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Zusammenfassung

Urolithiasis ist ein medizinisch relevanter Kristallisationsprozess, der die Harnwege
betrifft. Nierensteine weisen eine erhebliche Vielfalt auf, da sie in komplexen
Umgebungen entstehen, die eine Vielzahl von Molekiilen und pathogenen
Mikroorganismen enthalten. Ein umfassendes Verstindnis der Entstehung und Verbreitung
von Nierensteinen ist entscheidend fiir die Entwicklung von Priventionsstrategien und die
Reduzierung der Invasivitit therapeutischer Eingriffe. In dieser Studie wurden mehr als
300 Fille von Urolithiasis in der Steiermark, Osterreich, analysiert. Die Zusammensetzung
der Steine wurde mit Hilfe der Infrarotspektroskopie und der Rasterelektronenmikroskopie
untersucht. Es zeigte sich, dass die meisten Steine heterogen aufgebaut waren und
iiberwiegend aus Kalziumoxalat bestanden, gefolgt von Kalziumphosphat. Andere
Komponenten, wie Struvit, Harnsdure und Cystin, traten in geringeren Mengen auf und
bildeten tendenziell homogene Kristalle. Die Untersuchung der Verteilung dieser
unterschiedlichen Steintypen liefert wertvolle Erkenntnisse tiber die Bildungsmechanismen

von Nierensteinen und kann langfristig zur Prévention von Urolithiasis beitragen.




Abstract

Urolithiasis is a medically significant crystallization process affecting the urinary tract.
Kidney stones exhibit considerable diversity as they form in complex environments
containing various molecules and pathogens. Understanding the formation and occurrence
of kidney stones is essential for developing strategies to prevent or reduce the invasiveness
of treatments. In this study, we investigated over 300 cases of urolithiasis in Styria,
Austria. The composition of the stones was evaluated using infrared spectroscopy and
scanning electron microscopy. Most stones were found to be heterogeneous, predominantly
composed of calcium oxalate, followed by calcium phosphate. Other components such as
struvite, uric acid, and cystine were present to a lesser extent and were more likely to form
homogeneous crystals. Analyzing the occurrence of these different stone types provides
valuable insights into the formation processes of kidney stones and can aid in the

prevention of urolithiasis in the future.
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Abstract: Urolithiasis is a medically significant crystallization process affecting the urinary tract.
Kidney stones exhibit considerable diversity as they form in complex environments containing
various molecules and pathogens. Understanding the formation and occurrence of kidney stones is
essential for developing strategies to prevent or reduce the invasiveness of treatments. In this study,
we investigated over 300 cases of urolithiasis in Styria, Austria. The composition of the stones was
evaluated using infrared spectroscopy and scanning electron microscopy. Most stones were found
to be heterogeneous, predominantly composed of calcium oxalate, followed by calcium phosphate.
Other components such as struvite, uric acid, and cystine were present to a lesser extent and were
more likely to form homogeneous crystals. Analyzing the occurrence of these different stone types
provides valuable insights into the formation processes of kidney stones and can aid in the prevention
of urolithiasis in the future.

Keywords: urolithiasis; kidney stone; kidney calculi; calcium; oxalate; phosphate; composition; FT-IR

1. Introduction

Urolithiasis, commonly known as kidney stone disease, involves the formation of
solid deposits of minerals and salts within the urinary tract. These stones can form in
the kidneys, ureters, bladder, or urethra and are typically composed of calcium oxalate,
calcium phosphate, struvite, uric acid, or cystine [1-3]. The formation of kidney stones
is a complex process influenced by genetic, metabolic, and environmental factors [4,5].
Symptoms of urolithiasis may include severe pain, hematuria (blood in urine), and urinary
tract infections [6]. While some stones may pass spontaneously, others require medical
intervention such as lithotripsy or surgical removal [7].

The management of urolithiasis involves a combination of medical, surgical, and
preventive strategies. The therapy depends on the location and composition of the stones.
Initially, pain relief is crucial, with non-steroidal anti-inflammatory drugs (NSAIDs) like
ibuprofen or diclofenac recommended for renal colic [8]. Opioids serve as an alterna-
tive when NSAIDs are ineffective or contraindicated [8,9]. Medical expulsive therapy
(MET) using «-blockers such as tamsulosin is employed to facilitate the passage of distal
ureteral stones larger than 5 mm. This approach increases expulsion rates and reduces pain
episodes [9-12]. Oral chemolysis is effective for dissolving uric acid stones by alkalinizing
the urine with agents like potassium citrate, targeting a pH of 7.0 to 7.2 [13]. Surgical
interventions include extracorporeal shock wave lithotripsy (SWL), ureteroscopy (URS),
and percutaneous nephrolithotomy (PCNL). SWL is non-invasive and uses shock waves
to fragment stones, particularly in the kidney or upper ureter. URS involves the use of
a ureteroscope to visualize and remove stones, with laser lithotripsy often employed for
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fragmentation. PCNL is used for larger stones, typically over 2 cm, involving a direct
approach through the skin into the kidney [9].

Kidney stones are a prevalent condition, affecting millions of individuals worldwide.
The prevalence of kidney stones varies significantly across different regions. In Europe, the
prevalence ranges from approximately 5-9% [14]. In contrast, the prevalence in Middle
Eastern countries is significantly higher, with estimated rates of about 21% in Iran and 19%
in Saudi Arabia [15].

