (task that has
already been done by KT Offices), but also scientists’ priorities should change, to pull KT at the top of
those priorities list. As a matter of fact, Spanish scientists have become more concerned on the
production of patents in recent years, as seen in Table 5.1. The data shown was gathered in a survey
extended to public and private Spanish universities 287. Although extended to a short time, it can be
seen how the interest of Spanish Universities in protecting the technology they developed, so it is
possible to take it closer to its commercial exploitation, has generally increased during the last years.
Not only the Universities are patenting more, but also they try to extend their patents to other
countries, so a better coverage of the produced knowledge is achieved.

Table 5.1 Evolution of the patent activity in Spanish universities. Columns 2-4. Number of patents granted, according to the
Office to which they were applied (Spanish, European or American). Column 5: Number of patents licensed. OEPM: Oficina
Espaiola de Patentes y Marcas, EPO: European Patent Office, USPTO: United States Patent and Trademark Office. Adapted

from CRUE 287,288.

OEPM USPTO Patents

) O
2011 385 21 19 131

2009 295 23 11 112
2007 229 16 9 94




Naturally, the interest of the University is to protect knowledge via patents, KT requires also the
intervention of the private sector in this game. So, Spanish researchers are actually taking into account
very much this last point, since, as observed in Table 5.1, the slope of the licensing trend is remarkably
positive.

The last point that will be analyzed in this brief introduction is the creation of spin-offs. According to a
national study 287, Spanish universities are actively creating such type of research-related companies.
As seen in Figure 5.2, the creation of spin-offs has clearly increased for the last years. Indeed, most of
those companies are still in operation. However, only a very scarce number have achieved to execute a
capital increase.
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Figure 5.2 Plot of the number of spin-off companies created by Spanish universities. The plot accounts for the companies
created during the previous 5 years to the date indicated, the number of those companies still in operation at the end of the
indicated year and those which had executed a capital increase 287.

According to the information expressed in this Section, it can be seen that the three general markers of
KT production: Protection of knowledge, Licensing of protected knowledge and Creation of spin-offs,
show an increase in the Spanish research centers. This change in the way of doing science, or at least,
the horizon at the back of the scientific work performed, is also reflected in PhD works.

This Section has introduced the relevance that KT has achieved in any scientific field. According to these
principles, this Doctoral Thesis has been conducted keeping as a top priority the application of KT basis
to the scientific developments established during its progress. Thus, some of the scientific work
presented in the previous Sections has been protected, basically when it presented a clear patentability
potential.



Due to the affiliation of the authors, the Patent Office at the University has allowed the correct
management of the KT, starting by a patentability study and ending on the licensing of patents, if
possible. Support of UAB Scientific Park, PRUAB, has also been continuous.

5.2. Patent: Method for the Characterization and
Classification of Kidney Stones

This patent represents the first approach of KT from a scientific work performed in this thesis. It protects
the methodology developed for the classification of urinary stones using NIR-Hyperspectral Imaging. The
information on identification and priority date for this patent is shown in Table 5.2.

Table 5.2 Patent information. Method for the Characterization and Classification of Kidney Stones

Prior. Date: 06 Apr. 2011 Filling Date: 10 Apr. 2012 Pub. Date: 11 Oct. 2012
No. P201130548 (ES) No. PCT/ES2012/070239 Pub. No. W0/2012/136874

The main goal of the developed methodology is to overcome some of the limitations of the most
widespread techniques for the analysis of urinary stones.

As detailed in Section 1.3., there are a number of described methodologies for the analysis of urinary
stones, most of them based on spectroscopic measurements. However, their relevance in clinical
laboratories is remarkably dissimilar, basically due to the availability of the required instruments,
complexity of the techniques and related costs.

Clinical laboratories have centered their attention on the use of IR Spectroscopy, IRS, as the reference
technique for the analysis of urinary stones. Its main advantages are the low cost of the analysis, their
simplicity and the usefulness of the obtained results. However, there is an important drawback: the
technique requires a trained analyst for the interpretation of the recorded spectra, and any spatial
resolution is lost during the sample pre-treatment, since it includes grinding.

In this context, the protected methodology seems of high interest for its potential application as a new
technique to use in clinical laboratories. Its advantages, from a scientific point of view, include the
acquisition of a large number of spectra, so the classification power is increased up to the pixel
resolution. Commercially available equipment is able to perform, within 5-10 seconds, several hundreds
of spectra that can be used for the classification of the sample. In other words, the benefits of counting
with that amount of information for each pixel independently from the neighbors are already a reality,
using commercial instruments.



Once the usefulness of the technology has been made clear, it is also noteworthy to highlight that the
use of such technique would require the purchase of more affordable equipment, so some adaptations
to the methodology and instruments should be made. Nevertheless, the basic points and procedures
needed have already been defined.

The robustness of the developed methodology has been proved in this Doctoral Thesis. In a first work,
urinary stones were analyzed taking ROIls on the surface of the samples, so they were classified into
groups 135. The stone analysis was performed by means of Artificial Neural Networks, so sorting the
stone classes becomes independent of the analyst. This work yielded results comparable to those
obtained by stereoscopic microscopy. Stone samples were classified according to the distribution in the
stone of major and minor components, so the etiological factors were also related to the stone
composition. This classification has been widely described in bibliography, and corresponds to
stereoscopic microscopy 44 74. Precise details on the procedures and results of the study have been
discussed in Section 1.3.3.

Despite the usefulness of this classification, a second study was conducted; in order to test the goodness
of the developed methodology when compared with the most widely used technique, IRS. The
challenge, in this case, was to achieve the same classification of the stones including quantification of
components. From a commercial point of view, this step confirms the utility of the technique by
confronting it to the conventional IRS, which readily offers a composition of the urinary stone as
percentage of each component. As described in Section 2.3., the newly developed methodology offers
guantification results comparable to IRS, with the additional information corresponding to the spatial
location of the components. Furthermore, the independence of the measurement and analysis of each
pixel achieved by the HSI technique leads to the identification and location of minor components. This
feature is especially interesting for the precise description of the stone history and the assignment of
the best treatment for each patient.

The advantages discussed in this point represent the potential of this methodology for its
implementation as routine methodology, once some technical issues are correctly adapted to the
commercialization of a specific device. This potential has attracted the interest of private companies.
Indeed, the associated patent has been licensed by a private company that focuses its business on
offering home-care solutions for urinary stone patients.

The document of registration of this patent can be consulted as Supplemental Materials (Error!
Reference source not found.).

5.3. myStone



“myStone” is a medical device specifically developed for the analysis and classification of urinary stones.
It is the result of collaboration between two research groups: Computer Vision Centre (CVC) and Centre
GTS. The former had developed a wide experience on image analysis and classification techniques based
on image recognition. The latter had a solid knowledge on urinary lithiasis, including stone analysis and
lithogenesis.

myStone is an optical device, able to recognize and classify urinary stones by image recognition. A
classifier was trained for the recognition of different stone types and implemented in the hardware for
an automatic analysis. This device was designed to overcome some of the handicaps detected in
traditional stone analysis techniques. The main characteristics of those are listed in Table 1.12. In brief,
the most popular approaches are IR Spectroscopy (IRS) and Microscopic Analysis (MA). IRS allows the
quantification of components but offers no information on the location of each phase. MA allows the
precise description of the components and their position to describe lithogenesis, yet it is time
consuming and expensive. myStone should be considered an alternative to these possibilities, ready to
its use in urological practice and clinical laboratories. It does not require especially trained users and can
be installed on a desk, due to its small size.

5.3.1. Experimental Section

The device was test with a set of 346 urinary stone samples, chosen from a library of more than 1500
items, collected from the Urology Service at the Hospital Universitari de Bellvitge, Barcelona (Spain). The
samples included stones from all naturally occurring species. The selection criterion was to include as
much variability within each class as possible, in order to create a robust and reliable database. The
samples were either naturally expelled or collected through ESWL. They were rinsed with ethanol and
water and conveniently dried until analysis. Each sample was collected from a single patient and
episode, to assure they were independent. When a stone was collected as a whole unit it was cut using a
surgical knife to expose the core.

The formation of a suitable database, that includes a wide variability within each stone class, is of major
importance for the robustness of the classification. This is one of the basic pillars of the efficiency of the
device.

The set of samples used for the training of the software included all naturally occurring components in
urinary calculi. The stone types listed here were defined according to their chemical composition, so
they are comparable to the main analysis techniques. The list of types of stones includes: calcium
oxalate monohydrate (COM), calcium oxalate dihydrate (COD), calcium oxalate dihydrate transformed
into monohydrate (TRA), brushite (BRU), carbonate apatite (CAP), struvite (STR), uric acid anhydrous
(AUA), uric acid dihydrate (AUD), cystine (CYS), mixed stones of calcium oxalate and carbonate apatite
(MXD) and mixed stones of calcium oxalate and uric acid (CO-UA).



The device was produced from low-cost, off-the-shelf components, which define a simple and robust
piece of equipment. Since it has been especially developed for the analysis of urinary stones, the
dimensions, components and their organization have been adapted to yield a high performance for this
precise function. The basic components are camera, lenses, controller board and illumination board.
Figure 5.3 shows a schematic view of the pieces distribution in the equipment. Samples are classified by
taking pictures of them and using image recognition software.

The images of the samples, used for the description of the features of the stone necessary for the
classification (texture, shape and color), are taken using a conventional camera, equipped with a Si
sensor. The illumination energies used are found in the Vis-NIR range (400-1000 nm) within the
sensitivity range of this sensor. In addition, an IR sensor located in this board provided a signal of the
reflected light to the computer and complemented the information from the visible range. The
operational parameters of the different illumination types were controlled by software. The lighting
board was especially designed to allow the lenses observe the urinary stone, and LEDs were properly
placed in the designed places so as to avoid shadows on the sample.

Figure 5.3 Scheme of the analysis device. The components are listed as follows: 1) Holding scaffold, 2) Sample tray, 3)
lllumination board, 4) Camera, 5) Lenses, 6) IR sensor, 7) Controller board, 8) External computer, L) lllumination LEDs and S)
Sample.

A mobile sample tray with a homogeneous background was designed. The sample was placed in the field
of view of the camera and was optically distinguished from the background (segmentation). The correct
focus of the image was achieved with a specific adjuster of the lenses. The sample was located beneath
the camera and the illumination LEDs. All the components were embedded in a cover, specifically
designed for this use. The camera and controller board connections to the computer were done through
the cover. Figure 5.4 shows some detailed views on the device.



Figure 5.4 Views on the device. a, b. Front and rear views (the focus ring can be appreciated in Figure b). c. Stone sample
located in the sample tray, ready for analysis. d. Top view. The coin serves as a measure of the device size. The two holes on
the top are used for plugging the camera and controller board connections to computer.

For the correct description of the process, some terms will be defined. Figure 5.5 describes each of the
terms used here.

Sample: Urinary stone or group of fragments collected from a single patient in a single episode.

Fragment: Part of a urinary stone obtained from a patient (after ESWL) or after cutting a naturally
expelled stone, to expose the inner part.

View: Point of view when observing the fragment with the camera: surface or cut, that is, outer or inner
part of a fragment or sample.

Image: Picture recorded for each view, each one under particular illumination and exposure time
conditions.



Stone
core

Stone
surface

Samples Stone fragments

Figure 5.5 Examples of the terminology used in this work.

The classification results are based on the morphological description and chemical composition of the
samples described in bibliography 44 74. Urinary calculi classes have been re-built to adapt them to the
specific performance of the device and according to the specific treatment measures taken to avoid
further stone episodes.

The image acquisition procedure requires the selection of a stone fragment and location in the sample
tray. The device records 6 images by varying the illumination type and exposure time. Three illumination
types (Visible and two IR sensors: 880 and 1000 nm) and 2 exposure times for each (0.5 and 1 seconds)
were chosen. The different images are automatically captured by the device. The process can be
repeated for inner/outer sides of the sample and also include different fragments of the same sample.
The classification is done using image recognition tools, using parameters as color, texture, shape and
size. Infrared LEDs allow supporting the classification with punctual chemical information measured at
this energy range.

Once the images have been acquired, the software runs the analysis automatically, following a self-
developed hierarchical classifier. The classification of samples was divided into three sequential and
partial outputs. The versatility of the algorithm allowed the consideration of any of those classification
results as final.

Urine pH values were given to the software as complementary information, so the classification vector
created also included this characteristic number. The classifier was trained using some limit pH values,
as seen in Table 5.3, which are based in bibliography. Beyond those limits, the probability for a class to
be assigned decreased rapidly, so the values chosen were not extreme for each class, in order not to
exclude samples precipitating close to the limit value.

First level (view classification): Using the set of 6 images from a single view a class probability was

decided for that view. A vector of probabilities for each view was computed. This vector was based on
the visual features of size, shape, color and texture of the image, combining the information from all the
images. The classification output was an estimation of the probability (belief) that a fragment view
(external or internal) belonged to each of the given classes. Although the measurement of chemical
characteristics was not used by the device for the classification (with exception of the two IR sensors),
the output classes were comparable to those obtained by chemical analysis (COD, COM, STR...).



Table 5.3 Limit pH values used for the classification. The ranges listed are the most probable for each type of urinary stone to
occur (based on the sources listed in Section 1.2. ).

coM >6 BRU <6

CoD >6 CYS <55
MXD >6 UAA <55
CAP >6.5 UAD <5.5
STR >6.5 UA-CO <6

The output of the first classification level was one of the following classes: BRU, CAP, COD, COM, CYS,
MXD, STR, TRA, UAA or UAD. At this level, the results for each view (internal/external) were
independent.

Second level (fragment classification): The classification of fragments was done once both views (inner

and outer parts) had been assigned a class. The combination of the two individual view classifications in
the first level produces a single fragment class. Therefore, the classification for each fragment was not
only limited to the chemical components present in the stone, but also included their location and
distribution. e.g. The class assigned to a fragment was different if compound A was inside the stone and
B on the surface, or if the situation was the opposite. This second level of classification allowed the
location of components in the stone, which leads to a better description of the lithogenesis.

The possible combinations of outer and inner views results are listed in Table 5.4. The diagonal shows
the results for pure stones, while other cells indicate combinations sensitive to the location of
components. The definition of the combined stone types was done attending to differences in the
treatment the patient should receive after the stone episode. Hence, some combinations of diverging
internal/external components have been merged as a single “treatment” group. It is interesting to
remark that the classifier was trained with these constraints. They were not fixed rules; the software
learnt the relation between inner-outer views and class.

Table 5.4 includes some stone types more complex than pure components. COMD defines a COM stone
with only COD deposits on the surface, while COMCA represent CAP deposits. CCT includes calcium
oxalate stones formed of COM, COD and/or TRA in variable amounts. CO-UA refers to mixed calcium
oxalate and uric acid stones. CODCA describes a COD stone with CAP depositions. TRACA group is
composed of TRA stones with CAP only in the outer part of the structure, so they cannot be considered
MXD. CA-CO explains a stone type with similarities to MXD but with a much lower amount of calcium
oxalate.

As any other data analysis or analytical technique, the possibility of the classifier making mistakes exists.
In this case, it could erroneously assign a class to a fragment. Interestingly, not all the errors share the
same importance, in terms of the treatment selected. The assignment of a class has a related “cost” or
potential risk that a false classification would represent. The device has been trained to take this
particularity into consideration, so the classifier would only assign certain classes if the degree of



certainty was high. Stone classes with a high cost value were only assigned with high probability when
the classification error was low. These costs were defined for each class being confused with a different
stone type and organized as a costs matrix (Table 5.5).

Table 5.4 Second level classification. The dependence of a fragment class on the classification obtained from inner and outer
views follows the correspondence shown in this Table. The diagonal in this Table (in bold), indicates homogeneous stones.
Cells filled with (-) denote unlikely combinations.

Inner part/core

coM coD TRA MXD  CAP STR  BRU  UAA UAD cYs
coMm | com TRA TRA MXD CACO STR - CO-UA CO-UA -
cop |comp  cop TRA MXD  CACO STR - - - -
B TRA | CCT TRA TRA MXD  CACO STR - - - -
§ MXD | COMCA CODCA TRACA MXD CA-CO STR - - - -
S~
B CAP | COMCA CODCA TRACA MXD  CAP STR  BRU - - -
il STR - - - - STR STR - - - -
§ BRU | - - - - BRU STR BRU - - -
UAA | CO-UA - - - - - - UAA UAD -
UAD | CO-UA - - - - - - UAA UAD -
cvs - - - - - - - - - cys

The costs matrix also allows the simplification of the classification system, by merging stone classes with
a low cost of confusion. That is, if two stone classes require similar treatments, the related cost value
will be low, so they can be unified as a single, bigger stone type. This would lead to a lower specificity of
the stone structure, but also would improve classification results.

Third level (sample classification): As described, more than one stone fragment for each sample was

often analyzed, either by collecting pieces resulting from ESWL or by cutting stones. Diverging classes
could be assigned to different fragments, even considering the same stone view (internal or external).
These unequal results could be attributed either to inherent error in the device performance or to the
heterogeneous nature of some samples, that made various fragments present different appearance and
composition. This variability was taken into account using a third level of classification, based on the
results obtained in the second level.

The possible combinations and the resulting class are shown in Table 5.6. Due to the Table size, only an
example for the combination of classes is shown. As in the second classification level combinations, the
criterion for the selection of a class was also based on the most suitable treatment after the stone
episode.



Table 5.5 Costs matrix. To each class, a “cost” value is given, describing the cost of confusing it with any of the other classes. The criterion for assigning the value has been
based on how suitable would be a treatment for preventing the further stone episodes for each pair of confused stone classes. Cost values have been graded in a 0-10 scale,
being 10 the maximum cost (problematic confusion) and 0 the minimum (same treatment). The diagonal of the matrix (in bold) is 0, because it compares to identical classes.

Recognized class

com M OM o O e A w0 cap M s BRU uaa uab 9 o
CA D CA CA co UA

com 0 2 2 2 5 5 2 3 6 8 8 9 8 7 7 5 10
COMCA | 2 0 2 1 5 5 5 5 6 8 8 9 8 7 7 6 10
COMD 2 2 0 1 4 4 3 4 6 8 8 9 8 7 7 6 10
ccT 3 2 2 0 4 4 3 3 5 8 7 9 8 7 7 6 10
cop 2 3 3 4 0 1 0 3 6 8 8 9 8 8 8 7 10
cobca | 2 3 3 3 2 0 2 0 3 7 4 9 8 8 8 7 10

Al TRA 2 3 1 2 0 2 0 0 2 8 6 9 8 8 8 7 10
=B TRACA 2 3 2 1 2 0 1 0 2 6 4 9 8 8 8 7 10
s VO 6 6 6 6 6 4 6 4 0 3 1 7 8 9 9 7 10
CAP 8 6 7 6 7 5 7 5 2 0 1 5 3 9 9 8 10
CA-CO 8 6 7 6 5 3 5 3 1 1 0 5 3 9 9 8 10
STR 10 10 10 10 10 10 10 10 7 5 5 0 7 10 10 10 10
BRU 8 7 8 7 8 7 8 7 4 2 2 5 0 9 9 9 10
UAA 8 9 9 10 9 10
UAD 8 9 9 10 9 0 0 10
CO-UA 8 9 9 10 8 2 0 10
cYs 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 0




Table 5.6 Resulting classes for the third level of classification. In case that the stone types assigned to two different
fragments in a single sample do not agree, each combination of individual fragments is re-assigned a single class. Cells
marked with (-) denote unlikely combinations.

