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Abstract: The present investigation exposes the main results raised from an active collaboration
started in 2018 with the San Pio Hospital (Benevento, Southern Italy), aiming at a detailed mineralog-
ical investigation of urinary stones of patients from the Campania region. Forty-nine uroliths (both
bladder and kidney stones) have been surgically collected from patients admitted between 2018 and
2020 at the Department of Urology of the San Pio Hospital and characterized for clinical purposes and
environmental biomonitoring from a mineralogical point of view. Possible causes and environmental
implications were inferred according to the morpho-constitutional classification of the uroliths carried
out by means of a conventional analytical approach. The mineralogical frequency distribution of
uroliths from the Campanian region can be discussed as a function of dietary, socio-demographic, and
environmental risk factors. Whewellite [CaC2O4·H2O] and weddellite [CaC2O4·(2+x)H2O], along
with anhydrous calcium oxalate, represent the main mineralogical phases forming the biominerals
examined here. Worth to note is that the percentage of oxalates in the Campanian region (ca. 51%)
is quite comparable to those of other Mediterranean areas. Frequent uricite [C5H4N4O3] (ca. 33%),
mainly observed in bladder stones of older male patients, could be related to an incorrect lifestyle
and dietary habits. Occurrence of lower percentages of phosphate (i.e., brushite [CaHPO4·2(H2O)]
and carbonated apatite [Ca10(PO4CO3)6(OH)8]) and mixed stones (such as, for example, a mixture
of ammonium urate [NH4C5H3N4O3] and calcium oxalates) indicates specific etiopathogenetic
mechanisms, suggesting proper therapeutical approaches.

Keywords: biomineral; urinary stone; microscopy; spectroscopy; calcium oxalate; carbonated apatite;
brushite; ammonium urate; uricite; human health

1. Introduction

One of the leading questions from which this research arises is: why mineralogists
who apply their knowledge to improve human well-being should study biominerals
such as human urinary stones? Is there anything they can provide as a further scientific
contribution to fuel the debate on this issue? Probably, the only scientific curiosity driving
the activity of a scientist may not be enough to intercept the real challenge. For this reason,
we considered it mandatory to directly involve urologists in this process, which could
give us some relevant information on account of their continuous interaction with patients
suffering from this pathology, which defines manifest economic burdens to the national
health system. The first important issue emerging from this collaboration was the almost
total lack of information on how the disease spreads on a regional scale and, above all,
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whether it is still possible to find the right prevention so that the discomfort caused by the
effects can be minimized. However, the causes that trigger the illness at a certain point
in the patient’s life still represent the real knot to untie. From these premises derives the
multidisciplinary approach that has been thought to give to the characterization of human
urinary stones also on account of the significant number of people suffering from this
pathology [1–4]. On the other hand, the many steps forward that have been made from a
pharmacological and surgical point of view were not sufficiently counterbalanced by efforts
to solve the problem without recurring invasive interventions. To overcome this drawback,
a convergence of energy and knowledge is strongly required, using a multidisciplinary
approach, which cannot disregard a preliminary and in-depth knowledge of the stone
mineralogy. Current literature reports much research on the mineralogical characterization
of urinary stones, with a specific emphasis on the morpho-constitutional aspects required
for correct classification and the most appropriate analytical methods necessary for a proper
characterization of these biominerals [5–10]. However, despite the great number of research
dealing with the morphological and compositional classification of human uroliths all
around the word, very little has been done for Italian contexts [11,12].

Nucleation of pathological calcifications can arise from different mechanisms recently
overviewed by Bazin et al. [13,14]. Generally, nephrolithiasis can be considered the result
of crystal formation, aggregation, and retention in the kidney, related to homogeneous
and heterogeneous nucleation mechanisms [13]. Another interesting study was published
by Sivaguru et al. [15], which sheds new light on the mechanisms that control the shift
between biotic and abiotic processes during biomineralization.

Following these schemes, new scenarios can be offered to the scientific community that
consider the set of information that the stone contains, comparable to a tape that records
all the variations induced by the environment in which the human being lives (including
eating habits, lifestyle, working activity, breathed air, etc.).

From these bases, several studies emerged focusing on trace elements and their role
as possible geomarkers of geographical traceability [16–20]. The same attention, currently
disregarded, should be placed to the investigation of the types of biomineralizations that
develops in specific contexts, such as the Italian one.

In the recent past, Giannossi et al. [12], studying kidney stones from the Basilicata
region (Southern Italy), evidenced how the mineralogical approach, aimed at improving
the morphological investigation, helped to associate some pathological conditions, such as
a geographical differentiation, to the specific mineralogical characteristic of the observed
stones. In other words, this study could be configured as one of the first ever aimed at a
spatial mapping of the spread of urolithiasis on a territory, which associates a specific eating
behavior (with specific attention to the quality of the local spring waters) to an analogous
characteristic biomineralization.

Mercurio et al. [11] showed how an in-depth and multidisciplinary study on bladder
stones from the Campania region (Southern Italy) can give very useful information to be
used as starting point for further investigations addressed to the identification of this link
between the territory and urolithiasis.