In recent years, the prevalence of renal stones has significantly increased in coun-
tries with a high standard of living, such as Sweden, Canada, and the USA, exceeding
10% [16,17]. For example, in the United States, the incidence of kidney stones increased
significantly from 1980 to the early 2010s. While the incidence was 3.2% in 1980, it had
risen to 10.1% by 2014 [18]. The causes for the rise in kidney stone prevalence are not yet
fully understood. Possible contributing factors could include changes in lifestyle, diet, and
climate change [14].

The likelihood of developing kidney stones is not equally distributed within the
population. In the Western world, men are significantly more affected than women. The
lifetime risk of kidney stones in the United States is 12% for men, compared to 6% for
women [3]. Moreover, age plays an important role in the development of kidney stones.
The highest prevalence, 19.7%, was observed in males older than 80 years, followed by
18.8% in males aged 60-79 years, 11.5% in males aged 40-59 years, and 5.1% in males aged
20-39 years [19].

Another important aspect of kidney stones is the associated economic costs borne by
the healthcare system and society. Unlike other chronic diseases, kidney stones affect not
only older patients over the age of 65 but also working individuals between the ages of 20
and 60 [20]. The annual treatment costs for kidney stone therapy in the United States were
estimated to be 9 billion US dollars in 2021, adjusted for inflation [16,21]. Recent studies
also suggest a potential link between nephrolithiasis and the risk of developing chronic
kidney disease (CKD) [22]. Additionally, every year people die from the consequences of
urolithiasis. A study from England revealed that between 1999 and 2013, approximately
130 people per year died from complications related to urolithiasis [23]. Besides the endemic
nature and the medical significance of kidney stones, the high recurrence rate is also a
significant issue [4].

To better understand kidney stone formation, it is essential to collect extensive data on
the epidemiology and composition of kidney stones. Several papers have been published in
recent years on the crystallization processes and possible pathophysiology behind kidney
stones [24-26].

Unfortunately, there are still insufficient data on the epidemiology and composition of
kidney stones in Austria. In comparison, there are large-scale composition and epidemio-
logical studies conducted in countries such as the USA, France, and Germany [16,27,28].
Thus, any new data in this area can contribute significantly to the detailed exploration of
their pathophysiology. From a better understanding of the pathophysiology and crystal-
lization processes of kidney stones, new approaches for primary and secondary prevention
may emerge in the future.

Therefore, we examined the composition of 322 randomly selected kidney stones in
Styria, Austria, which were obtained using flexible ureteroscopy at the LKH University
Hospital Graz. For this purpose, all measurements were conducted using Fourier transform
infrared spectroscopy (FI-IR).

There are various methods to analyze the composition of kidney stones. The most
commonly used methods today are polarization microscopy on grain preparations, X-ray
diffraction, infrared spectroscopy, and chemical methods in the form of analysis sets [29].
As noted by the European Association of Urology (April 2024), FI-IR spectroscopy or X-ray
diffraction are the methods of choice for analyzing the composition of kidney stones [30-32].
We consciously chose FT-IR because it is recommended by the European Association of
Urology and does not have the significant disadvantages associated with X-ray diffraction.
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In addition to the high costs, analysis using X-ray diffraction would have taken longer
(up to 30 min per probe). Moreover, non-crystalline substances would not have been
detectable [29]. Furthermore, chemical analysis (wet chemistry) has become obsolete in
clinical practice [33].

This study focuses on the precise composition of kidney stones in Austria, with special
attention to the detailed composition of mixed stones containing calcium oxalate and
calcium phosphate.

2. Materials and Methods
2.1. Materials

Kidney stone samples were collected from the Department of Urology at the University
Hospital, Graz, between March 2023 and June 2024. A total of 328 samples were obtained.
Due to insufficient sample quality issues, 13 samples were excluded from the analysis. Of
the included kidney stone samples, 105 (33.3%) were from female patients and 210 (66.6%)
were from male patients. The study was conducted in accordance with the Declaration of
Helsinki and was approved by the local ethics committee (36-222 ex 23/24).

2.2. Methods

For all Fourier transform infrared spectroscopy (FI-IR) measurements, we used the
Perkin Elmer Spectrum Two spectrometer in attenuated total reflection (ATR) geometry
on a diamond crystal covering the typical measurement range of 450-4000 cm ! with a
resolution of 4 cm~!. All measurements are averaged over 4 scans. For the preparation
of the samples, the kidney stones were grounded as obtained and placed on the ATR
crystal. The samples were dried with a hair dryer (without heating source). For scan-
ning electron microscopy (SEM), samples were mounted (without further preparation) on
aluminum stubs by using carbon impregnated double-sides tabs (Micro to Nano). They
were analyzed by a Hitachi FlexSEM 10001l (Hitachi, Tokyo, Japan) using the variable
pressure mode (chamber pressure 50 Pa), 20 kV acceleration voltage, and detection of
back-scattered electrons. For energy dispersive X-ray microanalysis, the system AZtecOne
(Oxford Instruments, Abingdon, UK) was used.