Fragment
1
CoOM

Fragment | Resultant | Fragment | Frag
2 class 1

Resultant | Fragm
class 1
cct | ocer

Fragment | Resultant
2 class

p
COMD coMp | comp ccT CO-UA CO-UA
coM ccT ceT COMD COMCA TRACA ceT TRA TRA
coMm COMCA COMCA COMD CO-UA CO-UA ccT TRACA TRACA
coMm CO-UA CO-UA COMD TRA TRA ccT MXD MXD
coMm TRA TRA COMD TRACA TRACA ccT CA-CO CA-CO
coM cop TRA COMD MXD MXD ceT CAP CA-CO
coMm CODCA CODCA COMD CA-CO CA-CO ccT STR STR
coM TRA TRA COMD CAP CA-CO ceT BRU -
coM TRACA TRACA COMD STR STR ceT UAA CO-UA
coMm MXD MXD COMD BRU - ccT UAD CO-UA
coM CA-CO CA-CO COMD UAA CO-UA ceT cys -
coM CAP CA-CO COMD UAD CO-UA CODCA TRA TRACA
coMm STR STR COMD cYs - CODCA TRACA TRACA
coMm BRU - TRA TRACA TRACA CODCA MXD MXD
coM UAA CO-UA TRA MXD MXD CODCA CA-CO MXD
coMm UAD CO-UA TRA CAP CA-CO CODCA CAP CA-CO
coM cyYs - TRA CA-CO CA-CO CODCA STR STR
coD TRA TRA TRA STR STR CODCA BRU BRU
cop CODCA CODCA TRA BRU - CODCA UAA CO-UA
cop MXD MXD TRA UAA CO-UA CODCA UAD CO-UA
cop CA-CO CA-CO TRA UAD CO-UA CODCA CO-UA CO-UA
cop CAP MXD TRA CO-UA CO-UA CODCA cys -
cop STR STR TRA cYs - CA-CO CAP CA-CO
cop BRU - MXD CA-CO MXD CA-CO STR STR
cop UAA CO-UA MXD CAP CA-CO CA-CO BRU BRU
cop UAD CO-UA MXD STR STR CA-CO UAA -
cop CO-UA CO-UA MXD BRU BRU CA-CO UAD -
cop cYs - MXD UAA - CA-CO CO-UA -
TRACA MXD MXD MXD UAD - CA-CO cvs -
TRACA CA-CO CA-CO MXD CO-UA - UAA UAD UAD
TRACA CAP CA-CO MXD cYs - UAA CO-UA CO-UA
TRACA STR STR STR BRU STR UAA cvs -
TRACA BRU - STR UAA - UAD CO-UA CO-UA
TRACA UAA CO-UA STR UAD - UAD cvs -
TRACA UAD CO-UA STR CO-UA - CO-UA CYs -
TRACA CO-UA CO-UA STR CcYs -
TRACA cyYs - BRU UAA -
CAP STR STR BRU UAD -
CAP BRU BRU BRU CO-UA -
CAP UAA - BRU cYs -
CAP UAD -
CAP CO-UA -
CAP cYs -




The device was configured with all three levels of classification, but it was able to operate giving results
at any level. Due to this modular classification structure, the device can be adapted to each user.

5.3.2. Results and discussion

The device was tested with the described stone groups, taking as reference the classification of the
samples using conventional stereoscopic microscopy. The results shown here correspond to 346 stones,
from which 606 fragments were selected. According to the described procedure, 1212 different views
(surface and core) were captured using different illumination conditions, leading to 7272 images. Some
of the different stone types were recognizable using Visible radiation, as seen in Figure 5.6.

Figure 5.6 Visible images captured for different types of urinary stones. Either surface or cut sections of stones are shown for
the best description of each type characteristics. a. COM, b. COMD, c. COMCA, d. CCT, e. COD, f. TRA, g. CODCA, h. TRACA, i.
MXD, j. CAP, k. CA-CO, I. STR, m. BRU, n. UAA, o. UAD, p. CO-UA, q. CYS.



The classification results indicate different behavior of the device depending on the stone type. Some
classes have similar appearance, so the rate of confusion was higher in those cases. The analysis is based
on visual features, so similar samples would pose some problems for the differentiation of classes.

The performance of the device yields an overall correct classification rate of 74.1%. This value can be
carefully analyzed using the data in Table 5.7, which shows results for each stone group. Some stone
groups, which often had few samples for the model training, gave a low correct classification rate. The
results are discussed in detail for those stone types. More details on stone structure and related
treatment are available in Sections 1.2. and 1.4.2. The correct results only include the most probable
class. If the second class, in terms of probability, was also considered as correct, the accuracy would
reach 92.3%. This would make sense for those cases in which the second most probable class had a low
associated cost (according to Table 5.5). The discussed values consider only the strictest case (the most
probable class).

The class COMD, which is formed of COM with COD deposits on the surface, is not well classified.
However, if the results assigned are observed, TRA arises as the most probable class, followed by COM
itself. The cost of confusing COMD with TRA is low because the treatment for both stones does not
differ dramatically, so this error would not lead to a very differing metaphylaxis. TRACA behaves in a
similar way, since it is basically confused with MXD. In essence, both stone types include calcium oxalate
and CAP within their structure in variable amounts, so the treatment for preventing further stone
episodes is, again, very similar. In this case, the main difference between both stone types refers to
structural features, not to etiological factors.

The device misclassifies CAP as STR. Although the etiological factors are different (STR is only produced
in case of urinary tract infection), they are both phosphates and have a similar visual appearance and
porous structure, as seen in Figure 5.6. Since they precipitate at high urine pH (usually >6.5), their
treatment is not radically different, so their confusion does not have a severe effect on the possible
metaphylaxis. However, it would be interesting to correctly distinguish both classes and properly assess
the possible infection in the urinary tract.

Among the results for each class, the classification of CYS stones becomes the main drawback of the
device. Probably due to the low number of stones analyzed (their incidence represents 1% of the total
amount of cases) the classifier did not correctly learn to identify this stone type (see Table 5.7). This
limitation would cause an erroneous diagnostic for CYS patients, who show specific etiological factors
for the formation of stones (genetic disorders).

BRU is also affected by a low number of test samples. This class is often confused with uric acid stones,
which have remarkably different etiological factors. The classifier does not yield satisfactory results for
this stone type.

Interestingly, UAA and UAD are often confused with each other, as seen in Table 5.7. Nonetheless, this is
a minor issue, since uric acid stones require the basification of urine regardless their crystal structure.
Both groups can be merged into a single type (uric acid stones). This increases the percentage of correct
classification above 95%.



Table 5.7 Classification results obtained in the device training. Known classes are plotted against the recognized class and results are given as % of correct classification for
each stone type. The numbers correspond to a total of 606 stone fragments; the amount for each type is also indicated. Percentage values are weighted, considering the
number of samples in each stone group.

Recognized Class

COM COMD COD TRA TRACA MXD CAP CA STR BRU UAA UAD co- CYS No. of Rate correct
co UA fragments answer (%)
COM 84 0 1 6 0 3 0 0 0 0 0 0 3 0 97 87
COMD 3 0 0 0 1 0 0 0 0 0 0 0 0 11 0
COD 0 0 10 1 0 0 0 0 0 0 0 0 0 0 11 91
TRA 10 0 1 56 0 11 0 0 0 0 0 0 1 1 80 70
" TRACA 0 0 0 0 0 7 0 0 0 0 0 0 0 0 7 0
‘—3 MXD 5 0 0 15 1 929 0 0 1 0 0 0 0 0 121 82
T.u’ CAP 0 0 0 0 0 0 0 1 20 0 0 0 0 0 21 0
e CA-CO 0 0 0 0 0 1 0 15 4 0 0 0 0 0 20 75
STR 0 1 0 0 2 1 0 5 58 0 0 0 0 0 67 87
BRU 0 0 0 0 0 0 0 0 0 0 7 2 0 3 12 0
UAA 0 0 0 0 0 0 0 0 0 3 44 24 1 1 73 60
UAD 0 0 0 0 0 0 0 0 0 1 20 40 0 0 61 66
CO-UA 3 0 0 5 0 0 0 0 0 0 2 2 7 1 20 35
CYS 0 0 0 0 0 0 0 0 0 4 0 0 4 0




The report was automatically generated by the device and included relevant pictures of the sample in
the visible energy range, so the device was also used as a microscope (See Figure 5.6).

The resulting class was indicated as a compilation of the probability for each relevant stone type. That is,
the classifier was trained to assign a class to the sample as described in Section 5.3.1.3. , but also
calculated the likelihood that a sample belonged to a given class. The probability values were calculated
for stone views, so the second and third levels of classification were assigned later.

This output was displayed as pictured in Figure 5.7, so the distribution of probabilities was clearly seen.

In addition to the classification, and based on the third level of classification (sample class), some
recommendations were attached to the report. This important output was specific to each stone type,
so it was fully adapted to each particular patient. The recommendations were based on bibliography,
and included some guidelines on diet and lifestyle for the patient along with some parameters to
monitor the evolution of the stone episode, to guide the physician through the follow-up.
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Figure 5.7 Results display, including pictures of the sample and the corresponding distribution of probabilities for classes.



5.3.3. Final remarks

This work represents a clear advance in the analysis of urinary calculi. The device presented here has
been designed according to physicians’ needs and the classification algorithm has been based on the
comparison with two of the most relevant stone classification techniques: Infrared Spectroscopy and
Stereoscopic Microscopy. This medical device offers similar results to the mentioned methodologies,
while offering the possibility of an on-site analysis that is performed in few minutes. The analytical
results include the composition of stones and the location of components within the structure, so the
lithogenesis process can be described in detail for each patient. This advantage has a great impact on
the treatment suggestions, since they are adapted to every specific case. On top of its analytical
advantages, this desktop medical device is easy to use and requires no trained technician to perform the
analysis.

The device is able to perform the stone analysis and also assign specific recommendations for each
stone type, based on the composition and distribution of components in each stone. This leads to a
personalized analysis that allows the precise description of the lithogenesis process. The correct
metaphylaxis of the stone requires a precise description of the causes of formation, in order to control
specific parameters. Only such treatment can help decrease the high recurrence rate associated to this
disease.

When compared to the most spread stone analysis techniques, this device yields comparable
information to stereoscopic microscopy. The analysis is done in shorter time as many of the techniques
and the cost is low, for the analysis and the equipment. These differences can be clearly appreciated if
the main features of myStone are compared to the rest of stone analysis methodologies (see Table 5.8).

Table 5.8 Comparison of the main characteristics of myStone with the principal stone analysis methodologies.

Feature Chemical IR Microscopic X-Ray mvStone
AnaIyS|s Spectroscopy Analy5|s Diffraction ¥

Component identification

Chemical form identification x v 4 v 4
Component quantification x v Semiquant. v Semiquant.
Location of components in the « x v « v
stone

Classifif:ation according to < v vV v v
formation causes

Description of the history of the < < v < v
stone (description of the disorder)

Trained technician needed x v 4 v x
Cost € € €€€ €€

Analysis time P 33 I8 3

v'v' Stands for an enhanced description of the disease, available only with this technique.
'Chemical analysis refers here to commercially available kits that do not require full knowledge in lithiasis.
"IR Spectroscopy considers the analysis (by pellets or ATR) and spectral interpretation, not including data analysis software.



The listed features suggest this device as a robust an interesting commercial alternative to the
traditional stone analysis methodologies, since its use could be easily implemented in physicians’ offices
and clinical laboratories.

5.3.4. Patent

Due to the commercial interest of this research, this invention was protected under a patent application.
The patent application was done a few months before the composition of this Dissertation. Thus, it had
only been registered at the Spanish Patent Office (OEPM), with priority date 18" June 2014 and
reference number P201430927. The registration document can be consulted as Supplemental Materials
(Error! Reference source not found.).

Because of the high interest of this invention for commercialization purposes, public funding was
received for the specific development of this device. In addition, the scientific and technical work was
complemented by a market research. These issues are addressed in the next Sections.

5.4. Valorization Project: VALTEC

As described in the previous Section, the device myStone does show an interesting potential towards its
commercialization. It exhibits remarkable advantages compared to the commercially available solutions
that make this device a robust platform for the development of a product. This product should continue
the path to enter the market. Naturally, this is a complex process, and a considerable investment needs
to be done in economic and organizational terms.

In this sense, both research groups participating in the creation of myStone (CVC and GTS) applied to a
VALTEC project to the Catalan government. VALTEC is the abbreviation from “Valoritzacié Tecnologica”
the Catalan for “Technological Valorization”. These projects have the main goal of promoting the
commercialization of ideas born in research laboratories. In other words, the Government helps
economically those researchers who have developed any technology or product that needs some
impulse to get closer to the market. Since myStone had been developed with the interest of producing a
consumer-focused device, it stood within the scope of VALTEC program. The starting idea could be
further developed until the final device was achieved, as seen in Figure 5.8.

The VALTEC project considered thus the development of an already started research. The whole picture
of the environment and value chain of myStone is represented in Figure 5.9.

The basic research had previously been developed by both collaborating research groups. The wide
experience on image analysis and image recognition tools (CVC) and the solid knowledge of GTS on
urinary lithiasis and urinary stone analysis were a robust platform for supporting the idea of this new



medical device. Although particularly far from the market, basic research is needed for complementing
any product with the know-how required for the development. It also supports the improvement of the
device during its way into the market. During their basic research, GTS could stablish a network of
urologists and urinary stones experts, who helped on the development of the device.

Figure 5.8 VALTEC project helped on the evolution of an initial idea, based on the experience of two complementary research
groups into a functional prototype. This first prototype could be improved to optimize costs and enhance classification
results.

Once the basic concerns in regard to objectives and organization were defined, the applied research
phase started. A prototype was created and tested, as described in Section 5.3. This first device was
already functional and served as the proof of concept that the project was feasible. The classification
criteria were defined in this phase and also the organization of the classifier. Urologists were included in
this phase of the development, so the output of the device was useful for the final users. It was during
this phase when the VALTEC project was awarded.
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Figure 5.9 Value Chain for myStone project. The main players, their connections and the phases in the project where they play a role are depicted.



After this step, the patent for the protection of the device was applied, so the idea could be freely
communicated and the process to take myStone closer to market could continue. This “Prototype”
phase requires the production of a reduced number of identical “pre-series” devices, so they can be
tested on-site by urologists, who are the final users and also the best judges of the good behavior of
myStone. Also during this phase the presentation of the device in public, technological and medical
forums was done. The identification of the best commercial and development partners is needed for the
proper accomplishment of further steps in the “Laboratory to Market” process.

When this step is finalized, the technical accreditation of the device, along with the formalization of
some commercialization/licensing/distribution agreements should be executed. In this final phase, the
market will be reached, so the final customers will be able to test the device and operate with it. When
this phase is started, building a solid network is a basic point for the proper commercialization of the
device.

These tasks will be done by myStone team (GTS and CVC) for a period of two years, as described in the
project application (2014-15). The research groups participating are very grateful to ACCIO (Generalitat
de Catalunya) for the economic support and assessment given.

5.5. Business Plan

As stated in previous Section, the commercialization of this medical device required the careful
assessment of the market characteristics and potential interest in the invention. Accordingly, some
actions were taken, that allowed to value such items and the generation of a clearer way to get the
invention closer to the market.

This part of the research was done by GTS and CVC in part, as a result of the participation of the team in
the “Ideas Generation Program”, held by Parc de Recerca UAB. The outcome of that contribution was an
initial Business Plan (BP) and the award with the first price among 20 participants. This primitive BP was
further developed in collaboration with EADA Business School in Barcelona. A group of students’
performed an extensive market research following myStone inventors’ indications. This Section will
summarize the basic concepts addressed in that work, which will be used for the definition of a business
idea based on the device 289.

*> The group of students was formed by: |da Grad, Martin Raygoza, Lucas Roos, Nikolaos Sarafidis and Larissa
Schade. They were supervised by Alexis Mavrommatis.



5.5.1. Analysis of the idea

This step was done according to the 5 C’s market analysis 290. This approach analyzes the business
opportunity by defining five basic points in any BP: Company, Context, Channel, Consumer and
Competitor.

Since there is not a registered company yet, it should be addressed whether there is interest (potential
financial benefits) on funding it. This Section will address some issues on the creation of a hypothetical
company.

The development team is formed by three researchers from GTS and two participants from CVC. They
possess the expertise in urolithiasis and image recognition needed for the development of myStone. The
device is fully operative and protected by patent, as described in Section 5.3. The importance of this
point is remarkable, since a possible start-up company would already have an operative device and
funding (through VALTEC Project, see Section 5.4. for testing it and implementing upgrades.

The company has a clear mission, namely the commercialization of highly technological devices for the
improvement of the stone patients’ quality of life through better and faster diagnostics, comprehensive
information and practical advice.

This company offers a medical device based on a camera and related software that pictures, recognizes
and classifies urinary stones. The ease of use of the device allows any employee in a clinic to use it; it
requires only cutting the stone and pressing a button. The analysis time has been reduced to few
minutes, so sending the samples to an external laboratory is not needed any longer. The stone analysis
is complemented with recommendations on diet and lifestyle for the patient, as well as
recommendations for the physician.

These clear advantages respect to other competitors allow the company to enter the market by offering
a premium product, located at the top of the value chain. The added value offered, together with the
production low cost, would allow this company to center their strategy on selling a high performance
product, yet at a competitive price level.

Thus, the advantages of the company are focused on the product differentiation, lower costs and
permanent innovation on the device, due to the R&D experience of the development team.

The analysis of the context in which the company would enter is of high importance for correctly define
the market opportunity and focus the business strategy.

The importance of the disease, the medical and social concerns and its consequences for public
healthcare institutions has been made clear in Section 1.5.



The last years have seen the economic landscape change all over the world and the Spanish market has
not been an exception. The economic restrictions experienced in this country have also brought some
important changes in the health market. This sector is regulated to a large extent and big healthcare
companies control the general market. Population is aging, so the needs are changing, and emerging
markets pose new, low-cost business approaches. In this context, the interest on medical devices is very
high.

The attractiveness of the healthcare market, related to microeconomic aspects, can be analyzed using
Porter’s 5 Forces, a framework that defines an industry based on five external forces: buyers, suppliers,
new entrants, rivalry and threat of substitutes 291. For a precise analysis, the information is related to
the Spanish market, which will be the starting geographical area for the activity of the company. The
source on which the statements in this Section are based is the “Health Care Equipment & Supplies in
Spain - 2013” report 292.

1. Buyers: The Spanish market is formed by a limited number of buyers, who have an important
bargain power on the producer. Buyers are used to purchase electronic devices, so they have a
clear insight on the performance and competitors in this sector. In addition, buyer’s requirements
are high. This will increase competition and will make buyers look for quality, economy and a clear
product differentiation. The supplier can charge a higher price if quality and high performance are
offered. The buyers’ power is moderate-high.

2. Suppliers: Generally, it is not desired to choose a single supplier. In this sector, the differentiation
of raw products is low, so the power of suppliers can be given by contracts that cause switching
costs to be high. The suppliers’ power is moderate.