Kidney stones were analyzed using a Perkin Elmer Spectrum Two FT-IR Spectrometer.
The samples were broadly categorized into nine groups: oxalate stones (CaC,;0Oy4), hydroxya-
patite (Cas(PO4)3(OH)), brushite (CaHPO4-2H,0), mixed stones (calcium oxalate/calcium
phosphate), struvite stones (MgNH4PO,4-6H,0), magnesium ammonium phosphate), uric
acid stones (CsH4N4O3), cystine stones (CgH12N»04S,), and other mixed stones. For this
analysis, characteristic peaks of the FI-IR spectra were evaluated. The spectra were pro-
cessed by normalizing them to their highest peak before evaluating the integrals. Following
this preliminary categorization, the detailed composition of the mixed stones has been
evaluated. Additionally, the peaks of the FT-IR measurements for calcium oxalate stones
and calcium phosphate stones were compared with the existing literature. Obtained data
have been analyzed statistically examining the kidney stone composition with respect to
gender and age. For this purpose, the Chi-square test has been used (p < 0.05).

As a representative of phosphate stones, a magnesium ammonium phosphate (struvite)
stone was selected. As shown below, we observed that the peaks of the P-O stretching
vibrations for struvite and hydroxyapatite differ only minimally, with struvite peaks in the
range of 992-1012 cm~! and hydroxyapatite peaks in the range of 1010-1022 cm~!. For
the composition of the mixed stones, pure oxalate and magnesium ammonium phosphate
stones in known ratios, increasing in 10% increments, starting with 0% and ending with
100% calcium oxalate, were used. Since both calcium oxalate and magnesium ammonium
phosphate stones exhibit specific infrared spectra (FT-IR) with characteristic peaks, the
focus of the evaluation is on patterns at two distinct points where each stone type has
isolated peaks. For calcium oxalate, the peak occurs at 1607 cm~!. For calcium phosphate
stones (struvite), the relevant peaks occur at 997 cm ™!, respectively. The peak at 997 cm ™! is
particularly significant as it corresponds to the asymmetric stretching vibration of the P-O
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bond, making this method potentially effective for both hydroxyapatite and brushite [34]
(Table 2). At these points, we defined specific boundaries. These boundaries were set to
accurately capture the maximum peak without interference from the peaks of the other
stone type (Figure 1) [35].
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Figure 1. The figure shows the FT-IR spectra of calcium oxalate (whewellite) (black) and struvite
(red). The calcium oxalate peak selected for the mixed stone analysis is observed at 1607 cm ™!, while
the calcium phosphate peak is observed at 997 cm ™. These peaks do not interfere with each other,
even within the boundaries used for the integral calculation.

The transmittance (%T) values were converted to absorbance. Subsequently, the
integral within these boundaries has been approximated. Therefore, numerical integration
using Simpson’s rule has been used. This yielded the following two integrals:

Calcium oxalate:

The integral within the boundaries of 1500 to 1700 cm ! corresponds to the sum of all
absorbance values from the IR measurement within this range:

1700

1700
/ A)dx =Y A(x)
1500 x=1500

Magnesium ammonium phosphate:
The integral within the boundaries of 915 to 1090 cm ! corresponds to the sum of all
absorbance values from the IR measurement within this range:

1090 1090

/A(x)dx: Y A(x)

915 x=915

Subsequently, three independent FI-IR measurements for the calcium phosphate/oxalate
mixtures with known mixing ratios were performed. Using the previously defined equa-
tions, the integrals were calculated for these measurements and the ratio of the integrals
(calcium oxalate /magnesium ammonium phosphate). These measurements yielded the
following curve (Figure 2).

Subsequently, the data points were fitted with an exponential function. From the
resulting concentration function (Figure 2), the oxalate and calcium phosphate content in
the mixed stones can be determined.

From the obtained data, the following exponential function was derived:

y = 0.087-¢%%41 1 0.189
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After establishing the exponential function, it was possible to deduce the exact ox-
alate content in the mixed stones from the ratio of the integrals. This was performed on
74 mixed stones.

6

®  Data points
Exponential Fit

- N w B (4,1
1 1 1 1 1
—a—

Absorbance Integral (a.u.)

o
1

-1 T T T T

0 20 40 60 80 100
Oxalate content (%)

Figure 2. FT-IR measurements were performed for magnesium ammonium phosphate (struvite) and
calcium oxalate stones in known mixing ratios, ranging from 10% to 100%. The integrals within
specific boundaries (calcium oxalate: 1500 to 1700 cm ™!, calcium phosphate: 915 to 1090 cm™!) were
calculated. The ratio of the oxalate integral to the calcium phosphate integral is reflected in these data
points. n = 3.

3. Results
3.1. Overview Kidney Stones

A total of 328 kidney stones were collected for analysis. However, due to insufficient
sample quality, 13 stones were excluded from the study. Consequently, 315 kidney stone
samples were classified into the following eight categories: calcium oxalate, mixed stones
(calcium oxalate/calcium phosphate), calcium phosphate (hydroxyapatite, brushite), uric
acid, struvite (inflammation stone), cystine, and combinations containing uric acid (uric
acid/oxalate; uric acid/oxalate/struvite). The distribution of these stone types is presented
in Figure 3 and Table 1.

I Calcium oxalate
I Mixed stones (Calcium phosphat/oxalat)
I Uric acid 1.9% 1.3%
I Mixed Phosphate 1.9%/
[ Hydroxyapatite 4.2%
[ struvite

[ Brushite

I Mixed uric acid
N Cystine  9.9%

0.3%

4.8%

"N

Figure 3. Distribution of kidney stone types. Of the 315 kidney stones examined, 74.9% contained
calcium oxalate (n = 236), 49.5% pure calcium oxalate (n = 156), 25.4% calcium phosphate/calcium
oxalate (n = 80), calcium phosphate stones accounted for 10.8% (n = 34) (hydroxyapatite (n = 13;
13%), brushite (n = 6; 1.9%), hydroxyapatite/struvite (n = 15; 4.8%), uric acid stones for 9.8% (n = 31),
struvite stones accounted for 1.9% (n = 6), and 1.3% (n = 4) were mixed stones containing uric acid.
Also, one cystine stone was detected.

50%

25.6%
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Table 1. Distribution of kidney stone types by sex.

Type of Stone All Female Male
Calcium oxalate 156 37 119
Calcium phosphate 34 20 14
Hydroxyapatite 13 10 3
Brushite 6 1 5
Hydroxyapatite + struvite 15 9 6
Struvite ! 10 5 5
Mixed stones 2 79 36 43
Uric acid 31 7 24
Cystine 1 1 0
Urate/oxalate 3 1 2
Urate/oxalate/struvite 1 1 0]
Total 315 105 210

I Magnesium ammonium phosphate. 2 Calcium phosphate/oxalate.

3.2. Sex Distribution

The sex distribution for each type of kidney stone was analyzed using a Chi-square test
to determine statistical significance, with a threshold of p < 0.05. The total study population
consisted of 315 individuals, with 105 females and 210 males (Table 1).

The statistical analysis revealed that the gender distribution for calcium phosphate
stones, mixed stones, struvite stones, cystine stones, and uric acid/oxalate stones was not
statistically significant. The statistical analysis indicated no significant difference in the
prevalence of these stone types between males and females.

However, a statistically significant gender distribution for the male gender was ob-
served for oxalate stones and uric acid stones. Specifically, the p-value for oxalate stones
was <0.0001, and for uric acid stones, it was 0.002, both indicating a significant difference
in the prevalence of these stones between genders.

3.3. Age Distribution and Age-Related Prevalence

The age range of the randomly selected kidney stone patients was from 9 years to
98 years, with a mean age of 61.2 years + 16.3 years. To better illustrate the overall
distribution, this range has been divided into 10-year categories. The results are shown
in Figure 4. In the assessment of the data distribution, points closely aligned with the
normal distribution curve suggested a Gaussian distribution. To confirm this, a normality
test was conducted using QQ-Plot analysis. Furthermore, the Kolmogorov-Smirnov test
corroborated these findings with a statistic of D = 0.033535 and a p-value of 0.873, indicating
no significant deviation from normality and supporting the hypothesis that the data follow
a normal distribution.

Next, we examined the prevalence probability of different types of kidney stones in
relation to age. This analysis shows that different types of kidney stones are more prevalent
depending on age. Therefore, the patient ages were divided into five groups: 0-20 years,
21-40 years, 41-60 years, 61-80 years, and 81-100 years.

Among patients under 20 years of age, stones with a high oxalate content were ob-
served. This included one pure oxalate stone and two calcium oxalate/calcium phosphate
mixed stones with oxalate contents of 78% and 91%, respectively (Figure 5).
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Figure 4. (a) The age distribution of our randomly selected 315 kidney stones. (b) The stone counts are
age-weighted according to the population distribution of Styria (2020) and presented as the number
of stones per thousand inhabitants, to account for varying population sizes across age groups [36].
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Figure 5. The graph illustrates the percentage distribution of different types of kidney stones across
various age groups.

In the age category of 21 to 40 years (n = 39), oxalate-containing stones are also the
most prevalent, accounting for 44% (n = 17) of the cases, followed by mixed stones at 41%
(n = 16). Additionally, struvite stones are observed in 8% (n = 3) of the cases, and there is a
5% (n = 2) incidence of brushite stones and 3% incidence of hydroxyapatite/struvite (n = 1)
(Figure 5).

A very similar pattern was observed in the age category of 41-60 years. Oxalate stones
accounted for 47% (n = 54) of the cases, mixed stones for 31% (n = 36), hydroxyapatite for
8% (n =9), brushite for 3% (n = 4), hydroxyapatite/struvite for 2% (n = 2), and uric acid
stones for 6% (n = 7).

In the category of 61-80 years, 56% (n = 64) of the case were oxalate stones, 18% mixed
stones (n = 21), 13% uric acid (n = 15), 2% hydroxyapatite (n = 2), 2% struvite (n = 2), and
1% brushite (n = 1).
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In the category of 81-100 years, we found 48% calcium oxalate (n = 20), 31% uric acid
(pure and mixed) (n = 13), 15% 10% mixed stones (n = 4), 5% hydroxyapatite (n = 2), 5%
hydroxyapatite/struvite (n = 2), and 2% struvite (n = 1).