3. New entrants: The medical device sector is dominated by a few big players. Any newcomer needs
to adapt to a market that regulates each aspect (from quality restrictions to technical
requirements). As a new participant, the company will have to pass a bidding process (for public
hospitals) and gain the urologists’ approval with no brand identity yet. The new entrant’s power is
moderate.

4. Rivalry: As stated, the health sector is controlled by big companies that operate worldwide and
base their business on economies of scale. They can negotiate prices with clinics. The key to get
market share is to offer a high performance product, so the company will become a highly
specialized firm in the urolithiasis field based on R&D. The rivalry risk is rather moderate.

5. Threat of substitutes: The absence of substitutes in the Spanish market suggests no risk from this
side. This situation might change during the evolution of the business.

Besides the Porter’s 5 forces, the macroeconomic approach can be done through a PESTLE analysis 293.
This includes external, environmental factors that greatly influence the position of the company in the
market, as: political, economic, social, technological, legal and environmental issues.

Political Drivers: The Spanish government has accomplished some regulations that should turn the
economy into a more competitive and dynamic scenario. This fact could help this company as a start-up



company, since hospitals will have more freedom to access technological solutions that could sink their
operations costs in a close future. Indeed, according to the health policies, the government relies on
prevention as a key factor for the new organization of the health system 294.

Economic Factors: Due to the hard economic crisis affecting Spain since a few years ago, the degree of
investment has dramatically decreased in all public organizations. This fact represents an important
market entry barrier for myStone, since its benefits (not only medical but also economical) will have to
be demonstrated before it reaches an adequate market share. In essence, myStone is an investment for
any hospital.

Socio-Cultural Drivers: The public Social Health system in Spain is highly valued and protected through
laws in this country. As a basic point for the inhabitants, hospitals are committed to offering the best
health care possible to their patients. In this sense, the advantages of myStone against other
methodologies, described in Section 5.3., represent a plus for its implementation in hospitals.

Technological Drivers: Spain is traditionally weak when adopting technological innovations. Again, this
point is against the implementation of myStone, which should demonstrate that the medical advantages
it poses are linked to economic benefits or costs cuts for the hospital.

Legal drivers: Despite the existence of big companies in the health sector, the Spanish law encourages
competitiveness and trustful advertisement, so the firm can profit from this regulations as an allied to
enter the market.

Environmental Drivers: This point is not especially relevant for this company. The production does not
include potentially harmful products and its use poses no environmental risks.

In regard to the market size, Spain has around 790 clinics and hospitals. The number of active urologists
is 2033 (data from 2003) 295. This market size poses an interesting starting point for the company,
which could enter this sector by own sales force.

The European healthcare market represents total sales of 72.6 € Billion and includes 11.000 companies.
Spain has a market size of 8.3 € Billion, and together with Germany, France, UK and Italy, covers 75% of
the European market 292. These numbers should be taken into account when selecting any further
markets for the new firm to operate in.

The health sector in Spain, as well as in other countries, is a complex network, with many actors and
highly regulated.

Selling a medical device in Spain often requires the partnership of a distributor who is already in direct
contact with the final customer. In addition, any good with a price above 18.000 € has to be purchased
through a public tender 292. This is especially important, taking into account that each hospital or clinic
is economically independent and take their own decisions on purchasing new devices.



Doctors, who are the final users of the medical device, are a key factor in the purchasing process.
Distributors visit them often in order to build a long-term relationship. This point is basic when trying to
commercialize the equipment, so Key Opinion Leaders will play an important role when selling the
device.

A basic point in the market analysis includes the competitors’ identification. It is needed to clearly
differentiate myStone from other competitors that already own a given market share.

In Spain, the typical companies operating in this sector are big enterprises that offer their products in
different areas, so they reduce their dependence on a single one. The specialization is the best option
for the new company. In the precise field of urinary stone analysis, many laboratories offer IR
Spectroscopy, although only 3 centers in the whole country offer Microscopic Analysis and its enhanced
description of the sample (see Section 1.3.3. ). Therefore, according to the information described in
Section 5.3., the advantages of myStone against potential direct competitors are clear.

Other companies, specialized in the treatment of urolithiasis, could also be considered indirect
competitors. They operate in the same market sector and might have overlapping objectives. However,
such companies could also be considered as partners for reaching foreign markets.

The customers’ behavior should be carefully considered for the definition of a strategy. There is a
general theory that divides the purchasing process into 5 consecutive stages 296.

1. Need recognition: The first step is the most important in the entire process. If the customer
does not have a real need and the company does not fulfil it satisfactorily, no business can
be done. In our case, hospitals are continuously treating urinary stones and the recurrence
rate is high. Further stone episodes can be avoided, provided the stones are correctly
analyzed. This is the point where myStone can offer a solution.

2. Information search: Once the need has been identified, the customer will try to gather
information from known sources and searching for new inputs. The firm should educate the
customers about the multiple benefits of purchasing this medical device and working with it.

3. Alternative evaluation: This step considers the assessment of the information obtained
previously. All the possibilities will be studies. In this case, only three laboratories in Spain
can offer such results, so the company should take into account the strengths and
weaknesses of the competitors.

4. Purchase decision: The final decision will be made on the selected criteria, including from
whom to buy, where to buy and when to buy. The efficiency of the firm in the previous step
will have a remarkable influence in this one.



5. Post-purchase decision: The previous stages have created expectations on the customer. In
this sense, the continuous improvement of the device is a key factor for the survival of
myStone (e.g. better accuracy, easier use, new applications, etc.).

In addition to the research performed to assess the market possibilities of myStone, some experts were
interviewed, in order to get information from users, distributors and other people who might show
interest on participating in the device commercialization. These have a strong influence on the
purchasing decisions, so their feedback is especially useful for the implementation of changes in the
device configuration.

The interviews conducted with urologists had the goal of defining three specific issues, namely:
a. Isthere a need for a stone analysis device that offers the possibility of on-site analysis?
b. Which are the main requirements for the urologist to consider the purchase of the device?
c. Does myStone, with its described advantages, fulfil those necessities?

The interviews were done to Spanish and other European doctors (from Germany and The Netherlands);
a total of 15 specialists were included. The interviewed doctors answered to this question by assigning a
value (1 to 5) to each specific feature. Figure 5.10 shows the results of the interviews.
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Figure 5.10 Results of the interviews on the importance for purchasing decision of each feature in myStone. Values express
the percentage of doctors that assigned 5 (the maximum importance) to each item.



The feedback to question a revealed a clear possibility to implement the use of this device in clinics.
While the availability of this on-site equipment is not a basic requirement for physicians, the generation
of quick results (within a few minutes) was well received.

Question b, focused on the main requirements doctors would ask for a stone analysis, showed that the
accuracy in the classification was an important point. The recommendations on diet and suggestions on
metaphylaxis were also identified as a crucial feature. Maintenance and service was not seen as a basic
aspect for the purchase decision.

The answers to the third question gathered, which was directed to the utility of myStone in the medical
practice, showed the importance of the improvement of the device accuracy for its commercialization.
As described in Section 5.3.2.1. , the accuracy of the device is 74.1%, but it should reach 90%, which is
the value generally described as acceptable. The VALTEC funding, as described in Section 5.4. , will
provide resources to enhance the performance of the device.

It could also be concluded that the strongest value proposition of this device are the recommendations
on diet and treatment. Indeed, this is one of the main advantages myStone offers to the urologist and is
highly valued by those: automatic analysis of the stone and personalized recommendations with no
intervention of any specialist.

Once the analysis of the market and the environment of the hypothetical company has been made, a
SWOT Analysis (Strengths — Weaknesses — Opportunities — Threats) can help summarize some of the
company characteristics (Table 5.9).

Table 5.9 SWOT Analysis of the company.

- Innovative device

- Highly adaptable to customer/market

- Funding for improvement available (VALTEC)

- Company directly linked to university
laboratories

- R&D based team

- Device adaptable for new applications

- Invention protected by patent

- High added value

- Adaptation to technology changes
- “Big players” with an existing commercial
network
- Decline in public health budget (Spain)
—>Lower market share
- Developing countries can offer lower prices

Lack of brand awareness

- Low market experience of the team
No solid customer network

- Device does not quantify components (as IRS
does)

- Lack of technical approval

- Health systems evolving towards prevention

- Administration: Self-management of each
center

- New values for health in society

- Social impact of higher quality of life




5.5.2. Business Strategy

Based on the market research and the opportunities seen through the information described in this
Section, a business strategy will be presented. The information described here is referred to the creation
of a start-up company, which should operate initially on the device developed. The actions to carry out
take into account the mission of the company, namely offering high technological devices for the best
treatment of the stone disease and becoming a reference in the urolithiasis sector.

An initial analysis of the potential stakeholders for the company was done and is represented in Figure
5.11. This Figure also identifies primary and secondary stakeholders. The former are potentially willing
to economically take part in the company and keep a close relation. The latter are mostly external; they
do not engage in economic transactions of the company, but can be affected by its actions.
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Figure 5.11 Stakeholder analysis. Blue dots represent primary stakeholders, while grey dots identify secondary ones.

When the funding is achieved, the company should start the main actions, that is, the development of
the device and its sell through the selected channel. The key actions, priorities and relations in the
company are summarized following the idea of the Canvas Business Model 297. It provides a basic
template for the key operations in the company. This information is represented in Figure 5.12.

This Figure does not introduce new concepts into the business idea, but organizes the information for a
better description of the operations, goals and key actors in the company.



It is interesting to stress the importance of international distribution partners for the commercialization
of the device. It has been previously stated that the company would start its operations in Spain.
Nonetheless, a company must be born international, so the expansion of the ideas and business can be
complete. Due to the particularities of the health market in each country, the agreement with different
local partners for each of the markets myStone should enter to.

In regard to the revenues stream, there are different options for offering the myStone device. Naturally,
directly selling the device would be the basic option, so special emphasis should be made on the savings
myStone can provide to the buyer. In addition, leasing a piece of equipment could be an interesting
alternative. This would provide the company with a continuous revenues stream and would offer the
customer the possibility to keep the device after the leasing or exchange it for a new one.

5.6. Final remarks

Due to the scientific scope of this Dissertation, the analysis on the economics and financial part of a
possible company has not been included in this document. The commercial potential of the research
done has been made clear, so the contribution of this work to knowledge transfer is evident.

This final Section represents the culmination of the applied research developed during this Thesis. The
knowledge in urinary lithiasis field acquired along the read has been expressed in some alternatives that
show real commercial interest.

Patent management has a close link with research, and it is getting closer year after year. The
publication of the results produced during this Thesis has always waited for the respective intellectual
protection to be assured. The work developed here, especially myStone project, is the result of an
intense collaboration work, not only with other researchers, but also with business experts and
University and Government representatives.

In brief, this Section has shown the contribution of this Thesis to the modern side of University research,
the side that places researchers in the core of knowledge and economic advances.
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Figure 5.12 Adaptation of Canvas Business Model to the suggested company 297.
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6.1. Conclusions

The exposed work is embedded in the urinary lithiasis field, and includes the use of several techniques,
that offer a multiple approach to the challenges posed by this disease. Mainly image analysis and
separation techniques have been used for the study of urinary stones, urine, or products that might
affect their composition.

This work presents some results that widen the existent knowledge in urinary lithiasis and suggest some
alternative solutions for its best management. The basic effort has been conducted to the prevention of
urinary stones. Only by fully understanding the causes of formation and the precise evolution of the
disease, a proper prevention can be achieved. This Dissertation provides additional tools to physicians,
according to the main achievements.

This Section will gather detailed conclusions, which apply to the work presented along the manuscript.
Attending to the structure of this Dissertation, this Section will list the conclusions following a similar
structure.

6.1.1. Image analysis

The performance of the devices improves constantly, so the analytical challenges they can give an
answer to, increase in number and complexity. Section 2. has focused those advantages on the analysis
of urinary stones, using the large amount of information kept in calculi, witnesses of the disease
evolution in each patient.

i The classification of urinary stones in groups (comparing to MA) has been possible using NIR-HSI. The
system has been described in detail thanks to the use of PCA. The optimization of the classification
conditions has allowed the achievement of satisfactory results.

ii. The implementation of a new classification model, based on pixel-to-pixel analysis, has yielded very
good results, comparable to those obtained by the reference technique (IR Spectroscopy). Indeed
NIR-HSI possesses a considerable advantage against IRS, since it is able to precisely locate the
components of the stone in the structure.

iii. Only CAP and STR stone types escape from this comparison, since they are not completely resolved.
Their physical structure and NIR spectrum are similar and do not have enough unique characteristics
to differentiate them.

iv. Despite its little drawbacks, NIR-HSI stands as a suitable alternative for routine laboratories for this
type of analyses. It overcomes some limitations of the common techniques: it does not require
trained analysts; it is faster than IRS or MA, is more cost effective than MA and has spatial resolution,
which IRS lacks.



V. High resolution IR microspectroscopy has proven to be a useful technique for the analysis of stone
structure. It reveals structural information hidden to other alternatives, so describes in a further
dimension the lithogenesis.

vi. IR microspectroscopy should not be considered as an alternative for routine analysis to IRS or MA,
due to the long time required for the analysis. Instead, it can provide very precise information, which
should build the bases for a wider knowledge in stone formation.

6.1.2. Nanoparticles in urine

Section 3 has been focused on the analysis of NPs in urine. Although some studies had already
addressed the relevance of particle size in the initial processes of urinary stone formation, most of the
bibliography had attacked this characterization using microscopy. This approach requires a long time for
each analysis, so this work tried to develop a methodology for NPs analysis which could be applied to
routine laboratories.

i The FI-FFF methodology could be adapted to the characterization of urine NPs. Particles did not
respond to a pattern of several individual populations, but to a continuous particle size distribution.
ii. Opposite to the expected results, no significant differences in particle size and particle size
distribution were observed between stone patients and healthy controls.
iii. The suggestion of FI-FFF as an option for the early diagnosis of urinary lithiasis through NPs size
determination cannot be derived from the results obtained here.

6.1.3. Crystallization promoters

Since diet is one of the most important sources of crystallization promoters, among them oxalate, two
important cases have been studied. In this work, two specific cases (plant extracts and chocolate) have
been analyzed, for the determination of their lithogenic risk. This Section intends to answer the question
whether patients should or should not avoid their intake.

i The oxalate content of the plant extracts is remarkably diverging. In some cases, their daily dose
accounts for as much as 8% of the total oxalate intake in a normal diet. The consumption of some of
them should be seriously considered by CaOx stone patients.

ii. The wide variety of chocolates studied also presents an important variability in the determined
magnitudes. Oxalate has been identified as the most important component for the identification of
different groups within the sample collection.

iii. The correlation between oxalate and cocoa content is only weak, so the cocoa amount should not be
directly taken as a direct risk for stone patients. Calcium and oxalate concentrations do show
relation, apart from a few samples in the data set.

iv. The intake of dark and caramel chocolates should be considered by stone patients, due to the large
amount of oxalate (especially bioavailable oxalate) they contain. Conversely, milk chocolates and
other sorts combined with nuts do not represent a clear risk for stone patients.



6.1.4. Knowledge transfer

The scientific knowledge produced during the development of this Thesis has been protected or shifted

towards the market when it was considered suitable. The most significant milestones are cited here.

The NIR-HSI methodology for the automatic analysis and classification of urinary stones was
protected by a European patent. This patent was licensed by a private firm in the urolithiasis field for
its commercial exploitation.

A totally new medical device for the analysis of urinary stones was developed. This device uses image
analysis and image recognition tools for the automatic, in-situ classification of urinary stones. The
device is full operative and tested considering potential user’s feedback.

Public funding for the specific development of the project was granted. Entrepreneurship prices
were won by presenting the business idea of this medical device. This confirms the interest of this
project.

A market research centered on the creation of a company that commercializes the device was
conducted. A general strategy and value proposition were described: analysis in-situ, more
information available for the physician and better treatment options are the basic credentials.

6.2. Insights into the future

The work presented in this Dissertation has addressed some open issues in the study of urolithiasis.
Among the most important conclusions, some future ideas should also be pointed out, in order to

assure a proper continuation of this work.

In regard to spectroscopic imaging, using NIR-HSI, it would be interesting to enlarge the scanned
region. Some modern spectrometers allow the measurement of lower energy wavelengths (up to
2500 nm), so the scanned range could cover 1000-2500nm. Absorption bands could for some
components might lie in this region, so the classification power of the technique might be improved.
The classification problems of CAP/STR could be partially solved so.

Section 2.4 has shown a really precise methodology for the determination of the causes of stone
formation. The analysis time, however, is far too long for its implementation in clinical laboratories,
not to mention the impossibility to use synchrotron radiation regularly. Analysis time could be
dramatically decreased if the point scan is substituted by a FPA (Focal Plane Array), which would
measure up to 128x128 pixels at the same time (using already commercially available devices.

These imaging techniques would result much more attractive for clinical laboratories also if other
applications were developed. The classification of other tissues or samples would allow its general
use for many medical specialties, so the purchase and use of such equipment would become
affordable. The high versatility of HSI techniques is an interesting feature that would allow such
diversification.



Nanoparticles analysis in urine represents an exciting way of determining lithogenic risk in general
population. This would offer a clear way to control the risk in clinical laboratories, using highly
automated analysis. In addition to the particle size analysis, the chemical speciation of those
particles is of special relevance. Due to the easy coupling FFF-ICP-MS, it would be interesting to
assess whether the composition of the eluted particles changes for different sizes and/or for patients
and controls.

The newly developed medical device, myStone, is able to correctly classify most stone types.
Nonetheless, some stone groups still lack classification efficiency. This could be improved by
widening the library for the model training. The location of minor components, as well as the
guantification of general amounts of substances, has not been achieved yet. An alternative would
include the incorporation of a IR sensor to the equipment, since this would allow the recognition of
other, more specific spectral features. As seen with the developed NIR-HSI methodology, the
possibility to use the device with little variations to analyze other tissues or samples is very attractive
for its use in clinics.
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8.1. Determination of urinary lithiasis promoters and
inhibitors in chocolate — Data tables (Section 4.3.



Table 8.1. Results of the chocolate samples analysis. These values correspond to the total amount (sample homogenized using HCI). Units: mg/100g chocolate (dry weight).

Commercial ___-_
Type of chocolate
brand Total Total Total Total Total Total

Nougat 329 25 12.3 0.3 16.6 01 |99.7 1.2 118.4 2.7 38.4 1.2
Joghurt 281 35 22.5 04 |116 01 |976 1.7 105.7 2.4 504 1.5
White 2.9 2.3 160 01 |45 01 |63.1 0.0 |88.1 0.2 40.0 0.2
Milk and cereal 31.8 3.3 17.1 02 |117 04 |83.0 1.3 96.2 1.4 528 2.7
Hazelnut 59.1 109 | 104 0.1 | 145 03 |853 0.7 100.8 2.8 341 0.7
Cookies 358 5.8 |255 0.6 | 105 02 | 712 1.2 78.5 1.4 295 0.2
Milk chocolate 434 1.2 13.1 0.7 |13.0 13 | 845 10.7 | 101.3 1.6 452 3.6
Cereals Ritter Sport 353 1.2 25.0 1.0 | 11.7 04 | 736 2.6 89.8 1.6 295 2.7
Marzipan 1252 03 |06 0.7 | 306 03 |963 3.2 1144 5.6 250 21
Coconut 4.6 48 | 276 04 |72 02 | 730 1.1 83.7 1.8 358 1.1
:‘;;kl’ﬁ:r'cra”be”y 269 22 |[189 02 |115 00 |[8.1 01 |98 22 |559 16
Cookies and nuts 528 1.4 18.8 01 |16.2 02 | 949 0.5 1199 04 403 04
Alps milk chocolate 62.2 3.6 15.6 03 |11.4 02 | 794 1.4 | 984 1.7 39.7 20
Erdbeer Joghurt 249 0.0 | 188 0.6 |10.8 0.2 |835 23 | 821 4.0 37.9 1.9
Dark Mousse 209 1.9 23.6 0.2 | 106 01 |105.8 1.4 1211 2.3 544 1.1
Cafe-Créeme 278 1.9 22.5 08 | 116 04 |96.7 3.0 122.7 59 489 20
Milk Praline 384 85 15.2 0.4 |13.9 03 |1001 2.2 115.0 0.3 499 1.2
Hazelnut Merci 80.3 3.9 15.9 01 |27.2 02 |1372 21 140.1 5.6 80.3 0.7
Dark Cream 107.4 2.3 2.8 05 |31.2 01 |96.1 2.4 115.8 0.6 296 2.0
Marzipan 480 0.5 17.2 05 |21.4 0.0 |1237 24 1485 7.3 71.6 05
Almonds 370 28 14.9 09 |143 1.5 | 95.0 7.3 105.2 4.2 403 3.9
Dark chocolate 2460 3.3 | 387 1.1 | 573 19 | 1882 48 1323 7.2 144 01
Dark chocolate 2201 1.1 |08 02 |473 1.7 |163.8 5.2 1041 3.6 124 14
Milk chocolate Moser Roth 294 0.9 19.2 06 |11.7 02 | 887 3.5 109.7 2.5 555 2.1

Bitter 33.7 0.6 23.8 0.4 10.9 0.0 81.9 0.8 80.6 0.9 32.7 0.4




Table 8.1 Continuation from previous page.

pe O OCOlale b d
Dark chocolate Moser Roth 2811 42 379 0.9 53.0 1.4 1922 4.5 106.1 1.5 147 19
Herren
. 205.1 1.5 4.4 0.3 421 15 146.0 6.0 107.8 1.4 17.1 2.3
Dark bitter Schokolade
Milk  chocolate  with
1915 1.0 14.0 0.7 26.9 0.2 116.8 2.0 149.1 3.3 55.2 2.8
almonds
White 2.6 0.5 28.1 0.7 6.6 0.2 89.2 2.0 119.7 3.3 67.6 2.8
Bitter 91.2 1.4 11.7 0.0 21.8 0.0 1069 0.3 1094 4.38 34.1 0.6
Milk chocolate 36.2 1.7 18.1 1.0 12.7 0.6 1014 5.6 125.7 6.6 45.7 4.9
Delicate bitter 249.7 6.9 29.6 0.6 55.2 1.3 243.1 5.3 1074 3.2 15.6 1.3
Marzipan ch 8.7 0.0 25.9 1.3 54 0.4 80.7 6.6 84.1 5.8 41.5 3.8
oceur
Creamy milk chocolate 137.0 5.2 5.6 0.7 27.6 0.2 123.7 3.2 52.3 4.4 12.6 1.7
Milk and nuts 1295 0.4 6.7 0.4 26.8 0.1 86.8 1.9 93.6 0.2 19.6 1.4
Milk chocolate 51.3 4.4 16.6 0.5 17.1 0.5 1019 2.7 82.2 2.4 35.7 3.0
Alps milk chocolate 52.4 2.3 22.3 1.9 184 0.2 134.7 2.2 1256 7.7 59.9 1.9
Hazelnuts 51.6 5.0 24.4 0.3 17.0 0.0 128.8 0.8 1064 2.1 53.8 1.1
Grapes nuts 48.4 9.2 19.1 1.0 18.8 0.6 139.6 4.4 116.1 1.8 70.5 3.3
Coconut 29.9 2.6 16.6 0.6 12.1 0.6 105.6 4.1 68.9 3.0 22.4 2.3
Mirabell
. 103.3 1.2 4.8 0.3 19.8 0.9 71.8 3.3 80.6 5.6 18.3 3.5
Marzipan Mozartkugeln
Kakaobohnen - 3784 1.5 1.7 0.1 20.0 0.2 102.3 0.7 30.1 1.1 2.0 0.6
Milk Choc. w/ Honey and
Toblerone 42.5 2.3 11.1 0.0 12.1 0.1 71.1 1.1 81.9 1.1 37.3 0.5
almond nougat
Milk chocolate 28.8 0.5 20.8 0.6 11.3 0.1 93.9 2.1 109.1 0.7 51.8 1.7
Bitter Schogetten 39.6 0.5 16.9 0.9 124 0.6 82.6 3.4 75.7 2.7 29.4 3.1
White 19.9 0.5 27.8 1.0 9.9 0.3 99.7 2.9 117.3 4.8 52.0 3.4
Milk chocolate Milk 34.3 1.1 23.6 1.2 13.7 0.2 111.6 45 1215 3.8 49.0 2.9
ilka
Delicate bitter 102.0 2.4 16.2 1.6 26.0 1.6 1359 93 104.8 9.5 42.4 8.5




Type of chocolate

Table 8.1 Continuation from previous page.

Commercial
brand

e | N [ g |« | ¢ [ G

White Milka 329 1.6 25.4 1.2 12.5 0.2 1172 2.2 108.5 2.8 44.9 1.7
Milk chocolate Gut & Glinstig 48.6 1.4 20.5 0.3 15.2 0.4 1104 2.2 90.4 2.8 55.9 0.2
Milk and hazelnuts Gut & Glinstig 62.7 7.5 19.6 0.2 19.6 0.0 1264 1.0 107.7 2.2 76.9 1.6
Milk chocolate w/

wallnuts Nussknacker 46.8 4.0 18.9 0.6 17.1 0.2 1150 2.3 115.7 4.3 58.9 0.6
Caramel dark 25.9 0.0 13.1 0.4 9.3 0.3 72.4 3.5 76.9 0.9 30.9 3.5
Cherry dark 31.2 0.1 13.7 0.4 10.6 0.7 76.4 3.7 72.0 11 36.5 0.6
Orange dark 93.3 4.2 7.2 0.0 23.2 0.8 57.7 2.3 107.0 2.5 243 0.9
Cream hazelnut Confisserie 24.3 0.6 15.6 0.1 9.3 0.1 78.7 0.2 80.4 4.2 37.7 0.8
Pistachio dark Premium Truffel | 101.4 0.3 5.9 0.3 27.4 0.2 121.0 0.8 74.5 2.2 23.1 0.4
Lemon dark 4.1 0.0 17.3 0.2 4.2 0.1 61.5 43 69.1 2.0 40.2 0.7
Latte Macchiato 3.6 0.0 16.9 0.3 4.4 0.3 65.4 0.2 64.7 0.7 32.8 0.7
Vanille dark 4.4 0.0 14.9 0.4 33 0.0 52.7 2.0 52.4 11 28.4 1.0
Cocoa powder Bensdorp 619.3 144 13.8 0.1 56.8 0.0 384.1 0.1 1442 1.7 13.6 0.3
Nougat Cream Noccionlino 39.1 1.2 13.8 2.0 14.1 0.3 1059 3.7 56.7 3.5 30.1 0.9
Shortbread Cookies | Candies Big

(Hawaii) Island 21.9 0.3 0.0 0.4 0.0 1.2 2.2 3.2 1.6 2.9 0.5 1.7
Caramel Storck 434 4.8 71.3 0.0 25.1 0.5 136.8 0.5 1175 3.9 56.7 0.5
Original Pudding

schokolade Dr. Oetker 1153 0.3 68.5 0.1 29.3 0.8 1749 4.4 40.9 1.0 12.8 1.9
Bitter Dr. Oetker 181.7 2.9 0.5 21 35.9 0.3 1229 3.8 48.7 2.5 7.0 2.8
Caramel Crispy bits 17.7 1.0 45.7 1.4 8.7 0.4 93.1 5.2 76.5 1.3 31.2 3.8
Milk chocolate Lindt Excellence 28.3 0.6 26.4 0.1 11.9 0.3 103.7 0.8 86.5 0.8 47.8 1.3
Milk chocolate Ja 46.9 1.8 22.2 0.9 16.4 0.6 1322 3.4 91.1 2.0 49.0 2.0
Caramel Mars 19.5 0.0 44.1 0.9 8.4 0.4 72.2 2.6 69.3 7.6 25.0 1.8
Caramel Bounty 18.0 0.2 27.7 0.8 9.9 0.2 87.7 3.0 55.9 6.7 19.8 2.3
Milk caramel Bounty 13.4 0.3 24.7 0.6 12.1 0.3 93.1 2.4 66.1 4.8 28.2 1.1
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Commercial
brand

Type of chocolate

Caramel Milky Way 14.0 0.4 51.4 0.2 6.5 1.1 71.0 4.9 73.5 2.3 27.6 1.9
Milk Dove 19.7 0.2 22.4 0.2 11.1 0.1 1079 0.6 98.2 1.5 52.9 0.0
Milk caramel Dove caramel 12.4 0.5 41.8 1.5 9.5 0.3 99.4 5.6 1039 5.4 44.4 2.6
Milk Malteser 21.5 0.3 26.2 1.1 11.9 0.5 1236 5.1 1294 8.9 55.9 2.8
Schoka-Kola Schoka-Kola 1748 1.6 2.5 0.2 43.5 1.4 1775 7.6 82.8 8.3 24.6 2.3
Caramel Snickers 23.1 0.1 53.9 0.3 14.0 0.8 79.3 4.8 89.0 5.1 35.3 1.1
Caramel cookie Twix 15.0 13 43.3 1.5 5.7 0.2 52.6 2.1 51.8 6.1 26.3 2.5
Hazelnut cream 90.6 4.6 7.8 0.0 17.9 0.4 1150 1.9 91.1 1.4 31.1 0.9
Coconut 231.4 46.7 15.2 1.0 23.1 0.6 120.7 4.9 68.6 11.3 33.2 5.1
Hazelnut 87.8 0.9 21.6 0.4 21.3 0.1 1095 1.4 1153 6.4 54.2 1.6
Nuts Ferrero 92.4 5.6 30.0 1.0 17.4 0.6 127.2 4.9 104.0 113 47.7 5.1
White 101.7 6.8 9.4 0.2 20.1 0.3 95.3 2.6 67.3 1.7 22.0 1.6
Joghurt 22.6 0.2 14.3 1.5 9.1 0.7 75.6 6.6 74.0 4.4 39.4 5.7
Hanuta 86.3 1.8 38.4 0.6 22.1 0.6 139.2 1.6 77.6 3.4 26.9 0.8
Milk chocolate . 10.8 2.5 25.1 0.8 9.3 0.3 117.4 3.8 150.0 41 68.3 4.5
Milk chocolate Ferrero Kinder 48.1 1.8 13.4 13 13.6 0.4 92.3 3.6 67.7 5.1 29.6 2.0
Mint chocolate After Eight 49.7 1.2 3.7 0.6 11.8 0.0 47.4 1.8 24.5 1.1 19.9 1.0
Erdnuss M&M 57.4 4.1 12.3 2.2 23.2 0.9 1079 6.7 69.5 0.4 29.1 1.8
Peanuts Mr. Tom 54.1 2.8 25.8 0.0 31.2 0.2 1099 0.4 116.0 4.4 22.8 0.9




Table 8.2 Results of the chocolate samples analysis. Values correspond to the soluble amount (sample homogenized using H,0). Units: mg/100g chocolate (dry weight).

___-_

Total Total Total Total Total Total

Commercial
brand

Type of chocolate

Nougat 13.0 7.8 3.1 0.0 1.5 0.1 21.9 0.1 18.7 3.5 1.9 0.3
Joghurt 3.7 1.8 20.7 0.9 6.4 0.2 81.9 3.2 72.0 5.0 20.7 2.3
White 1.1 0.0 13.0 0.3 2.5 0.0 524 0.7 45.4 0.7 10.5 0.1
Milk and cereal 6.4 0.7 16.1 0.2 4.9 0.2 71.3 1.6 57.4 1.5 26.1 2.2
Hazelnut 7.8 8.7 10.4 0.3 14.2 0.4 83.2 1.8 93.6 3.7 34.9 0.6
Cookies 6.5 2.3 21.3 0.8 4.0 0.1 57.5 2.1 42.1 0.8 10.3 1.5
Milk chocolate 5.7 0.1 14.0 0.2 7.0 0.1 81.8 0.3 66.2 0.8 32.0 0.3
Cereals Ritter Sport 8.4 0.2 18.7 0.8 4.4 0.1 53.9 1.7 44.6 1.6 5.2 0.2
Marzipan 60.2 0.1 0.3 0.3 14.0 0.4 65.7 1.0 59.1 1.4 10.2 1.2
Coconut 1.1 3.2 229 0.4 4.1 0.1 67.6 1.3 50.4 1.3 4.9 0.2
Himbeer-Cranberry

Joghurt 53 5.2 16.1 0.2 54 0.0 68.3 0.8 65.9 4.2 36.3 0.6
Cookies and nuts 6.2 0.2 13.3 0.4 4.6 0.1 62.3 1.6 46.0 1.2 3.6 0.3
Alps milk chocolate 5.0 1.0 16.1 0.3 5.7 0.0 76.1 1.1 61.5 2.2 19.2 0.1
Erdbeer Joghurt 4.7 0.5 17.0 1.1 6.3 0.3 70.3 2.9 66.8 3.0 17.7 1.6
Dark Mousse 33.0 0.4 5.9 0.4 15.5 0.2 93.0 1.9 74.0 0.7 8.4 1.7
Cafe-Creme 5.4 0.0 24.5 0.1 6.1 0.6 104.2 1.4 82.7 0.7 24.8 1.4
Milk Praline 5.8 0.4 19.4 0.1 4.9 0.0 79.6 0.6 63.2 3.1 16.9 0.8
Hazelnut . 4.2 0.5 13.2 0.2 4.3 0.1 73.0 1.1 59.9 1.6 29.4 0.9
Dark Cream Merci 8.5 2.0 15.1 0.1 18.8 0.7 1293 2.2 104.1 3.0 32.6 1.1
Marzipan 445 0.4 2.3 0.4 11.9 0.1 63.4 2.4 44.2 2.0 7.8 1.9
Almonds 5.5 0.5 14.2 1.5 5.0 0.1 86.3 7.2 64.6 2.2 16.8 2.8
Milk chocolate 2.7 0.4 14.9 0.9 12.3 13 92.9 0.9 94.3 7.9 38.9 0.1
Dark chocolate 147.1 0.3 26.0 0.7 23.3 0.6 114.0 3.2 70.7 0.0 7.5 0.9
Dark chocolate 129.7 1.8 0.6 0.0 21.3 0.1 97.5 0.7 60.8 1.0 2.2 0.2
Edel Vollmilch Moser Roth 3.5 0.5 17.0 1.0 4.7 0.2 74.7 4.0 61.8 3.7 17.2 1.1

Bitter 4.7 0.3 25.2 1.0 4.8 0.6 88.9 3.4 48.4 13 133 2.6




Table 8.2 Continuation from previous page.

| Oxalate | Na | Mg | 0k | P | c |

Commercial
brand

Type of chocolate

Milk chocolate Moser Roth 158.1 17.1 31.7 2.1 32.2 1.9 1441 93 1299 111 0.0 1.5
Herren

Dark bitter schokolade 99.1 6.3 3.1 0.1 23.5 0.6 1104 1.8 63.6 0.9 7.8 0.6
Milk  chocolate  with

almonds 109.5 0.0 10.5 1.0 5.3 0.1 70.7 2.4 50.7 2.0 11.9 0.1
White 1.2 0.2 24.1 1.0 3.2 0.1 74.0 2.4 58.2 2.0 16.0 0.1
Bitter 7.7 0.1 10.5 0.0 10.2 0.0 86.5 0.4 63.5 0.9 11.9 0.3
Milk chocolate 4.7 0.1 15.8 0.6 4.8 0.1 81.1 2.8 63.6 0.9 13.1 1.4
Milk chocolate 5.8 0.6 13.7 0.4 5.3 0.2 69.5 1.6 45.4 1.1 3.3 1.4
Delicate bitter 1239 3.9 21.9 0.2 22.5 0.2 156.3 1.2 74.3 3.8 3.7 0.4
Marzipan Choceur 2.1 0.0 23.5 0.9 3.5 0.5 70.6 4.3 47.9 7.4 13.4 2.8
Creamy milk chocolate 90.6 11.3 5.0 0.3 22.5 0.4 97.0 2.5 95.1 6.8 0.6 1.6
Milk and nuts 56.8 3.5 5.8 1.0 115 0.5 61.0 4.6 44.4 5.1 4.6 2.2
Alps milk chocolate 4.8 0.4 17.7 1.8 5.8 0.1 94.0 2.3 67.7 3.0 17.7 1.9
Hazelnuts 6.5 0.6 20.5 0.4 5.9 0.0 96.9 1.6 62.5 0.9 12.8 1.7
Grapes nuts 5.6 0.7 13.2 0.2 7.6 0.1 110.7 0.7 79.0 0.9 24.6 0.3
Coconut 7.5 0.6 17.2 0.4 6.5 0.2 102.8 1.6 58.6 1.4 17.3 1.4

Mirabell

Marzipan Mozartkugeln 26.3 2.6 4.0 0.5 8.4 0.2 58.2 1.9 39.3 3.3 0.0 1.4
Cocoa beans - 2254 3.0 0.0 0.0 6.9 0.1 40.1 0.1 16.5 2.3 0.0 0.0
Milk Choc. w/ Honey and

almond nougat Toblerone 5.1 3.6 8.7 0.0 3.8 0.0 53.3 0.2 40.3 0.3 4.8 0.3
Milk chocolate 53 0.1 17.6 0.6 4.7 0.2 71.2 2.6 56.9 2.5 15.5 2.6
Bitter Schogetten 6.6 0.8 14.0 0.7 4.8 0.2 58.7 2.9 43.9 1.2 6.5 1.6
White 5.1 0.0 23.2 0.5 5.3 0.1 83.4 2.0 69.1 6.5 13.5 0.9
Milk chocolate . 5.1 0.1 204 0.4 5.8 0.0 88.3 1.7 65.5 4.3 13.9 1.8
Delicate bitter Milka 8.8 0.7 12.7 0.4 8.8 0.2 96.1 2.5 60.2 4.1 12.3 1.3




Type of chocolate

Table 8.2 Continuation from previous page.