In the category of 0-20 years (n = 3), 33% are calcium oxalate and 66% are mixed stones.
For 21-40 years (n = 39), 44% are calcium oxalate, 8% struvite, 5% brushite, 41% mixed
stones, and 3% hydroxyapatite/struvite. In the category of 41-60 years (n = 116), 47% are
calcium oxalate, 31% mixed stones, 8% hydroxyapatite, 6% uric acid (pure and mixed),
3% struvite, 3% brushite, 2% hydroxyapatite/struvite. For 61-80 years (n = 115), 56% are
calcium oxalate, 18% mixed stones, 13% uric acid stones (pure and mixed), 2% struvite,
1% brushite, 2% hydroxyapatite, and 9% hydroxyapatite/struvite. In the category of
81-100 years (n = 42), 48% are calcium oxalate, 31% uric acid (pure and mixed), 2% struvite,
10% mixed stones, 5% hydroxyapatite, and 5% hydroxyapatite/struvite. The average
age of patients with calcium oxalate stones is 61.6 £ 16.3 years (n = 156), with a slightly
higher average for females, 62.3 &= 16.2 years (n = 37), compared to males, 61.4 & 15.4 years
(n =119) (Table 2). For hydroxyapatite stones, the overall average age is 59.1 & 14.5 years
(n =13). Among females, the mean age is 58.6 £ 13.48 years (n = 10), while for males, it is
60.7 = 17.3 (n = 3). In comparison, the average age for brushite stones is 52.5 + 11.1 years.
The mean age among males is 55 £ 10.5 years (n = 59), and for the sole female, it is 40 years
(n=1). In addition to the previously mentioned phosphate-containing stones, there were
also 15 mixed stones composed of hydroxyapatite and struvite. The average age for these
stones was 65.8 £ 15.6 years (n = 15). The average age of the women was significantly
higher at 74.5 4 7.8 years (n = 6) compared to that of the men, who had an average age of
60.0 + 16.7 years (n =9).

Table 2. Distribution of age by kidney stone type and sex.

Kidney Stone Type Average Age Average Age of Females Average Age of Males
Calcium oxalate 61.6 +£16.3 623 +16.2 614 +£154
(n =156) (n=37) (n=119)
Calcium phosphate 60.9 +15.3 63.1+14.8 58.6 154
phosp (n =34) n=17) (n=17)
Hvdroxvapatite 59.1 £ 14.5 58.6 +£13.5 60.7 £17.3
ydroxyap (n=13) (n =10) (n=3)
Brushite 52.5 +£11.1 55.0 £ 10.5 40
(n=6) (n=5) (n=1)
. . 65.8 £15.6 60.0 £16.7 745+78
Hydroxyapatite/struvite (n = 15) (n=9) (n=6)
Struvite 1 52.0 £ 16.0 458 +14.8 582 + 142
ruvite (n =10) (n=5) (n=5)
Mixed st 2 52.7+15.4 48.7 +15.1 56.2 + 14.7
ixed stones (n =79) (n=36) (n =43)
Uric acid 733+£123 717 £12.44 737 £12.3
cac (n=31) (n=7) (n=24)
. 45.0 45.0
Cystine (n=1) (n=1) -
S 74.0 + 149 86.0 68.0
Uric acid/oxalate (n=3) (n=1) (n=2)
- . 56.0 56.0
Uric acid /oxalate/struvite (n=1) (n=1) -

1 Magnesium ammonium phosphate. 2 Calcium phosphate/oxalate.

Patients with mixed stones (calcium phosphate/calcium oxalate) have an average age
of 52.7 & 15.4 years (n = 79), with females averaging 48.7 & 15.0 years (n = 36) and males
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56.2 £ 14.7 years (n = 43). Uric acid stones show a higher average age of 73.3 &= 12.3 years
(n = 31), with females at 71.7 £ 12.44 years (n = 7) and males at 73.7 &= 12.3 years (n = 24).

Struvite stones (magnesium ammonium phosphate) present an average age of
52.0 £ 16.0 years (n = 10), with a notable gender disparity: females average 58.2 & 14.2 years
(n = 5) while males average 58.2 & 14.2 years (n = 5). For cystine stones, the data show an
average age of 45.0 years (n = 1) for a single female patient, with no male data available.

In the case of urate/oxalate stones, the average age is 74.0 years (n = 3), with a single
female patient at 86.0 years (n = 1) and two male patients averaging 68.0 years (n = 2).
Lastly, the urate/oxalate/struvite stone type shows an average age of 56.0 years (n = 1),
based on a single female patient. Optical images of all stones are highlighted in the SI
(Figures S1, S3, S5, S7 and S9).

3.4. Calcium Oxalate Stones

A total of 156 calcium oxalate stones were analyzed, with 37 (24%) from females and
119 (76%) from males. The average age of kidney stone patients with oxalate stones was
61.6 £ 15.6 years (n = 156), with a slightly higher average for females, 62.3 &+ 16.2 years
(n =37), compared to males, 61.4 £ 15.4 years (n = 119). The maximum age was 98 years,
and the minimum age was 9 years. In all these measurements, peaks were observed in
the range of 1604-1615 cm~! and 1312-1319 cm ™! (Figure 6). This can be explained by
the presence of characteristic vibrations which are present in oxalate ions originating from
calcium oxalate crystals. The peak at 1604-1615 cm! corresponds to the asymmetric
stretching vibration of the C=O bond, while the peak at 1312-1319 cm ™! corresponds to the
symmetric stretching vibration of the C-O bond. These specific vibrations are indicative of
carboxy groups and therefore the oxalate ion’s presence within the stone matrix.
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Figure 6. (a) FT-IR spectrum of a kidney stone containing whewellite (calcium oxalate monohydrate,
CaCy04-H,0). The characteristic asymmetric OH-stretch can be observed between 3000-3550 cm ™.
Two distinct peaks at 1604-1615 em~ ! and 1312-1319 cm ! indicate carboxy groups. (b) SEM image
of a whewellite stone.