Commercial
brand
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White Milka 7.0 0.3 22.7 1.2 5.9 0.2 1032 2.1 70.8 0.9 15.9 1.8
Milk chocolate o 6.1 0.9 14.6 0.1 4.8 0.1 73.5 0.2 49.0 0.4 7.0 1.4
- Gut & Glinstig

Milk and hazelnuts 5.3 0.5 16.9 0.2 6.7 0.0 96.0 1.0 66.2 2.2 15.7 1.6
Milk chocolate w/

wallnuts Nussknacker 6.8 1.6 14.5 0.4 4.6 0.0 78.0 11 55.9 2.0 10.4 1.4
Caramel dark 4.2 0.3 10.0 0.2 3.4 0.1 52.6 0.4 38.2 3.6 8.6 0.1
Cherry dark 5.3 0.2 12.4 0.5 4.3 0.2 63.9 2.7 46.3 1.0 11.6 0.9
Orange dark 28.2 7.5 4.5 0.0 9.9 0.1 46.9 1.4 75.0 1.5 9.6 0.4
Cream hazelnut Confisserie 4.3 0.2 14.9 0.1 4.4 0.0 70.1 0.2 48.6 5.9 12.8 0.3
Pistachio dark Premium Triuffel | 20.8 0.2 4.6 0.5 9.6 0.1 50.3 2.2 81.7 0.7 2.0 1.7
Lemon dark 2.3 0.0 16.3 0.5 2.6 0.0 57.1 0.1 46.8 0.5 16.0 0.2
Latte Macchiato 2.6 0.1 143 0.4 2.6 1.5 56.4 10.3 41.3 7.0 10.8 1.8
Vanille dark 2.0 0.0 14.2 0.4 21 0.2 50.8 33 37.8 1.5 12.7 1.1
Cocoa powder Bensdorp 571.3 33.7 7.3 0.1 12.1 0.0 208.0 0.1 42.5 1.7 0.0 0.3
Nougat Cream Noccionlino 8.7 1.5 8.3 0.1 3.1 0.0 66.8 0.1 31.5 0.1 4.7 0.6
Shortbread Cookies | Candies Big

(Hawaii) Island 5.6 0.0 0.0 3.0 0.0 1.1 2.0 5.4 2.5 4.3 0.0 2.9
Caramel Storck 6.2 0.2 59.5 0.1 7.8 0.5 1025 2.2 60.1 0.4 13.5 0.7
Chocolate powder 60.7 0.8 45.9 0.2 6.2 0.3 1071 2.3 17.5 0.9 7.7 1.5
Bitter Dr. Oetker 1245 1.7 0.1 2.0 17.8 0.2 82.1 4.1 46.4 2.3 0.0 1.2
Caramel Crispy bits 4.9 0.3 43.9 1.1 5.2 0.2 90.4 3.0 59.4 2.0 15.6 1.1
Milk chocolate Lindt Excellence 4.6 0.4 22.9 0.1 4.8 0.0 86.0 1.8 59.0 0.1 16.0 0.0
Milk chocolate Ja 6.7 0.2 18.9 0.4 6.3 0.1 107.7 2.1 58.7 2.1 9.8 1.8
Caramel Mars 4.9 0.1 41.1 0.4 4.0 0.1 63.4 1.2 41.2 2.0 21.2 0.5
Caramel 5.1 0.5 22.9 1.3 4.3 0.2 70.8 3.6 36.5 6.8 18.1 2.3
Milk caramel Bounty 4.2 0.1 21.3 0.1 5.0 0.1 72.7 0.2 38.0 2.8 8.8 0.8
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Caramel Milky Way 4.0 0.1 47.1 0.3 34 0.7 59.6 4.0 43.7 6.5 14.9 1.5
Milk Dove 4.9 0.2 19.3 1.1 4.8 13 89.0 5.2 59.9 4.8 24.9 3.0
Milk caramel Dove caramel 4.8 0.0 32.2 0.5 4.2 1.4 77.5 4.7 56.4 6.0 143 2.8
Milk Malteser 6.0 0.2 21.0 0.8 54 0.2 96.3 4.2 70.3 3.1 19.8 2.4
Schoka-Kola Schoka-Kola 90.6 0.9 1.7 0.1 239 0.9 1255 4.0 91.7 3.8 1.7 13
Caramel Snickers 6.1 0.5 49.6 1.1 4.6 0.1 80.9 1.3 55.1 0.0 31.0 1.8
Caramel cookie Twix 5.5 0.1 33.9 0.7 2.6 0.1 46.9 1.2 28.9 4.5 5.8 1.0
Nutella 15.6 0.9 5.6 0.2 4.1 0.1 78.6 1.0 37.5 1.2 3.6 0.3
Coconut 4.9 1.2 11.0 0.9 4.7 0.3 79.1 6.2 42.9 6.1 7.7 13
Hazelnut 8.8 0.4 20.0 0.7 4.5 0.2 73.9 5.7 56.3 2.4 17.8 2.2
Nuts Ferrero 16.3 2.0 27.6 0.2 7.1 0.4 113.2 1.2 72.6 0.7 23.5 1.2
White 19.3 1.6 8.7 0.5 6.1 0.0 75.1 3.2 47.2 1.7 7.9 1.7
Joghurt 5.4 0.9 12.6 0.3 8.6 0.1 73.4 1.2 69.7 3.1 38.9 0.0
Hanuta 30.5 2.2 315 0.7 8.1 0.1 108.5 1.8 51.4 1.5 6.7 2.1
Milk chocolate . 3.4 0.0 18.5 0.9 5.1 0.2 87.7 3.8 70.5 5.0 21.6 2.2
Milk chocolate Ferrero Kinder 9.7 0.4 11.0 0.4 4.5 0.1 72.3 1.0 44.6 0.5 11.4 0.0
Mint chocolate After Eight 28.8 2.6 2.8 0.9 5.7 0.1 34.6 2.3 21.7 5.5 7.8 0.4
Erdnuss M&M 10.5 0.1 9.8 1.1 5.3 0.1 70.9 2.7 42.3 0.5 12.1 1.0
Peanuts Mr. Tom 13.9 1.4 18.4 0.1 4.4 0.2 66.8 2.4 36.2 0.2 6.5 0.9
Chocolate powder Dr. Oetker 60.7 0.8 45.9 0.2 6.2 0.3 107.1 2.3 17.5 0.9 7.7 1.5




Table 8.3 Results of HCA classification. Each number corresponds to a different cluster, and samples are sorted into them according to distance criteria. Note that the number
of clusters is decided arbitrarily (here the results show a classification based on 10 clusters).

Type of chocolate Commercial brand Cluster
Nougat Ritter Sport 2 Milk chocolate with almonds Choceur 1
Joghurt Ritter Sport 1 White Choceur 1
White Ritter Sport 1 Bitter Choceur 3
Milk and cereal Ritter Sport 1 Milk chocolate Choceur 1
Hazelnut Ritter Sport 1 Delicate bitter Choceur 3
Cookies Ritter Sport 1 Marzipan Choceur 3
Milk chocolate Ritter Sport 1 Creamy milk chocolate Choceur 1
Cereals Ritter Sport 1 Milk and nuts Choceur 1
Marzipan Ritter Sport 3 Hazelnuts Choceur 1
Coconut Ritter Sport 1 Milk chocolate Choceur 1
Himbeer-Cranberry Joghurt Ritter Sport 1 Alps milk chocolate Choceur 1
Cookies and nuts Ritter Sport 1 Coconut Choceur 5
Alps milk chocolate Ritter Sport 1 Grapes nuts Choceur 1
Erdbeer Joghurt Ritter Sport 1 Marzipan Mirabell Mozartkugeln 2
Dark Mousse Merci 2 Cocoa beans - 4
Cafe-Créeme Merci 1 Milk Choc. w/ Honey and almond Toblerone 1
Milk Praline Merci 1 nougat
Hazelnut Merci 1 Milk chocolate Kinder Ferrero 1
Dark Cream Merci 1 Milk chocolate Schogetten 1
Marzipan Merci 2 Bitter Schogetten 3
Almonds Merci 1 White Schogetten 1
Milk chocolate Merci 1 Milk chocolate Milka 1
Dark chocolate (85% cocoa) Moser Roth 3 White Milka 1
Dark chocolate (70% cocoa) Moser Roth 3 Delicate bitter Milka 1
Edel Vollmilch Moser Roth 1 Milk chocolate Gut & Glinstig 1
Bitter Moser Roth 3 Milk and hazelnuts Gut & Glnstig 1
Milk chocolate Moser Roth 1 Cocoa powder Bensdorp 4
Dark bitter Herren Schokolade 3 Nougat Cream Noccionlino 5
Bitter Dr. Oetker 3 Shortbread Cookies (Hawaii) Candies Big Island 7




Table 8.3 Continuation from previous page.

Type of chocolate Commercial brand

Caramel

Milk chocolate w/ wallnuts

Storck
Nussknacker

Caramel dark
Cherry dark
Orange dark
Cream hazelnut
Pistachio dark

Confisserie Premium Triiffel
Confisserie Premium Triiffel
Confisserie Premium Triiffel
Confisserie Premium Triiffel
Confisserie Premium Triiffel

6
1
8
8
9
8
9
Lemon dark Confisserie Premium Triiffel 8
Latte Macchiato Confisserie Premium Triffel 8
Vanille dark Confisserie Premium Triiffel 8
Caramel Crispy bits 1
Milk chocolate Lindt Excellence 1
Milk chocolate Ja 5
Caramel Mars 6
Milk caramel Bounty 5
Caramel Bounty 5
Caramel Milky Way 6
Milk Dove 1

Type of chocolate Commercial brand Cluster
Milk caramel Dove caramel 1
Milk Malteser 1
Schoka-Kola Schoka-Kola 3
Caramel Snickers 6
Caramel cookie Twix 6
Hazelnut cream Ferrero 5
Coconut Ferrero 5
Hazelnut Ferrero 1
Nuts Ferrero 1
White Ferrero 5
Joghurt Ferrero 1
Hanuta Ferrero 5
Mint chocolate After Eight 7
Milk chocolate Ferrero Kinder 5
Erdnuss M&M 5
Peanuts Mr. Tom 5
Chocolate powder Dr. Oetker 0




8.2. Determination of Oxalate absorption using
isotopic labeling - Data tables (Section 4.4.



Table 8.4 Concentration values used for the RSS calculations. Units: Volume (L), Density (g-cm®), Concentrations (mmol/l).

Sample Volume pH Density Na K (o] Mg NH," cr PO43' 5042' LJcr;; Oxalate | Citrate

1 2.75 6.89 1.004 10.91 5.09 0.45 0.47 3.78 12.00 211 2.18 1.40 0.32 0.03 0.01
2 1.7 54 1004 2647 8.24 0.74 0.44 9.41  27.06 6.06 3.71 2.97 0.44 0.17 0.03
3 1.89 6.58 1.004 22.75 10.05 1.58 1.44 6.03  25.40 4.81 2.54 2.83 0.55 0.06 1.39
4 2.1 6.67 1.008 26.67 11.43 1.65 151 6.00 28.10 6.00 3.33 3.49 0.62 0.07 0.79
5 0.71 6.75 0 1155  95.77 5.14 7.00 1239 143.7 2197 44.08 24.92 4.44 0.28 3.38
6 2.4 6.71 1.006  26.25 5.83 0.94 0.54 421  25.42 3.83 2.38 1.98 0.40 0.05 0.21
7 0.99 7.07 1.01 100.0 29.29 331 2.81 10.00 9495 17.68 10.51 8.71 1.54 0.12 1.48
8 2.25 6.29 1.01 3156 11.56 1.44 0.93 5.16  33.78 5.87 3.96 3.32 0.53 0.05 0.36
9 2.42 6.63 1.007 27.69 10.74 1.27 0.60 6.49  30.58 4.30 3.26 2.52 0.67 0.05 0.47
10 1.95 6.17 1.009 31.79 9.74 0.98 0.61 12.62 38.97 5.95 3.03 3.59 0.84 0.08 0.36
11 2.85 6.82 1.008 17.89 7.72 1.08 0.86 5.82 18.60 3.86 2.25 2.50 0.39 0.04 0.20
12 1.09 6.53 1.005 37.61 8.26 1.21 2.09 835 37.61 4.50 2.20 2.50 0.70 0.12 0.05
13 2.65 6.4 1006 1547 7.55 0.51 0.48 426  15.09 2.87 2.42 2.18 0.48 0.05 0.42
14 2.5 6.64 1.007 26.00 8.80 1.25 0.76 436  26.40 4.12 2.40 2.17 0.54 0.05 0.44
15 2.77 6.49 1.007 15.52 7.94 0.81 1.01 462 17.33 3.21 2.45 2.21 0.45 0.05 0.33
16 1.56 6.37 1.009 3590 10.90 2.53 1.56 6.79  30.77 7.50 6.92 6.35 131 0.10 0.73
17 2.75 6.62 1.006 20.73 6.18 1.00 0.75 545  26.55 3.82 2.18 1.93 0.59 0.04 0.05
18 3.24 6.24 1.005 1543 4.63 0.57 0.61 3.06 14.20 2.90 1.05 1.25 0.25 0.25 0.32
19 2.65 6.51 1.008 19.62 6.79 0.89 0.84 5,62 19.62 3.66 2.04 2.60 0.48 0.05 0.63
20 2.25 6.35 1.007 28.89 12.00 1.63 1.86 6.04 3511 4.62 3.42 2.09 0.57 0.06 0.57
21 2.05 6.76  1.008 32.68 11.22 0.94 1.32 6.00 30.24 5.46 3.66 2.45 0.55 0.06 0.79
22 2.68 6.25 1.007 20.90 7.46 1.03 0.66 563 22.01 3.40 2.24 1.99 0.45 0.04 0.79
23 0.88 5.96 1.01 7841 19.32 4.90 2.67 2443 98.86 1750 11.70 8.07 1.58 0.12 0.59
24 2.9 6.68 1.007 24.83 7.24 1.08 0.85 5.14  30.69 4.52 2.93 2.06 0.48 0.03 0.34
25 1.8 6.18 1.009 36.67 15.00 133 1.04 8.61  45.56 9.39 5.94 5.82 1.13 0.09 0.82
26 2.4 6.66 1.007 22.92 8.75 1.09 0.79 3.83 27.08 4.21 3.54 3.21 0.55 0.07 0.18
27 1.71 5.51 1.005 28.65 12.87 0.18 0.96 749 3041 6.55 6.08 3.22 0.64 0.12 0.29
28 2.5 6.79 1.009 2240 10.80 1.21 0.84 4.08 23.20 4.32 2.88 2.97 0.66 0.05 0.83




Table 8.5 Results from RSS calculations.

Sample AP (CaOx) | RSS (COM) | RSS (COD)

1 1.81-10% 4.0 3.4
2 7.36:10% 1.6 1.4
3 7.96:10% 17.7 15.1
4 8.99-10% 2.0 1.7
5 7.52.10% 16.8 14.3
6 4.73-10% 10.5 9.0
7 8.69-10% 19.4 16.5
8 8.11.10% 18.1 15.4
9 6.75-10"%° 15.1 12.8
10 8.17-10% 18.2 15.5
11 6.27-10%° 14.0 11.9
12 4.95.10% 11.0 9.4
13 8.37-10% 18.7 15.9
14 7.06:10% 15.8 13.4
15 1.05-10" 23.4 19.9
16 8.50-10% 18.9 16.1
17 1.03-10% 22.9 19.5
18 6.68-10% 14.9 12.7
19 8.34-10% 18.6 15.8
20 4.45.10% 9.9 8.4
21 7.52.10% 16.8 14.3
22 7.16-10% 16.0 13.6
23 6.24-10% 13.9 11.8
24 8.23-10% 18.4 15.6
25 1.37-10% 3.1 2.6
26 3.37-10% 7.5 6.4
27 8.66:10"° 19.3 16.4
26 7.49-10%° 16.7 14.2
27 8.88-10"° 19.8 16.9
28 3.73-10% 10.4 9.3




Table 8.6 Correlation values for all the variables analyzed.

Volume

Oxalate
Citrate
Oxalate

absorpt

1.000 0.060 -0.051 -0.341 -0.401 -0.083 -0.305 0.232 -0.264 -0.407 -0.531 -0.521 -0.412 0.219 -0.073 0.141
0.060 1.000 0.326 0.461 0.309 0576 0.462 -0.355 0.318 0.140 0.165 0.163 0.251 -0.282 0.374 -0.403
-0.051 0.326 1.000 0.637 0.168 0.576 0.178 -0.017 0.500 0.579 0.122 0.372 0.230 -0.326 -0.065 -0.432
-0.341 0.461 0637 1.000 0599 0623 0435 -0.234 0.869 0.765 0.559 0550 0.470 -0.201 0.156 -0.488
-0.401 0.309 0.168 0.599 1.000 0.461 0.708 -0.183 0.684 0.561 0929 0.781 0.769 -0.111 0.462 -0.399
-0.083 0.576 0576 0.623 0461 1.000 0.588 -0.264 0.556 0533 0.386 0.539 0491 -0.268 0.274 -0.380
-0.305 0.462 0.178 0.435 0.708 0.588 1.000 -0.353 0.481 0.317 0.622 0494 0449 -0.130 0435 -0.529
0.232 -0.355 -0.017 -0.234 -0.183 -0.264 -0.353 1.000 0.061 -0.045 -0.277 -0.206 0.055 -0.092 -0.074 0.382
-0.264 0.318 0500 0.869 0.684 0.556 0.481 0.061 1.000 0.712 0.608 0.564 0.590 -0.253 0.114 -0.477
-0.407 0.140 0579 0.765 0561 0.533 0317 -0.045 0.712 1.000 0.572 0.752 0.621 -0.096 0.124 -0.241
-0.531 0.165 0.122 0.559 0929 0.38 0.622 -0.277 0.608 0.572 1.000 0.863 0.782 -0.103 0.317 -0.406
-0.521 0.163 0372 0.550 0.781 0.539 0.494 -0.206 0.564 0.752 0.863 1.000 0.827 -0.127 0.211 -0.341
-0.412 0.251 0.230 0.470 0.769 0.491 0449 0.055 0.590 0.621 0.782 0.827 1000 -0.172 0.357 -0.184
0.219 -0.282 -0.326 -0.201 -0.111 -0.268 -0.130 -0.092 -0.253 -0.096 -0.103 -0.127 -0.172 1.000 -0.057 0.337
-0.073 0.374 -0.065 0.156 0.462 0.274 0435 -0.074 0.114 0.124 0.317 0.211 0.357 -0.057 1.000 -0.127
0.141 -0.403 -0.432 -0.488 -0.399 -0.380 -0.529 0.382 -0477 -0.241 -0.406 -0.341 -0.184 0.337 -0.127 1.000




8.3. Published Article: Journal of Biomedical Optics
(Section 2.2.)
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Abstract. The formation of kidney stones is a common and highly studied disease, which causes intense pain and
presents a high recidivism. In order to find the causes of this problem, the characterization of the main compounds is
of great importance. In this sense, the analysis of the composition and structure of the stone can give key information
about the urine parameters during the crystal growth. But the usual methods employed are slow, analyst dependent
and the information obtained is poor. In the present work, the near infrared (NIR)-hyperspectral imaging technique
was used for the analysis of 215 samples of kidney stones, including the main types usually found and their mix-
tures. The NIR reflectance spectra of the analyzed stones showed significant differences that were used for their
classification. To do so, a method was created by the use of artificial neural networks, which showed a probability
higher than 90% for right classification of the stones. The promising results, robust methodology, and the fast
analytical process, without the need of an expert assistance, lead to an easy implementation at the clinical labora-
tories, offering the urologist a rapid diagnosis that shall contribute to minimize urolithiasis recidivism. © 2012 Society of

Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.7.076027]

Keywords: kidney stone; hyperspectral imaging; artificial neural networks; renal calculi characterization.
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1 Introduction

Urolithiasis, the formation of calculi within the urinary tract, is a
rather common disease, which affects approximately 10% to
12% of the population in developed countries.' In this field,
much effort has been done,” basically addressing the reduction
of the recidivism rates and the increasing of the quality of life of
patients, while cutting the medical costs for related treatments
and surgery.