Calcium oxalate stones can be differentiated into whewellite (calcium oxalate mono-
hydrate, CaC,04-H,0) and weddellite (calcium oxalate dihydrate, CaCyO4-2H,0). This
distinction can be made using FI-IR, primarily by examining the characteristic asymmetric
O-H stretch vibrations of whewellite in the range of 3000~3550 cm~!. In this study popula-
tion, an account of 146 whewellite stones (93.6%) and 10 weddellite stones (6.4%) has been
found. The relative frequency as well as the obtained IR spectra align with the relevant
literature [27,35,37-39]. The SEM image (Figure 6b) indicates needle-shaped crystals for
the oxalate stones analyzed [40]. Moreover, EDX indicates a composition containing the
elements calcium, oxygen, and carbon (Figure S2 and Table S1).
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3.5. Calcium Phosphate Stones

Calcium phosphate mainly appears in three different minerals: apatite (hydroxyap-
atite and carbonate apatite) and brushite [9]. In our study, we were unable to identify any
instances of carbonate apatite. However, we documented 13 occurrences of hydroxyap-
atite and six instances of brushite. Additionally, we identified 15 mixed compositions of
hydroxyapatite and brushite. A total of 13 hydroxyapatite stones were analyzed, with 10
(76.9%) stones derived from females and three (23.1%) from males. The average age of
kidney stone patients with hydroxyapatite was 59.1 years, with a maximum age of 88 years
and a minimum age of 43 years. The average age differs by gender with females averaging
58.6 £ 13.5 years (n = 10) and males 60.7 £ 17.3 years (n = 3).

Additionally, we observed six brushite stones. Of these, five (83.3%) were found in
men and only one (16.7%) in a woman. The average age of the men was 55 £ 10.5 years,
while the woman with the brushite stone was 40 years old.

In addition to the pure kidney stones, we also observed 15 mixed stones composed of
hydroxyapatite and struvite. Of these 15 mixed stones, nine (60.0%) were found in men and
six (40.0%) in women. The overall average age for these mixed stones was 65.8 = 15.6 years.
The average age for men was 60.0 &= 16.7 years, and for women, it was 74.5 £ 7.8 years.
Peaks were observed in the range of 1000-1100 cm ! and 560-600 cm ! (Figure 7) [35,37].
This can be explained by the presence of characteristic vibrations of the phosphate ions.
The peak at around 1010-1020 cm~! corresponds to the asymmetric stretching vibration of
the P-O bond, while the peak at 600 cm ™! corresponds to the bending vibration of the P-O
bond. These specific vibrations are indicative of the phosphate ion’s presence within the
stone matrix. Additionally, the presence of hydroxyl groups (OH) was confirmed by peaks
at 3000-3500 cm ! and 1630 cm ™. The peak at 3000 cm ! corresponds to the stretching
vibration of the O-H bond, while the peak at 1630 cm ™! corresponds to the bending
vibration of the O-H bond. These peaks further confirm the presence of hydroxyapatite
in the calcium phosphate stones [35]. For hydroxyapatite, cauliflower-shaped crystals are
visible in the SEM images (Figure 7b). The surface morphology reveals small, spherical
particles, often around 5-10 um in diameter, which are composed of amorphous material
with tiny crystalline structures on their surface. These particles are tightly packed and
cemented together, giving the stone a granular texture [41]. Here, the EDX indicates the
elements phosphorous and oxygen (Figure S4 and Table S2).
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Figure 7. (a) FT-IR spectrum of a hydroxyapatite stone. The distinct peaks can be observed at
1019 cm~! and 559 cm 1. In our study population, we observed the two distinct peaks of hydroxyap-
atite stones between 1010-1022 cm ! and 558-561cm ™. (b) SEM image of hydroxyapatite stone.
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For brushite, similarly to hydroxyapatite, both peaks corresponding to O-H vibrations
and to P-O vibrations can be observed. The best identifiers for brushite are the three distinct
P-O stretch vibration modes ranging from 900-1100 cm~!. These sharp bands are not
observed in other phosphate-based kidney stones. Similar to hydroxyapatite and struvite,
the P-O bending mode can be observed at 560-600 cm~'. Moreover, the O-H stretching
and O-H bending vibrations at 3500-3600 and 1650 cm ™!, respectively, are shifted to higher
wave numbers in comparison to hydroxy apatite. Moreover, the vibrations corresponding
to O-H are much more prominent in brushite (Figure 8) than in hydroxyapatite or struvite.
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Figure 8. (a) FT-IR spectrum of a brushite stone. (b) SEM image of a brushite stone.

Under the Scanning Electron Microscope (SEM), brushite stones exhibit a characteristic
structure with plate-like crystals that are radially arranged. Rectangular-shaped crystals are
also visible in the SEM images (Figure 8b). The overall structure is relatively porous, and
the crystal formations lack a clear order, appearing as loose aggregates of well-developed
crystals, consistent with the previous literature [41]. Here, the EDX analysis indicates
the presence of phosphorus and oxygen (Figure S6 and Table S3), further confirming the
composition of the brushite stones.