A careful study of the structure of the expelled kidney stone
can give key information on the stone formation process and the
urine conditions during the crystal growth.® Thus, by specifi-
cally analyzing the core and outer shells of the sample, it is pos-
sible to determine the material that was serving as the
precipitation nucleus and the substances that were precipitating
afterwards. This information will provide a robust diagnosis that
could lead to the appropriate treatment for every patient.

So far, several methodologies have been developed for the
classification of kidney stones. The most extended ones are
the examination of kidney stones by stereoscopic microscopy™*
and infrared (IR) analysis.>® The former has an advantage in
which it allows the identification of different substances on
the whole area of the sample; so it is possible to fully determine
the morphological characteristics of the stone. However, this
methodology is laborious and, more significantly, it is strongly
dependent on the operator. Concerning IR methodologies, they

Address all correspondence to: Manuel Valiente, Universitat Autonoma de Bar-
celona, Centre Grup de Tecniques de Separacié en Quimica (GTS), Unitat de
Quimica Analitica, Departament de Quimica, 08193 Bellaterra, Spain. Tel: 34
93 581 2903; Fax: 34 93 581 1985; E-mail: Manuel.Valiente@uab.cat
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require grinding the sample losing so the possibility of any
spatial analysis.

In addition, the use of other techniques, namely near infrared
(NIR),” scanning electron microscopy- energy-dispersive X-ray
spectroscopy (SEM-EDS),® and even X-ray diffraction,” has also
been assessed. NIR spectroscopy showed a good performance
for the determination of the composition of renal calculi and
quantification for mixtures. Nevertheless those works still
require some sample pretreatment which makes the analysis
impractical to be applied in hospital facilities.

1.1 Hyperspectral Imaging Technique

Hyperspectral imaging (HSI) or chemical imaging technique is
based on the utilization of an integrated hardware and software
architecture able to measure a spectrum for each pixel of the
acquired image, being then possible to characterize the whole
surface of the sample,'®!! characteristics really useful for the
objectives of the present work. It is desirable to analyze samples
with flat surface because it always yields a better spectrum as the
signal-to-noise (S/N) ratio increases due to better recording of
the reflected radiation from the sample to the detector.

The acquired information is contained in a three-dimensional
(3-D) dataset, characterized by two spatial dimensions and one
spectral dimension, the so-called “hypercube”. According to the
different wavelength and the spectral sensitivity of the device,
several physical-chemical characteristics of a sample can be
investigated and analyzed. For these reasons, HSI techniques
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represent an attractive solution for characterization, classifica-
tion, and quality control of different products in many different
fields, such as pharmaceuticals,'>!'* medicine,'*'> food inspec-
tion,'®!7 artworks,'® and materials recycling.'®%?

There are two conventional ways to construct the hypercube;
the first one known as the “staring imager” configuration and the
second known as “pushbroom” acquisition.

The “staring imager” configuration keeps the image field of
view fixed, obtaining images one wavelength after another.”
Hypercubes obtained using this configuration thus consist of
a three-dimensional stack of images (one image for each wave-
length examined), stored in band sequential (BSQ) format.
Wavelength in the “staring imager” configuration is typically
moderated using a tuneable filter being the acousto-optic tune-
able filters (AOTFs) or the liquid crystal tuneable filters
(LCTFs), the most predominantly employed. AOTFs have
been used in the construction of commercially available
NIR-CI systems. The main advantages of AOTFs are the
good transmission efficiency, fast scan times, and large spectral
range. On the other hand, LCTFs show greater promise in filter-
ing of Raman images due to the superior spectral bandpass and
image quality.

The “pushbroom” configuration is based on the acquisition of
simultaneous spectral measurements from a series of adjacent
spatial positions, which require relative movement between the
object and the detector.>* Some devices produce hyperspectral
images based on a point step and acquire mode: spectra are
obtained at single points on a sample, then the sample is moved
and another spectrum taken. Hypercubes obtained using this
configuration are stored in the band interleaved by pixel (BIP) for-
mat. Advances in detector technology have reduced the time
required to acquire hypercubes. Line mapping instruments record
the spectrum of each pixel in a line of sample which is simulta-
neously recorded by an array detector; the resultant hypercube
is stored in the band interleaved by line (BIL) format.

In this study, a “pushbroom” configuration was adopted,
based on the utilization of a device of the ImSpector™ series
spectrometers, developed by SpecIm™ (Finland). The spectro-
graphs are constituted by optics based on volume type
holographic transmission grating.'® The grating is used in
patented prism-grating-prism construction (PGP element), char-
acterized by a high diffraction efficiency, good spectral linearity,
and nearly free geometrical aberrations due to the on-axis
operation principle.

For handling of the huge amount of data available from HSI,
chemometric techniques are required. Principal component ana-
lysis (PCA) is usually used for screening the raw data before the
application of a classification technique such as artificial neural
network (ANN). ANNs show an ever-increasing number of
applications in many fields, since they can satisfactorily solve
complex analytical problems.?>’ Although simple in structure,
the vast number of interconnections inside the ANN structure
show an interesting potential for calculations.

The aim of the present study is to evaluate the application of
HSI in the NIR field (1000 to 1700 nm) for the characterization
and classification of renal calculi with the help of ANN, as this
would be helpful for medical diagnosis, improving the conven-
tional characterization done so far. In fact, HSI seems to be an
interesting possibility to implement in hospital analyses where
kidney stone samples have to be analyzed. This technique has
already been used for testing a resolution method by analyzing
two examples of kidney stones®® and it has also been proved to
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be useful for other medical applications such as surgery mon-
itoring.?>*° However, HSI has not been deeply used for the study
of kidney stones, once removed from the human body, or for the
classification of the different types of kidney stones. On the
other hand, ANNs have already been used in medicine with
good results, even in urology,’! where the main applications
have been related to cancer diagnostics and other illnesses,
although they have never been used for the classification of kid-
ney stones.

2 Materials and Methods

2.1 Sample Preparation

Two hundred and fifteen samples were selected from a library
of more than 1400 renal calculi. Samples were collected at the
urology service of the Hospital, Universitari de Bellvitge,
Barcelona (Spain). All kidney stones were obtained either by
surgical removal or by natural expulsion. After collection, the
stones were thoroughly rinsed with water and ethanol. Once
cleaned, the stones were stored in individual clean vials showing
no decomposition or damage in the structure during periods
longer than a year.

Eleven types of different kidney stone components, including
their mixtures, were considered. Firstly, seven main types of kid-
ney stones were considered as formed by the pure compounds:
uric acid anhydrous (AUA), brushite (BRU), calcium oxalate
dihydrate (COD), calcium oxalate monohydrate (COM), cystine
(CYS), hydroxyapatite (HAP), and struvite (STR). Secondly,
mixtures of the former ones, namely: uric acid dihydrate
(AUD), mixed calcium oxalate and hydroxyapatite (MXL),
mixed calcium oxalate and hydroxyapatite (MXD), and COD
transformed into COM (TRA) were analyzed. The selection cri-
terion was based on variability appearance, for each type
of stone.

For HSI technique, it is desirable to get a flat surface for the
analysis, so all the samples were cut with a surgical knife,
although it was also possible to measure and correctly classify
round parts of stones. The inner part of the whole sample was
used for the analysis, since the equipment allows the measure-
ment of the entire stone. Besides, the use of the complete stone
helped on the characterization of all its parts, contributing to the
correct classification of each sample. Many samples showed a
heterogeneous surface. In those cases, both the external part of
the stone and the core were analyzed.

2.2 Conventional Methodologies

Samples were firstly analyzed by means of stereoscopic micro-
scopy. The analyses were carried out as described in the reported
bibliography.** For those samples that were not well character-
ized by this method, an SEM-EDS analysis was performed.® For
this purpose, two different SEM equipments were used: JEOL
JSM-6300 Scanning Electron Microscope (Japan), coupled to
an Oxford Instruments Link ISIS-200 (UK) X-Ray Dispersive
Energy Spectrometer (Univ. Autdonoma de Barcelona); and a
HITACHI S2500 (Japan) Scanning Electron Microscope,
coupled to a Kevex 8000 (USA) X-Ray Dispersive Energy Spec-
trometer (Univ. “La Sapienza” of Rome). The structure of the
samples was analyzed, and the EDS analysis was performed
on some parts of the stone to confirm the elemental composition
of the sample. Some representative results are shown in Figs. 1
and 2.
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Fig. 1 SEM images of the internal part of some kidney stones. (a) AUD, (b) COD, (c) COM, and (d) HAP.

The results coming out from these conventional methodolo-
gies were used as references for the results obtained from
HSI data.

2.3 Hyperspectral Imaging Device
and Architecture Set-Up

The HSI system used (Univ. “La Sapienza” of Rome) was con-
stituted by the following components: optics, spectrograph,
camera, translation unit, energizing source, and control unit
(Fig. 3). The core of the system was a spectral camera NIR (Spe-
cim, Finland) embedding an ImSpector™ N17E imaging spec-
trograph working in the wavelength region 1000 to 1700 nm and
a Te-cooled InGaAs photodiode array camera (spatial resolu-
tion: rms spot radius <15 pm; spectral resolution: 7 nm; 121
wavelengths measured).

The spectrometer was coupled to a 50 mm lens. The resolu-
tion of the image width was 320 pixels, while the number of
frames, that is, the resolution of the image in the Y axes varied

from 200 to 350 pixels, depending on the number of samples
measured at a time.

The energizing source was constituted by a diffused light
cylinder with aluminium internal coating, embedding five halo-
gen lamps that produce an intense and continuous spectrum sig-
nal, which was optimized for the NIR region.

The spectral camera was hosted in a laboratory platform
equipped with an adjustable speed (from O to 50 mm/s) con-
veyor belt (width =26 cm and length = 160 cm). Spectra
acquisition can be carried out continuously or at specific
time intervals. The device was fully controlled by a PC unit
equipped with the Spectral Scanner™ v.2.3 acquisition/prepro-
cessing software (DV srl, Italy).

The spectra of the samples were measured fixing them to a
plastic holder with the inner side upwards, so the core was visi-
ble to the detector.

The stones previously classified as pure compounds, by
means of conventional methodologies, were used for creating
a library of compounds, which could be later applied for the
classification of unknown samples.

Fig. 2 Mapping experiments on the surface of a kidney stone. (a) SEM image of some a struvite kidney stone; (b) mapping for Mg; and (c) mapping

for Ca.
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Fig. 3 HSI based architecture employed for the acquisition of the
kidney stones spectra.

2.4 Spectra Handling

The acquisition of the spectral signatures was carried out after a
preliminary calibration performed in two steps: i) black image
acquisition and ii) measurements of “white reference image”
using a standard white ceramic tile. After the calibration
phase, the spectral image was acquired and the reflectance
(R) was computed according to the following equation:

R= s —Tp

s
ry—1Tp

where r, is the reflectance measured for the sample, r;, is the
reflectance measured for the black (background noise), and
r,, is the reflectance of the standard white (100% reflectance).

The analysis of the stones was performed on five randomly
selected region of interests (ROIs) on the surface of the sample
in order to avoid the selection of any part of the stone that might
contain organic matter. Then, all the regions in a sample were
considered as a single sample for data treatment. Although the
ROIs analysis loses the information for every single pixel, it has
two main advantages. First, it is a way of smoothing the data,
since the surface of the sample might not be homogeneous con-
sidering adjacent pixels due to organic matter which could have
been trapped into the structure of the stone during the crystal-
lization process. Second, the amount of information that is going
to be handled is much smaller than in the analysis of the full
pixel matrix.

Additionally, an image analysis for each individual pixel was
performed using a PCA treatment to show the capabilities of this
technique for handling entire images on the classification
process.

2.5 Data Treatment

For the analysis of the data, three different methods were used:
factor analysis (FA), PCA, and ANN.
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Although FA and PCA share the same main goal, that is, the
reduction of the number of variables of the system by finding
latent connections between real variables, they have a basic dif-
ference that allows obtaining different information.*

FA is based on correlation between variables, and the number
of factors considered descriptors of the system is selected
according to the associated eigenvalue.™** Several criteria
have been suggested in order to decide this number of factors.
Kaiser’s rule, which states that only those factors with an
associated eigenvalue greater than 1 are representative for the
system,*? has been applied in this study. All other factors
stand for linear combinations of real variables, describing
only noise.

On the other hand, PCA is based on the variance of the
data.® Therefore, the main principal component (PC) for the
system follows the direction in which the data have a bigger
variance.

Due to these properties, FA was used to check how many
different components can be distinguished in all the samples,
while PCA was useful for the variable selection.

With regard to ANNS, they are considered a sophisticated
and powerful computational tool which solves difficult analyti-
cal problems by learning from real cases. An ANN is a compu-
tational model formed from a certain number of single units,
artificial neurones or nodes, connected with coefficients
(weights), w;;, which constitute the neural structure. Despite
many different structures that ANNs can take, already described
in the literature,”> the structure used in this study was consti-
tuted by three layers: inputs, one hidden layer, and outputs.
The input layer receives the information about the system
(the nodes of this layer are simple distributive nodes, which
do not alter the input value at all). The hidden layer processes
the information initiated at the input, while the output layer is
the observable response or behavior. The algorithm chosen for
the learning process was the backpropagation. The optimization
of the ANN was carried out by minimizing the root mean square
(RMS) error,”” when modifying the number of nodes in the hid-
den layer.

2.6 Software

HSI data has been treated using the following software: STATIS-
TICA (Tulsa, OK);3 8 The Unscramblerv 9.1 (Camo Process, Oslo,
Norway);** MATLAB v 7.0 (MA, USA),*’ PLS toolbox by Eigen-
vector Research, Inc. and TRAJAN v 3.0 (Horncastle, UK).41

3 Results

3.1 Factor Analysis

The software STATISTICA was used to perform FA on the data.
The data used for this analysis was the spectra corresponding to
the seven types of different components, since they represent the
whole variety of substances studied.

Figure 4 shows how the weight of the Eigenvalue associated
to each factor decreases for less important factors, being the
seventh factor the last one having a value greater than 1. Accord-
ing to Kaiser’s rule, it can be seen that FA distinguishes the main
species forming renal calculi.

Taking into account these results, a PCA analysis was carried
out in order to create a model that is able to classify the different
types of kidney stones analyzed.
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Fig. 4 Eigenvalues for the seven main groups of renal calculi and explained variance for the PCA model. Model A: reflectance data, Model B: first

derivative.

3.2 Principal Components Analysis

PCA was used for screening the spectral data. It was useful for
selecting variables before performing the classification, which
was made using ANNs.

3.2.1 PCA on each type of renal calculi: identification
of outliers

To determine the existence of outliers within the raw data, a
PCA analysis was performed on the seven types of kidney
stones, including each type of different samples of the same che-
mical composition. The data was cleaned in order to have a more
reliable database.

The elimination of any point from the original samples is a
crucial step, since it decreases the variability of the system.
Moreover, there is no way to be completely positive whether
a sample is correctly considered as an outlier. Hence, the criter-
ion for the determination of outliers was based on the variability
of the spectra. Due to the biological nature of the samples, the
structure of the crystals that form the kidney stone might contain
organic matter. Moreover, the surface measured may not be
completely regular (even after cutting with a surgical knife),
thus having a reflectance value differing from the average of
the group.

The software ‘The Unscrambler’ was used to perform PCA
analysis on 5 ROIs for every type of each group of samples con-
sidering each ROI as a different sample in terms of the software
application. In this very first step, the whole range of variables
was taken into account for the calculations, that is, 97 variables.
By organizing the data, it was possible to check if any of the
regions or even a whole sample was really different from
the rest.

A point was considered an outlier if it was located outside the
Hotelling T? ellipse of the scores plot. Nonetheless, a sample
was not considered if many regions of it were in such a position.
In this way, the over-fitting of the data was avoided.

3.2.2 PCA on the seven main groups of renal calculi

After cleaning the data, a PCA was performed on the seven main
groups of renal calculi in order to create a model able to cor-
rectly classify the kidney stones studied. This model was
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done taking all variables into calculation. The efficiency was
checked by means of cross-validation and all data was mean
centered.

Firstly, the model was directly calculated from the acquired
reflectance spectra. Figure 4 Model A shows that, in this case,
the two first PCs stand for the 95% of the variance of the model,
having the rest of PCs a really low value.

In order to get a wider distribution of the variance of the data,
the first derivative of the raw spectra was calculated. This step
requires a previous smoothing of the data, which was done by
means of the Savitzky-Golay algorithm, using a 5-point win-
dow. In this case, a much distributed explanation of the variance
is seen; namely, up to 7 PCs are needed to explain the 96% of the
variance for the model (Fig. 4 Model B).

Consequently, it can be concluded that first derivative mag-
nifies the slight differences existing between the seven groups of
renal calculi. For this reason, the first derivative of the spectra
was used for further treatment of the data.

3.2.3 Variable selection

Multivariate methods can certainly give a higher amount of
information than univariate ones, though many variables from
the measured range might not give valuable data, but noise.
In this sense, we can take advantage profit from the fact that
one of the basic statements of PCA is the reduction of number
of variables, by taking only the information contained in the
independent variables. Actually, not all the regions of the
NIR spectrum give relevant information to the model. Then,
by choosing those wavelengths with the greatest classification
capabilities, the noise of the system is reduced thereby increas-
ing its precision and simplifying the calculations.

To achieve this goal, the selection of variables is based on
their loading value. In a PCA analysis, the loadings stand for
the weight that every real variable has on each of the principal
components. The wavelengths to be taken into further calcula-
tions are those that have a highest value for the loading for each
PC. The representation of the loadings of every wavelength for
each PC (Fig. 5) is a clear way to see the most important wave-
lengths, since it can be seen which regions of the spectrum are
mostly influencing for a given PC. On the other hand, the
regions of the spectrum that have a bigger weight on a given
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Fig. 5 Loadings of each variable for the seven first PCs.

PC should correspond to the vibration wavelength of the
compound classified by this PC.

Following the above mentioned path, it was possible to
define the variables defining every compound from the informa-
tion in Fig. 5 and the representation of the scores values, see
results in Table 1.

3.3 ANN: Optimization of the Neural Network

The software “TRAJAN’ was used for creating the ANN model,
using the first derivative of the reflectance spectra measured.

The raw data of the spectra contain all the measured wave-
lengths, so in order to decrease the number of variables in the
system 50 wavelengths were selected according to the values of
the loadings for each wavelength, as shown in Fig. 5. In this
way, a matrix of 140 samples (seven main types of kidney
stones) and 50 variables was used for the analysis.

The ANN to be optimized was defined as: (inputs, number of
nodes in the hidden layer, outputs), where inputs stand for
the number of samples used to create the model, and outputs,
the number of types of kidney stones, that is (140, n, 7). The
value for the outputs was a single variable, which could take
up to seven different nominal values.

The algorithm used for the optimization of the structure was
the backpropagation. After the optimization of the ANN, it was
seen that the optimum number of nodes in the hidden layer was
four, and the value after which a non decrease in the RMS error’*
was observed. To avoid an overfitting of the model, no more
nodes were used.

4 Discussion

4.1 PCA and Variable Selection

It has been seen that PCA allows for the determination of the
main variables that define the system. For instance, the scores
and loadings for PC2 can be also analyzed (see Fig. 6). In this
case, AUA and CYS have opposite scores sign, meaning that
PC2 is clearly differentiating between these two components.
PC2 is well defined with positive loading values for wavelengths
from the ranges 1188 TO 1230 nm and 1440 to 1542 nm. All
these vibrations are associated to C—H bond vibrations. This
association perfectly fits with the structure of cystine, since
this is the only component of the studied set which has C-H
bonds. On the other hand, wavelengths 971 to 978 nm and
1083 to 1167 nm have negative loading values for PC2. In

Table 1 Characteristic NIR vibrations for each type of renal calculi.

Type of kidney stone Characteristic PC

A with highest loading (nm)

Associated NIR vibrations

CYS PC1<0---PC2>0
AUA PC1<0---PC2<0
COD PC3>0---PC2>0
COM PC3<0---PC4>0
BRU PC3<0 ---PC4<0
HAP

STR

1188-1230, 1440-1542 CH, CH,, CHs
971-978, 1083-1167 Ar-OH
1426-1475 H,O
1223-1244 CH

Not well defined
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this case, the associated bond vibrations are the Ar-OH, which
can be related only to AUA.

Additionally to this case, some other data defining the rest of
compounds can be observed in Table 1. Clearly, the vibration
differentiating COM and COD is the band for water.

Itcanbe appreciated that the NIR bands that define BRU appear
inthe range of C—H vibrations. This fact might be explained due to
especially high amount of organic matter contained in BRU cal-
culi, since no C—H bonds are found in brushite structure.

The main drawback the PCA has shown was the difficulty to
distinguish HAP and STR results which can be clearly seen in
Fig. 6, where these two compounds appear as two overlapped
clusters. These results can be understood because of their very
similar composition. Struvite calculi are basically hydroxyapa-
tite stones with a variable amount of struvite crystals spread
within the whole stone. It means that most of the sample is simi-
lar to a pure HAP kidney stone.

Though the only exception of HAP and STR renal calculi,
the PCA analysis has shown to be useful for the classification
of the components of kidney stones.

4.2 Image Analysis

A different PCA analysis was also performed on the seven
groups of kidney stones, taking directly the hyperspectral
cube and using the software MATLAB.

One sample from each type of kidney stone was analyzed,
getting a classification pixel-by-pixel. As in the previous
PCA, the data used was the first derivative of the spectra and
the data were again mean centered.

Some samples considered pure compounds (as characterized
by means of stereoscopic and SEM-EDS microscopies) were
used to create a model for later classification of unknown
samples.

The identification of the different compounds was done by
interpretation of the colors obtained when creating reconstructed
RGB images from the hyperspectral cube. When using this kind
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Fig. 6 3D representation of scores for PC1, PC2, and PC3.
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of representation, the scores values for each of the 3 PCs used
for the plot will determine the color of the pixel.

Figure 7 shows different colors for each kind of kidney
stones, providing a simple way to distinguish a type among
the others, except for STR and HAP. Indeed, the results obtained
analyzing the hyperspectral cube completely matched with those
obtained by taking ROIs from the samples.

Moreover, the software allows the selection of a group of
pixels from the scores representation. Therefore, it is possible
to identify which area of a sample or group of samples contain
a given compound, when the scores values of each one
are known.

An example is shown in Fig. 8. Three different areas are
highlighted: COD, COM, and the interface, namely TRA.

Fig. 8 (a) Image of the real stone; highlighted: (b) COD, (c) COM, and
(d) TRA.
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This last compound is the result of the slow change that the Table 2 (Continued).
COD (kinetic derivative) undergoes into COM (more stable). Classification
Sample conventional fech. Classification HSI
12 COM COM
4.3 ANN Performance
13 COD COD
The model was applied to the seven groups of main compounds
forming kidney stones, using the previous conditions. The 14 AUA AUA
results, checked with cross-validation leave-one-out, show up
to 100% of accuracy for the classification. 15 AUA AUA

The next step was to further reduce the number of variables 16 STR STR
in the system, so that the foretold advantages of the variable
reduction become clearer. With only 30 wavelengths selected, 17 CcOD COD
the accuracy for the classification remained at 100%.

When even less variables are taken for the calculations, the 18 STR STR
percentage for right classification dropped down to 95% at most. 19 HAP HAP
Consequently, the final choice was the model including 30
wavelengths. 20 MXD MXD

However, due to the importance of a precise classification
regarding the diagnostic for the patient, the really interesting 21 COM COM
objective is the classification of 11 groups of different types 22 COM COM
of kidney stones, that is, the seven main compounds and
their mixtures. 23 COM COM

Thus, an optimization of a new ANN model, capable for the
classification of this much more complex data was required. For 24 MXD MXD
this purpose, 50 wavelengths were introduced as variables, 25 AUA AUA
being the structure of the optimized ANN (215, 13, 11). In
this case, the rate of well-classified samples reached 94.4%. 26 AUA AUA
The reader is referred to Table 2 for the accurate classification
of the set of 215 samples of kidney stones used for this study 27 Cob CoD
showing the clasmﬁcatlop obtained by the conventional techni- 08 AUA AUA
que and that developed in the present work.

29 COM COM
Table 2 Comparison between the results obtained using conventional 30 HAP HAP
techniques (stereoscopic microscopy and SEM) and the new developed
methodology (HSI-ANN). Note: For the classification of the samples by 31 MXD MXD
HSI, a library of substances was defined with some stones considered as
pure compounds. The items highlighted are the erroneously classified. 32 MXL MXL

33 TRA COM

Classification

Sample conventional tech. Classification HSI 34 STR STR
1 COM COM 35 MXD MXD
2 COM COM 36 COM COM
3 TRA TRA 37 COM COM
4 MXD MXD 38 AUA AUA
5 AUA AUA 39 AUD AUD
6 CoOM CoM 40 STR STR
7 STR STR 41 TRA TRA
8 TRA TRA 42 TRA TRA
9 HAP HAP 43 COM COM
10 CoOM COM 44 COM COM
l MXL MXL 45 HAP HAP
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Table 2 (Continved).

Classification

Classification

Sample conventional tech. Classification HSI Sample conventional fech. Classification HSI
46 CcOoD COM 80 MXD MXD
47 MXD MXD 81 AUA AUA
48 MXL MXL 82 COD COD
49 TRA TRA 83 HAP HAP
50 TRA TRA 84 COD COD
51 COM COM 85 COD COD
52 AUA AUA 86 COM COM
53 AUA AUA 87 AUD AUD
54 COD COD 88 MXL MXL
55 COD COD 89 TRA TRA
56 COM COM 90 TRA COM
57 AUA AUA 91 TRA TRA
58 HAP HAP 92 COM COM
59 BRU BRU 93 COD COD
60 HAP HAP 94 COM COM
61 TRA TRA 95 STR STR
62 COM COM 96 MXD MXD
63 AUA AUA 97 HAP HAP
64 COM COM 98 BRU BRU
65 COM COM 99 AUD AUD
66 STR STR 100 COD COD
67 COD COD 101 COD COM
68 COD COD 102 AUA AUA
69 MXL MXL 103 HAP HAP
70 HAP HAP 104 HAP HAP
71 COM COM 105 TRA TRA
72 TRA COD 106 COM COM
73 AUA AUA 107 COM COM
74 AUA AUA 108 COM COM
75 STR STR 109 COD COM
76 STR STR 110 CYS CYS
77 TRA TRA 111 STR STR
78 COM COM 112 STR STR
79 COM COM 113 TRA TRA
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Table 2 (Continved).

Classification

Classification

Sample conventional tech. Classification HSI Sample conventional fech. Classification HSI
114 HAP HAP 148 COM COM
115 BRU BRU 149 HAP HAP
116 MXL MXD 150 CYS CYS
117 TRA TRA 151 AUD AUD
118 TRA TRA 152 AUA AUA
119 CcOD COD 153 TRA TRA
120 CcOoD COD 154 TRA TRA
121 HAP HAP 155 AUD AUD
122 COM COM 156 MXL MXL
123 MXD MXD 157 BRU BRU
124 AUD AUD 158 COD COD
125 BRU BRU 159 MXD MXD
126 AUA AUA 160 MXD MXD
127 AUA AUA 161 COM COM
128 TRA TRA 162 STR STR
129 CYS CYS 163 COM COD
130 MXL MXL 164 TRA TRA
131 AUA AUA 165 COD COD
132 TRA TRA 166 HAP HAP
133 COM COM 167 CYS CYS
134 STR STR 168 CYS CYS
135 AUD AUD 169 AUD AUD
136 COD COD 170 STR STR
137 AUA AUA 171 AUD AUD
138 MXL MXL 172 TRA TRA
139 COM COM 173 COM COM
140 AUD AUD 174 COM COM
141 AUA AUA 175 AUA AUA
142 BRU BRU 176 AUD AUD
143 TRA COM 177 MXL MXL
144 CcOoD COD 178 BRU BRU
145 COD COD 179 CYS CYS
146 COD COD 180 AUD AUD
147 COM COM 181 COD COD
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Classification
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As seen in this Table, the error for the last model, including
all types of kidney stones, is only slightly higher than that for the

Sample conventional tech. Classification HSI simpler model. Nevertheless, the second model offers a great
182 oD oD advantage, since it is able to deal with any of the kidney
stone types usually found. The prediction differences between
183 STR STR the newly developed methodology and the conventional techni-
ques involve basically calcium oxalate kidney stones. Consider-
184 MXD MXL ing the similar nature of those types of stones and the fact that
185 AUD AUD their composition often includes mixtures of lithogenic sub-
stances, observed differences appear to be logical. Information
186 HAP HAP collected in Table 3 summarizes the results discussed here that
represent an efficient classification of kidney stones from a very
187 TRA TRA simple methodology.
188 HAP HAP In this work, the suitability of the NIR-HSI technique with
the use of ANNSs for the characterization of kidney stones has
189 AUD AUD been demonstrated. The regions of the NIR reflectance spectra
that have the strongest power for the classification of the differ-
190 COM TRA ent components have been identified. The use of ANNs for the
191 AUD AUD hyperspectral data treatment has proved to produce similar
results to those obtained from conventional techniques, includ-
192 STR STR ing samples containing compound mixtures. However, it is
important to remark that the conventional methodology requires
193 STR STR trained operators, whereas ANNs perform the classification
independently from the operator’s knowledge.
194 cob coD tndependently from the oper &
The implementation of this developed methodology as a rou-
195 CYS CYS tine analysis in medical practice might be achievable for a clin-
ical laboratory, and it would be simple to perform. The method
196 BRU BRU requires little training for its use, and no special knowledge
197 BRU BRU about chemistry is needed. Once the software has been installed
in the computer, the fast measurements allow a quick and easy
198 TRA TRA classification of the stones. This application would allow obtain-
ing a faster and much robust diagnosis, increasing the quality of
199 TRA TRA treatment to each specific patient.
200 TRA TRA
Table 3 Percentage of samples correctly classified by the developed
201 COM COM HSI-ANN methodology.
202 CYS CYS
Type of No. of No. samples % of correct
203 AUD AUD kidney stone samples correctly classified classification
204 COD COoD COM 39 37 94.9
205 AUA AUA COD 27 24 88.9
206 AUA AUA TRA 27 23 85.2
207 MXD MXL HAP 18 18 100
208 CYS CYS STR 19 18 100
209 CYS CYS MXL 10 9 90
210 BRU BRU MXD 13 11 84.6
211 STR STR BRU 25 25 100
212 STR STR AUA 17 17 100
213 HAP HAP AUD 10 10 100
214 AUD AUD CYS 10 10 100
215 AUA AUA Total 94.4
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Glossary

COM: Calcium Oxalate Monohydrate

COD: Calcium Oxalate Dihydrate

CAP: Carbonate Apatite

SEM-EDS: Scanning Electron Microscopy — Energy-
Dispersive X-Ray Spectroscopy

sFTIR: Synchrotron FTIR

1. Introduction

Improvements in medicine are continuously under-
going more precise diagnosis, producing better re-
sults whilst represent minimal disturbances for the
patient [1]. Recent developments have clearly pointed
out that medical sciences are among the cutting-edge
uses of bio and nanotechnologies [2-4]. Such scienti-
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fic development is usually linked to advances in the
instruments and methodologies developed for these
purposes (usually related to analysis speed and spa-
tial resolution improvements) [5]. Working in the mi-
cro and nanoscales is only possible if such spatial re-
solution is achieved [6].

The study and classification of kidney stones has
been the target of clinical scientists since the first
chemical analysis were done on this type of samples
[7]. Although chemical analysis of the ions con-
tained in a stone can easily identify phosphate or
calcium oxalate lithiasis, it cannot distinguish be-
tween different forms of calcium oxalate stones
(mono and dihydrate, which stand for two thirds of
the total amount of cases) [8]. This important draw-
back was once correctly solved by IR spectroscopy.
The IR spectra of each form of calcium oxalate, as
well as those for phosphates or uric acid, show un-
ique characteristics. For a number of decades, IR
spectroscopy has been considered the reference tech-
nique for the analysis of kidney stones [9, 10]. Grind-
ing the sample for IR analysis is still the main incon-
venience, because of the loss of spatial distribution
of the different minority compounds present in the
kidney stone.

The location of major and minor components in
the stone is of major importance. The precise point
of the stone where each component precipitates is
generally linked to the urine conditions at the time
of the corresponding solid formation. The metabolic
changes that the patient suffers remain imprinted in
the stone, defining a particular distribution of the com-
ponents [11].

The currently expanding imaging techniques
stand as an interesting approach to offer a higher
amount of information about the sample. These
techniques are not only able to quantify the amount
of each component in the sample, as traditional IR
does [12, 13], but also locate them in the structure of
the stone. Several works have shown the usefulness
of chemical imaging directly in the field of kidney
stones, using IR spectroscopy. These previous stud-
ies have shown chemical maps of kidney stones with
a spatial resolution of 100 pm to 300 um using IR ra-
diation [14], 50-100 um for a study using NIR spec-
troscopy [15] and 100 pm in a work using IR radia-
tion and also quantifying components [16].

The present work represents a step forward from
the current clinical IR analysis that solves its main
drawback, the lack of spatial definition, using IR mi-
crospectroscopy, including the results available when
high-resolution equipment is used. The use of FT-IR
spectroscopy from a Synchrotron Radiation light
source (sFTIR) may reveal hidden information to con-
ventional light sources. Among the variety of techni-
ques which can be coupled to a synchrotron light
source, IR stands as an especially useful one for the
analysis of biological samples.

As many other biomaterials, kidney stones have
already been analyzed by means of synchrotron ra-
diation. However, most of the studies conducted so
far have been performed using X-ray spectroscopy
or diffraction [17-20]. These techniques are not con-
sidered nowadays in the routine clinical laboratory.

Other technical alternatives readily allow a high-
er spatial resolution than that achieved in this work.
More sophisticated approaches, based on 50 pm AsSe
fibers with a 100-125 nm gold coating on the tip have
reached 240 nm spatial resolution [21]. In addition, a
spatial resolution of 200 nm had been achieved using
a bench top laser IR source combined with ATR to-
pography [22]. Indeed, a simpler bench top thermal
source allows a routinely achievable resolution below
10 pm [23].

Due to the particularly long time requirements
for the analyses and the limited availability of the
equipment, it may be challenging to include such
techniques in the general clinical laboratories. The
use of Focal Plane Array detectors (FPA) stands as a
suitable option for decreasing the mapping time for
large sample areas. The commercially available de-
tectors reach arrays of 128 x 128 pixels and have been
already used for the analysis of biological samples
[24,25].

The aim of this application is to stress the useful-
ness of such approaches as reference techniques for
the upcoming advances in clinical analysis. The in-
formation obtained from these experiments will con-
tribute to a better understanding of the lithiasic pro-
cess, which, in turn, may lead to better diagnostics,
which end up in more appropriate treatments for the
patient.

2. Experimental

2.1 Samples

Kidney stones were collected from the urology ser-
vices at the Hospital Universitari de Bellvitge, Bar-
celona (Spain). Since calcium urolithiasis stands as
the diagnostic result for approximately 85% of stone
patients, with two thirds of the cases being calcium
oxalate in any of its forms, a total of three samples
were studied in order to reflect this distribution of
frequencies. These included a sample of pure cal-
cium oxalate monohydrate, a sample containing mono
and dihydrate calcium oxalate and a carbonate apa-
tite sample. These samples were previously classified
by means of optical and electronic microscopies, as
described in bibliography [11]. The IR measurements
required flat and thin layers of the samples. Kidney
stones were embedded in an epoxy resin and po-
lished until they reached approximately 30 pm thick-
ness.
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2.2 Methods

2.2.1 Stereoscopic microscopy

The first sample analysis was completed using a con-
ventional, stereoscopic microscope by visual descrip-
tion of the sample. For this classification, morpholo-
gical features of the stones, as well as their texture,
color and structure were chosen as the criteria for
the determination of the stone types [11].

222 SEM-EDS

Electronic microscopy allowed the observation of
the fine structure of the stone and the determination
of the presence of crystals or other structures in the
sample. In addition to this technique, elemental ana-
lysis was performed, using Energy-Dispersive X-ray
Spectroscopy (EDS). These measurements were
used for the verification of the purity of the samples.
The equipment used was a JEOL JSM-6300 Scan-
ning Electron Microscope (Japan), coupled to an
Oxford Instruments Lind ISIS-200 X-ray Dispersive
Energy Spectrometer (UK), located at the Universi-
tat Autonoma de Barcelona.

2.2.3 Spectroscopic measurements

Spectroscopic measurements were performed at the
SOLEIL Synchrotron facilities in Paris, France. The
equipment used was located in the SMIS beamline.
The hypercube data was created by measuring re-
flectance IR spectra of a given area of the sample.
For this purpose, two microscopes were used, which
differed on the energy source, globar or synchrotron.

2.2.3.1 Globar source IR mapping

Spectral maps from samples were measured by
means of a Thermo Scientific Nicolet iN10 FT-IR
Spectrometer. The spot size was set at 80 x 80 pm?.
The surface of the sample was divided into a grid,
where a spectrum was measured each 50 pm in both
axes. The mapping spot size was larger than the step
size, procedure known as oversampling [26, 27]. This
process does not bring more spectral information,
yet it results in images with better fidelity to the visi-
ble image. Oversampling also reduces the risk of an
interesting feature of the surface (such as small par-
ticles) that is missed or measured at the edge of a
pixel. This ensures a better description of layers in-

terfaces. Mapping experiments require finding a bal-
ance between number of points and spectral quality
(measuring time per spectrum). While an oversam-
pling ratio of 2 is often used, this parameter was
adapted in our work, to take into account the men-
tioned constraints. The software processes the signal
of overlapped points as an average of them. The
measured range was from 720 cm™! to 4000 cm!, with
a resolution of 8 cm™! and storing 16 interferograms
for each point of measurement. A background using
an Au layer was previously measured by storing 500
spectra, and was used to correct the mapping spectra
of the samples. The measurement of the IR spectra
for a whole sample required typically 8 to 10 hours,
depending on the size of the analyzed surface. Due
to timing reasons, the number of spectra stored for
the sample was lower than that for the background.