3.6. Struvite Stones

A total of 10 struvite stones were analyzed, with five (50.0%) from female patients
and five (50.0%) from male patients. The average age of patients with struvite stones
was 52.0 &+ 16.0 years, with a maximum age of 84 years and a minimum age of 33 years.
FT-IR spectroscopy identified peaks in the range of 1010 cm ! and 570 cm~!. The peak
at 1010 cm ! corresponds to the asymmetric stretching vibration of the P-O bond, while
the peak at 1570 cm~! corresponds to the bending vibration of the N-H bond, indicative
of the phosphate and ammonium ions present within the struvite matrix (Figure 9). The
N-H stretching vibration at 3500 cm~! allows to distinguish between struvite and other
non-ammonia containing phosphate crystals. In all these measurements, peaks were
observed in the range of 996 cm~! and 600 cm ™! (Figure 9) [35,37]. This can be explained
by the presence of characteristic vibrations of the phosphate ions. The peak at 996 cm ™!
corresponds to the asymmetric stretching vibration of the P-O bond, while the peak at
600 cm~! corresponds to the bending vibration of the P-O bond. These specific vibrations
are indicative of the phosphate ion’s presence within the stone matrix. The main P-O
vibrations of struvite are shifted to lower wave numbers in comparison to hydroxyapatite
and brushite. Additionally, the presence of hydroxyl groups (OH) was confirmed by peaks
at 3000 cm ! and 1630 cm . The peak at 3000 cm ! corresponds to the stretching vibration
of the OH bond, while the peak at 1630 cm ™! corresponds to the bending vibration of the
OH bond. These peaks further confirm the presence of struvite in the calcium phosphate
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stones [35]. Struvite stones typically exhibit a crystalline or irregular shape under SEM [41].
In our case, the surface is almost entirely covered by round structures, indicating the
presence of bacteria and blood cells. However, well-developed struvite crystals up to
100 pm in size can be observed between these round structures, particularly at the lower
right edge (Figure 9b). This is consistent with a struvite stone, which is also known
as an infection stone, commonly associated with bacterial urinary tract infections [41].
EDX indicates a composition containing phosphorous, oxygen, and manganese with low
amounts of nitrogen (Figure S8 and Table S4).
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Figure 9. (a) FT-IR spectrum of struvite stones. We observed two distinct peaks of struvite between
992-1012 cm~! and 559-563 cm ™. (b) SEM image of a struvite stone.

3.7. Uric Acid Stones

A total of 31 uric acid stones were analyzed, with seven (22.6%) from females and
24 (77.4%) from males. The average age of kidney stone patients with uric acid stones
was 73.3 years, with a maximum age of 90 years and a minimum age of 45 years. In all
these measurements, peaks were observed in the range of 1650 cm~ ! and 1430 cm ™. This
can be explained by the presence of characteristic vibrations of the urate ions. The peak
at 1650 cm ! corresponds to the C=0 stretching vibration, while the peak at 1430 cm~!
corresponds to the C-N stretching vibration. These specific vibrations are indicative of
the uric acid’s presence within the stone matrix (Figure 10). The OH stretching vibrations
(3100-3500 cm 1) indicate an anhydrate form of urate in this spectrum. However, partially
hydrated (monohydrate/dihydrate) urate stones were observed as well. The spectra
usually indicate the hydrate at around 3500 cm ! corresponding to OH stretch (Figure 11).
However, it is quite challenging to evaluate hydration due to drying of particles on the
ATR crystal. The SEM image indicates a flat surface with cracks and slightly rectangular
shaped crystals. In our case, this suggests a compact uric acid stone (type Ia), which is
characterized by a central or surface-located core, composed of loosely connected UAA
crystals, with plate-like, columnar crystals radiating outward from the core and forming
concentric laminations [41]. The EDX indicates an elementary composition containing
oxygen, carbon, and nitrogen (Figure 510 and Table S5).
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Figure 10. (a) FT-IR spectrum of a pure uric acid stone in an anhydrous state. (b) SEM image of a
urate stone.
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Figure 11. FT-IR spectrum of a pure uric acid stone in a dihydrate state. One can observe additional
broad bands around 3200-3500 cm ! due to the O-H stretching vibrations of water molecules.

In the examined patient cohort, the incidence of uric acid stones significantly increased
with age. While no uric acid stones were detected in patients up to 40 years old, the
incidence was 4% (n = 5) in the 41-60 age group, 14% (n = 15) in the 61-80 age group, and
23% (n = 11) in patients over 81 years old. Including mixed stones containing uric acid,

the incidence is even higher. The increase in prevalence with age is also reflected in the
relevant literature [27].

3.8. Mixed Stones

In total, 83 out of 315 (26.3%) samples were classified as mixed stones (excluding
phosphate mixed stones without oxalate). All of these mixed stones contained oxalate
in varying concentrations. The largest proportion of mixed stones consisted of calcium
phosphate/oxalate mixtures. Specifically, 79 (25.1%) out of the 83 mixed stones analyzed
fell into this category. The main challenge in the manual analysis of FT-IR spectra is the
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potential overlap of the characteristic spectral patterns of the stones. To address this, it
is crucial to consider all possible peaks. When comparing our collected data with the
older literature, it becomes evident that some studies report a higher proportion of mixed
stones [28,42,43].

3.8.1. Calcium Phosphate Oxalate Mixtures

Of the 79 calcium phosphate/oxalate stones, 36 (45.6%) were from female patients and
43 (54.4%) were from male patients. Given the predominance of this type of mixed stone,
we further analyzed the specific oxalate content in these stones using the method described
above. The results of this analysis are presented in Figure 12.

30

0O 10 20 30 40 5 60 70 80 90 100
Oxalate content (%)

Figure 12. Distribution of oxalate content in mixed stones. n = 79.

We found no significant evidence that the oxalate content in mixed stones increases
with age.

3.8.2. Other Mixed Stones

In addition to the previously discussed types, four more mixed stones were identified.
Among these, three stones consisted of uric acid and calcium oxalate, with two originating
from male patients and one from a female patient. Furthermore, one stone contained a
combination of uric acid, calcium oxalate, and struvite. These findings are consistent with
the previous literature, where less than 1% of all stones contain mixtures based on uric
acid [27].