2.2.3.2 Synchrotron radiation IR mapping

For the measurements using synchrotron based IR
microspectroscopy, a Thermo Nicolet Continupm
FT-IR microscope was used. In this case, due to the
higher brightness of the radiation source, a smaller
spot size was used: 10 x 10 pm?2. The step size was
6 pm, also considering oversampling. The spectral
range was the same as that for the globar source, yet
with a higher resolution, reaching 4 cm-!. For a bet-
ter S/N ratio achievement, 100 spectra were collected
for each point of measurement. Likewise, the back-
ground was collected measuring an Au layer and
averaging 500 spectra.

2.2.4 Data analysis

The software package OMNIC 8.0 (Thermo Scien-
tific) was used for data acquisition and processing.
The ratio of all spectra to the background was cal-
culated and afterwards Kramers-Kronig correction
algorithm was applied. The resulting data was then
processed for the production of chemical maps,
plotted as RGB color images. In this work RGB
images have been produced not only based on the
intensity of a single peak, but also using the ratio of
intensities of two peaks. When plotting the ratio of
intensities for various peaks, the effects of a possible
uneven area in the sample, which might cause a
biased signal, were avoided. Indeed, the samples
used in this work, due to the porous structure of the
stones and little imperfections during the polishing
process, showed remarkable differences in the inten-
sities of selected peaks for neighboring pixels, which
were attributed to surface effects. Certainly, an ana-
lysis based on peaks ratios was not quantitative, but
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Table 1 Frequencies for the characterization of components.

Component Spectral band (cm™) Associated vibration

COM 780 C-C/C-O0 single bond stretching
1318 C-C/C-0 single bond stretching
1630 C-0O double bond stretching

COD 1680 C-0O double bond stretching

CAP 1060 P-O double bond stretching

the goal of this work was directed to a qualitative
description of the samples; any quantitative result is
only indicative.

2.2.5 Spectral bands

From the many peaks observed in the IR spectra of
each of the three analyzed stones, only a few charac-
teristic spectral bands were chosen (Table 1) which
have already been described as useful for the study
of COM, COD and CAP [12].

3. Results and discussion

3.1 Calcium oxalate monohydrate (COM)

The chosen sample had been previously classified as
pure COM by stereoscopic microscopy. In this analy-
sis, concentric circumferences were appreciated with-
in the structure of the stone, yet their nature could
not be analyzed, due to lack of resolution of the vi-
sual technique. Mapping spectra covering the whole
area of the sample were done using the FT-IR micro-
scope with a globar source.

The chemical map for the peak at 1630 cm!
shows the maximum intensity at the core area of the
stone (see Figure la). However, this trend is in-
verted when the peak at 1318 cm™ is taken into con-
sideration, as pictured in Figure 1b. The first peak is,
as known, a feature of calcium oxalate spectrum,
since it corresponds to the C=0O bond stretching
vibration. This spectral band is also seen in organic
matter, while the strong intensity recorded at
1318 cm™!, C-O and C-C bonds stretching, is espe-
cially intense for COM. According to bibliography
[11], COM kidney stones tend to grow from a core
with a high content in organic matter, what corrobo-
rates the previous observation. The intensity ratio
for the peak at 1630 cm™! to that at 1318 cm! is
plotted in Figure 1c, in order to discard any possible
effect from the surface on the signal intensity. This
ratio shows a much higher intensity at the core of
the stone. The intensity quickly decreases when the
distance to the core of the sample increases. There-

fore, only strictly the core of the stone shows this
profile. Figure 1a evidences two other regions of the
sample with a high value for the intensity of this peak.

In order to further describe those regions, the ra-
tio of the intensity of the 1630 cm™! to the 780 cm!
was also calculated and displayed. The peak at
780 cm! is a characteristic band for COM, while the
other studied compounds hardly present it. Accord-
ing to Figure 1d, the core of the stone shows the
highest intensity for this ratio, along with the same
areas illustrated in Figure 1c. Since COM dominates
the composition of the structure, the peak should be
found overall on the analyzed surface. This peak has
an intense signal, so the amide I band (C=0O stretch-
ing) is overlapped and not clearly identified. As
shown in the referred regions of the stone, the peak
around 1630 cm™! has a high intensity, while that at
780 cm~! disappears. The spectra in the core region
also show a band at 1500 cm™!, which can be attrib-
uted to amide II (N-H bond stretching) and is not
observed in the surroundings of the core. These re-

Figure 1 Mapping plots of the complete sample. (a) Inten-
sity of the peak at 1630 cm™!. (b) Intensity of the peak at
1318 cm!. (¢) Ratio of intensities 1630 cm! to 1318 cm!.
(d) Ratio of intensities 1630 cm! to 780 cm™1.
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sults support the observation that a considerable re-
gion around the core of the stone has an important
amount of organic matter. These observations fit
with some bibliography sources, which point out the
strong dependence of the COM crystal growth on
organic matter [28], and its location in the core of
the stone [11]. The observation of secondary spots
with these spectral features suggests the existence of
new nucleation points, that promoted the precipita-
tion of new COM crystals and they were later inte-
grated within the structure. The absence of a CAP
peak (1060 cm™) dismisses the influence of a Ran-
dall’s plaque during the development of the stone,
since these structures are based on calcium phos-
phates [29].

Concerning the circular structures observed sur-
rounding the core of the stone; the spectra in this
area reveal that this component is actually not COM
(Figure 2a). The peak with a maximum located at
1680 cm ! suggests that the circular COM layers are
separated by a thin COD layer. It is important to
note that the intensity for the COD peak shows
maximum intensity at the points where the interfaces
are located. Likewise, the intensity of the peak at
1630 cm™!, corresponding to COM, is plotted in a
wider area in Figure 2b. In this case, the circular in-
terfaces are recognized as a minimum. The core
shows a high intensity for both wavelengths due to
the high signal at this point, that masks any differ-
ence appreciated in other areas. The intensity of the
spectral band at 1630 cm™! is stronger than that for
1318 cm™ but the peak can still be distinguished
from that for COD.

e

| &

500 pm

Figure 2 (a) Map from the highlighted area, based on the
intensity for the peak at 1680 cm-!. The maximum of the
COD peak overlaps with the location of the concentric cir-
cumferences. (b) Chemical map from the selected sample
area, the intensity for the peak at 1630 cm! is plotted. The
circumferences appear this time as minimum intensity pix-
els. Note the thickness of the COD surfaces does not ex-
ceed 100 pm. Comparable results were obtained when the
intensity for the peak at 1318 cm! was plotted.

According to these findings, it can be concluded
that the growing process of the columnar COM crys-
tals that build up the structure of the stone was tem-
porarily hindered due to the deposition of a thin
COD layer. These changes were possibly due to
punctual and regular changes in the composition of
the urine, characterized by a high calcium concentra-
tion, condition that especially favors the formation
of the kinetic derivative (COD). The patient has suf-
fered these conditions regularly, fact that lead to the
formation of these concentric circles, since a layer of
COD covered the, at that precise time, whole kidney
stone. When the conditions necessary for the forma-
tion of solid concretions of COM were achieved
again, the thermodynamic derivative continued pre-
cipitating.

It was not possible to characterize the composi-
tion of these thin layers by using traditional optical
microscopy. The p-IR technique has shown a great
advantage for the description of such small areas of
the stone. Although the analysis of a single sample is
not enough for the description of a general behavior
of the COM stones precipitation mechanisms, this
finding is highly interesting, due to the frequency in
which this type of structure is found.

3.2 Calcium oxalate dihydrate and
monohydrate (COD and COM)

The analysis of this sample by stereoscopic micro-
scopy revealed a COD stone. COD suffers normally
a slow transformation into the most stable COM de-
rivative due to a long-term contact with urine. Opti-
cal microscopy cannot help to define precise limits
of the regions where COD or COM are most abun-
dant, so the goal of the p-IR mapping measurements
is to precisely locate those components.

Firstly, a globar source FT-IR microscope was
used for the analysis of a large surface of the sample.
Due to the high area of the stone and time limita-
tions, the half of the sample was mapped which in-
cluded the core of the stone as well as a large sur-
face area. This region can be considered representa-
tive of the whole kidney stone.

A map based on the intensity of the signal at
1680 cm™!, corresponding to COD, can be seen in
Figure 3a. As expected, the strongest signal for COD
is found in the outer part of the stone, since it is the
one of latest formation.

Alternatively, the intensity for the band at
1630 cm™! (COM) is much higher on the core of the
sample. The residual signal seen on the most exter-
nal part of the stone is due to the high intensity of
the C=0 bond vibration. These results are plotted in
Figure 3b.
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Figure 3 Mapping plots, (a) intensity of the peak at
1680 cm™! (COD). (b) Intensity of the peak at 1630 cm!
(COM). (¢) Ratio of intensities of the peak at 1630 cm™! to
1680 cm!. (d) Intensity of the peak at 1060 cm~! (CAP).

The characteristic spectral bands for the carbonyl
group in COM and COD are overlapped. Their vi-
bration energy is close and their intensity is high.
The chemical map may appear to be biased because
of the proximity of the bands, but the features of both
spectra allow their unique recognition. This band
overlapping can actually be overcome when the ratio
of intensities for such peaks is used for the graphical
representations.

In order to correctly define the composition for
each area of the stone, a map of the sample, based on
the relative intensities between the bands 1630 cm
and 1680 cm, is displayed (Figure 3c). The areas
dominated by COM will appear in red and in blue
when COD dominates showing the distribution of
calcium oxalate. As it can be seen, in the core a full
conversion is achieved, later discussed. From the
core outwards, a first radial section of medium inten-
sity is found. This suggests that this area, due to a
continuous contact with the urine (because of the
porous structure of the stone), continued their trans-
formation to the most stable derivative. Finally, the
surface of the stone comprises pure COD, in its
characteristic sharp crystals. It can be concluded
that the transformation have been produced progres-
sively.

Figure 4a pictures the variation of the compo-
sition throughout the stone, from the nucleus to the
surface. For this picture, the ratio of the peaks at
1630 cm™! to 1680 cm=!, that is COM/COD, was
used. As previously, COM regions will appear as red
areas. The IR spectra for the highlighted points are
plotted in Figure 4b.

Point 1 corresponds to the core area. The curve
resembles in a great extent the spectrum for pure
COM and practically no shoulder for the COD band
can be appreciated, so it can be assumed that the
transformation has been virtually complete. Micro-

B0 1000 1200 1400 1600 800 2000

Wamrumbar (cm™)
Figure 4 (a) Map of the central area of the sample, from
the core to the surface of the stone. Intensities according
to the ratio 1630 cm™! (COM) to 1680 cm~! (COD). (b) IR

spectra corresponding to the indicated points in the map-
ping image.

scopic analysis of the sample reveals a poorly com-
pact structure, far from that seen in directly formed
COM stones, fact that supports the initial precipita-
tion of COD.

The space immediately adjacent to the core is re-
presented by Point 2. Although COM is still the sub-
stance that dominates the region, a shoulder can al-
ready be seen at 1680 cm1, so COD was not totally
transformed.

The next radial sphere surrounding the core has
a different fingerprint. A spectral band at 1060 cm?,
that perfectly fits the absorption region for CAP,
can be seen in Point 3. Indeed, CAP is the only com-
ponent in some fragments of the stone located in this
middle area (see Point 4).

This information suggests that, after the core area
was formed, the patient experienced rather different
urine conditions, probably a dramatic increase in the
pH value that led to the formation of large CAP de-
posits.

At last, the area closest to the surface is analyzed
in Point 5. This can be regarded as the youngest area
of the stone, so pure COD shall be expected to be
found here. This curve entirely fits with this assump-
tion.

In this sample, the location of the positions where
CAP is found is of especial interest. As it can be
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seen in Figure 3d, by following the spectral band at
1060 cm™!, CAP is mostly located in the middle parts
of the stone. Therefore, it could be stated that the
conditions for the formation of these solid concre-
tions did not occur either at the first steps of the
stone growing nor during the final stages.

A second reasonable interpretation of this figure
could also be done. The careful inspection of the red
areas in the picture defines cavities in the structure
of the stone. This fact may point out to a change in
the urine conditions at the later stages of the stone
formation. The urine, probably at a rather basic pH,
could run through the cavities of the stone and loose
its dynamic flow in these internal paths, were CAP
could have been stored as solid depositions at a later
stage in the stone formation.

A further analysis of these results could locate
the precipitation of CAP during the formation of the
stone, due to changes in the urine composition. After
the precipitation of calcium oxalate, pH and the con-
centration of some precipitation promoters could
change, favouring the formation of CAP solid con-
cretions.

For this sample, also a single measurement using
sFTIR, which allows a higher resolution, was also
performed. A single, straight line of 30 points, cover-
ing a distance of 180 pm from the core towards the
surface of the sample, was analyzed (as indicated in
Figure 5a). Figure 5b shows new, more precise in-
formation, which was not available when using a
globar source IR spectrometer. It appears clear that
the band for COM is the one dominating the core

Wrsnumbesjom 'y 100 o
Figure 5 sFTIR measurements (a) localization of the meas-
ured line map in the sample surface. (b) Representation of
the carbonyl group absorption band. (¢) Representation of
the absorption band at 780 cm!, characteristic for COM.

of the stone. However, a smaller band for COD
(1680 cm) is also seen in the core region. Thus, it
can be understood that the transformation of COD
into COM did not take place in a full extent, as it
seemed in the previous experiments. The spectra for
the outer part of the stone evidence the only exist-
ence of COD, as already seen by lower resolution IR
spectroscopy and stereoscopic microscopy.

Likewise, Figure Sc supports these results, since
the spectral band at 780 cm™!, a specific signal for
COM, decreases as the position of the spectrum gets
closer to the surface of the sample.

The greater resolution allowed by the coupling of
a synchrotron light source to p-IR spectroscopy has
led to the best description of the sample. The preli-
minary results showed by the sFTIR measurements
have shown the usefulness of advanced techniques
for difficult cases, where they can contribute to pre-
cisely depict the lithogenesis process.

3.3 Carbonate apatite (CAP)

When analysing CAP kidney stones, the co-precipita-
tion of other substances is often seen. For instance,
struvite (MgNH,4PO,), a mineral likely to precipitate
in bacteriological infection conditions, can be found
mixed with CAP stones in variable amounts. Further-
more, due to relatively similar precipitation circum-
stances, calcium oxalate is also highly expected to be
found within the structure of CAP samples.

Before performing this work, the CAP stone used
was analyzed using stereoscopic and SEM microsco-
pies. When SEM-EDS analyses were performed on
the stone, no magnesium peak was found at any point
of the structure, so the existence of struvite was dis-
carded. The existence of calcium oxalate deposits
can be more difficult to identify; if the agglomera-
tions are small enough, the signal for phosphorous
(CAP) may still appear, and the crystal structure dif-
ferences between both components might be hard to
appreciate.

The sample was analyzed using a globar energy
source. CAP stones are much softer than other stone
types. As a consequence, some of the sample materi-
al could have been lost during the preparative polish
procedures. This area is seen as a big blue zone in
Figure 6.

Figure 6 shows that most of the measured surface
is CAP, since the intensity for the characteristic
spectral band is maximal. Although the big blue re-
gion has a similar spectrum to the holding resin, the
spectra of the small areas of low intensity for the
1060 cm~! band show different patterns.

Once the presence of struvite was dismissed using
SEM-EDS as previously described, the existence of
calcium oxalate within the structure was checked.

www.biophotonics-journal.org
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With this concern, the intensity of the calcium oxalate
spectral band at 1680 cm™! is plotted in Figure 7a. It
can be appreciated that some regions show an espe-
cially intense signal for calcium oxalate. These areas
depict lines crossing the whole stone.

Point 1 in Figure 7a describes an outer area of
the stone with a focalized region of calcium oxalate
precipitation. If the spectrum from this spot is taken
(Figure 7b), the peak position reveals the predomi-
nance of COD. In fact, the CAP spectral band is not
appreciated, so no phosphates were precipitating
together with calcium oxalate. In a latter step, CAP
continued depositing on the surface of the stone,
covering the COD deposits.

Likewise, Point 2 is representative for a long
layer of calcium oxalate deposits in the stone, which
suggests that the conditions in the urine at that point
lead to the precipitation of calcium oxalate rather
than CAP, for a given period of time. As seen in
Figure 7b, the spectra from this region show a max-
imum absorption band at 1630 cm™, so the main
component can be thought to be COM. However,
the existence of a shoulder at 1680 cm! suggests the
presence of COD. It could be thought that COD
precipitated initially and then it got transformed into
the thermodynamically more stable COM. Accord-
ing to the Figure 7b, there is a noticeable peak for
CAP, so COD precipitated along with CAP.

It is worth to say that the thickness of each of
these layers is lower than 150 pm, a similar size as
the porous in the structure of mixed stones. This
makes particularly difficult to distinguish them via
stereoscopic microscopy, and the precise structure of
the crystals might not be completely resolved using
SEM microscopy.

In the case of the present sample, p-IR spectro-
scopy has allowed the precise description of three
stages within the stone formation process.
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Figure 7 (a) Map of the whole sample, based on the inten-

sity of the spectral band at 1680 cmL. (b) IR spectra meas-
ured for the points highlighted in Figure 7a.

4. Conclusion

This work has revealed once more the importance
of a good resolution power for the best description
of the kidney stones, getting information different to
those obtained by the use of traditional techniques.

Indeed, minor components in some stones have
been located, fact that helps in the definition of the
stone history, that is, lithogenesis. This history is di-
rectly linked to the metabolic disturbances the pa-
tient has gone through, so their precise description
leads to the definition of the best management of
the disease and selected treatment.

The formulation of precise, statistically robust re-
sults is hampered by the limited number of samples
that could be included in the study. However, this
work points out IR microspectroscopy as an interest-
ing approach for the study of renal calculi. It is clear
that, due to the time needed for the measurements,
the related costs and their availability, the experi-
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ments described here, even including synchrotron ra-
diation are not likely to become a routine analysis
technique for clinical laboratories. However, the in-
formation provided by these techniques serves as
validation of the already existing methodologies. It
widens the knowledge on kidney stone formation
mechanisms, as the description of precipitation pat-
terns.

This work can be considered as the use of a more
advanced approach than the available IR spectro-
scopy for the analysis of kidney stones. It is impor-
tant to highlight that the results are comparable to
those usually managed by physicians.

Some of the limitations seen in this work could
be solved with existing technology. The use of FPA
can provide a higher analysis speed to the metho-
dology, a required improvement to become suitable
for routine analysis. As described in the introduc-
tion, higher spatial resolution is readily available in
commercial devices, so their use would emphasize
the advantages of defining the stone structure with
higher precision.

In order to be totally attractive to clinical labora-
tories, the analysis should become inexpensive and
new applications (for new tissues) should be devel-
oped. This would help take profit of the most mod-
ern spectrometers, which are often used in research
for the analysis of biological samples.
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