3.9. Cystine

A total of one cystine stone was analyzed, from a female patient. The patient’s age
was 40 years. In this measurement, peaks were between the range of 1500 cm~! and
700 cm~!. This can be explained by the presence of characteristic vibrations of the cystine
molecules. The peak at 1500 cm ™! corresponds to the C-N stretching vibration, while the
peak at 700 cm~! corresponds to the C-S stretching vibration. These specific vibrations are
indicative of the cystine molecule’s presence within the stone matrix.

4. Discussion

Notably, compared to relevant scientific studies, exactly one-third of the kidney stone
patients were women and two-thirds were men. This finding is consistent with other
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studies [3,19,44—46]. A possible explanation for the lower prevalence in women could be
the higher estradiol concentration in women. This might be due to estrogen having an anti-
lithogenic effect. Estrogen inhibits bone resorption and increases calcium absorption in the
distal tubule. Additionally, estrogen leads to increased citrate excretion in the urine [47,48].

This male predominance is particularly evident in pure oxalate and uric acid stones
(oxalate: 76% male, uric acid: 77% male). In comparison, for stones containing calcium
phosphate, the distribution is exactly 50% for women and 50% for men.

The number of uric acid stones varies significantly across all scientific papers, depend-
ing on the age and location of the populations studied. The proportion of 9.8% in this study
is comparable to a study from France from 1995 (N = 10438), where the proportion was
10.08% [27]. In a newer study from 2014, the results were also comparable [49].

Moreover, we were able to demonstrate that the P-O vibrations of hydroxyapatite
and struvite differ significantly. The peak of struvite is observed at 992-1012 cm™~! with
a mean value of 1002 cm~!. In comparison, the peak of hydroxyapatite is observed at
1010-1022 cm~! with a mean value of 1018 cm~!. This distinction can be very useful in
differentiating between these two types of stones.

In some scientific papers, additional kidney stones or kidney stone components are
also discussed. Among these are organic matrix, xanthine, 2,8-dihydroxyadenin, and
proteins. Xanthine and 2,8-dihydroxyadenine are primarily associated with rare metabolic
disorders [27,28,50]. In this study of 315 kidney stones, there was no evidence of the
presence of these components. Minimal amounts of organic matrix in the hydroxyapatite
stones could potentially be considered. This is plausible due to the necessary protein matrix,
which is discussed in relation to stone formation [51].

Unlike other chronic diseases, kidney stones affect not only older patients over the age
of 65 but also working individuals between the ages of 20 and 60 [28,42,43]. Data confirm
that half of the 322 kidney stone patients were younger than 59 years old (Figure 3).

The proportion of weddellite stones among the calcium oxalate stones in our study
population was 6.4% (n = 10). This is consistent with previously published studies. In
comparison, the proportion was found to be 6.0% in a previously mentioned large-scale
stone analysis from France (n = 10,438) conducted in 1995 [27].

Mixed stones primarily consist of calcium oxalate and calcium phosphate [52,53].
Additionally, mixed stones containing calcium oxalate and uric acid also exist, though, in
our study, only three such cases were detected. Some of the literature suggests that the
majority of kidney stones are mixed stones [27,28,42,43]. A possible reason for the reported
high proportion of mixed stones in the literature is the inconsistency in the use of the
term “mixed stones”. If one refers to mixtures of kidney stone subtypes, such as urate in
dihydrate or anhydrous state, or mixtures of whewellite and weddellite, as mixed stones,
the proportion of mixed stones appears significantly higher. The data obtained in this study
contradict this claim. However, it is important to consider that the FT-IR measurements
we conducted represent only a sample of the entire stone. A paper from 1997 already
noted that kidney stones can consist of different components depending on the stone layer
(nucleus, inner layer, peripheral layer, and surface) [35]. Mixed stones primarily consist of
calcium oxalate and calcium phosphate [52,53].

5. Conclusions

Our findings confirm that the majority of all stones (74.9%) contain calcium oxalate,
(49.5%) pure calcium oxalate, and (25.4)% are mixed stones. The proportion of oxalate
in the mixed stones does not increase with age. The low prevalence of infection stones
(struvite), as well as the tendency for uric acid stones to occur at an older age, was confirmed.
However, the most common cause of kidney stones in Austria appears to be hypercalciuria.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /ww
w.mdpi.com/article/10.3390/cryst14100854 /s1, Figure S1. Optical macroscopic image of calcium
oxalate stones; Figure S2. EDX of calcium oxalate stones; Figure S3. Optical macroscopic image of
hydroxyapatite (calcium phosphate) stones; Figure S4. EDX of hydroxyapatite (calcium phosphate)



Crystals 2024, 14, 854 16 of 18

stones; Figure S5. Optical macroscopic image of brushite stones; Figure S6. EDX of brushite (cal-
cium phosphate) stones; Figure S7. Optical macroscopic image of struvite (magnesium ammonium
phosphate) stones; Figure S8. EDX of struvite (magnesium ammonium phosphate) stones; Figure S9.
Macroscopic optical image of urate stone; Figure S10. EDX of urate stones; Table S1. EDX of calcium
oxalate stones; Table S2. EDX of hydroxyapatite (calcium phosphate) stones; Table S3. EDX of brushite
(calcium phosphate) stones; Table S4. EDX of struvite (magnesium ammonium phosphate) stones;
Table S5. EDX of urate stones.
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