The present paper is an in-depth mineralogical characterization of a significant number
of urinary stones from patients admitted to the Department of Urology of the San Pio
Hospital in Benevento. The research cluster here proposed still aims at finding reliable and
preliminary interpretations for the urolithiasis that afflicts patients in the Campania region
and in particular those who live in inland areas.

2. Materials and Methods

Urinary stone samples have been surgically collected from 49 patients (7 females and
42 males) admitted to the Department of Urology of the San Pio Hospital (Benevento,
Italy) between the 2018 and the 2020. The set of biominerals here examined also includes
for comparison six bladder stones (KS006B, KS011B, KS012B, KS020B, KS022B, KS023B)
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already characterized in a previous investigation [11] and here further analyzed by scanning
electron microscopy [21].

The samples were labeled using the code abbreviation KS (namely kidney stones) and a
three-digit sequential number followed by a letter B for bladder stones. Before stone analyses,
all samples were extensively washed by distilled water in order to remove impurities due
to the occurrence of residual amorphous organic matter not belonging to the biomineral
aggregate. In some cases, traces of this organic matter could be detected by FTIR analyses
or by microscope observations.

Clinical interviews were also held, in anonymous form, to gather some useful in-
formation about patient’s medical history and lifestyle (Table 1). Apart from the patient
KS010 coming from Vibo Valentia (Calabria, Italy), all the patients (24–83 years old) reside in
Campania region with the following distribution: 30 from Benevento, 7 from Avellino, 5 from
Caserta, 5 from Naples, and 1 from Salerno. Comorbidities were also declared during
clinical interviews and reported in Table 1.

Table 1. Patient’s personal details. M, male; F female; Age expressed in years; BMI, body mass index;
* from [11].

n. ID Sample Sex Age Occupation Body
Weight Height BMI Calculus

Weight Other Diseases §

1 KS001 M 28 Farmer 62 kg 169 cm 21.7 kg/cm2 29 mg -
2 KS002 M 54 Architect 95 kg 175 cm 31.0 kg/cm2 15 mg DLP
3 KS003 M 63 Farmer 78 kg 172 cm 26.4 kg/cm2 47 mg DM
4 KS004 F 69 Housewife 65 kg 165 cm 23.9 kg/cm2 50 mg HTN, OP
5 KS005 M 35 Farmer 70 kg 175 cm 22.9 kg/cm2 13 mg -
6 KS006B * M 76 Retired 78 kg 175 cm 25.5 kg/cm2 1086 mg -
7 KS007 F 60 Housewife 74 kg 160 cm 28.9 kg/cm2 280 mg DM, UC
8 KS008 M 53 Cook 85 kg 175 cm 27.8 kg/cm2 325 mg HTN
9 KS009 M 51 Farmer 87 kg 185 cm 25.4 kg/cm2 101 mg -

10 KS010 M 39 Driver 70 kg 170 cm 24.2 kg/cm2 10 mg -
11 KS011B * M 75 Farmer 69 kg 165 cm 25.3 kg/cm2 531 mg DM, HTN
12 KS012B * M 73 Farmer 90 kg 175 cm 29.4 kg/cm2 1553 mg ASHD
13 KS013 M 42 Researcher 74 kg 180 cm 22.8 kg/cm2 20 mg -
14 KS014 M 74 Retired 50 kg 170 cm 17.3 kg/cm2 20 mg -
15 KS015 M 54 Office worker 78 kg 175 cm 25.5 kg/cm2 41 mg -
16 KS016 M 57 Railway man 85 kg 178 cm 26.8 kg/cm2 51 mg HTN
17 KS017 M 57 Merchant 70 kg 180 cm 21.6 kg/cm2 9 mg GERD
18 KS018 M 54 Physician 82 kg 175 cm 26.8 kg/cm2 24 mg GERD
19 KS020B * M 67 Barman 78 kg 165 cm 28.7 kg/cm2 1050 mg DLP
20 KS021 M 64 Accountant 84 kg 180 cm 25.9 kg/cm2 98 mg ASHD
21 KS022B * M 76 Farmer 74 kg 170 cm 25.6 kg/cm2 3150 mg -
22 KS023B * M 75 Office worker 75 kg 165 cm 27.5 kg/cm2 9750 mg HTN
23 KS024 F 40 Housewife 101 kg 160 cm 39.5 kg/cm2 18 mg HTN, DTR
24 KS025 F 36 Housewife 98 kg 160 cm 38.3 kg/cm2 16 mg DTR, RF
25 KS026 M 52 Office worker 81 kg 178 cm 25.6 kg/cm2 70 mg -
26 KS027 M 63 Office worker 85 kg 174 cm 28.1 kg/cm2 100 mg -
27 KS028B M 67 Physician 82 kg 176 cm 26.5 kg/cm2 530 mg ASHD
28 KS029B M 78 Office worker 74 kg 180 cm 22.8 kg/cm2 3700 mg DM
29 KS030 M 59 Physician 86 kg 178 cm 27.1 kg/cm2 180 mg ASHD
30 KS031 F 24 Workman 48 kg 160 cm 18.8 kg/cm2 30 mg
31 KS032B M 68 Fisherman 75 kg 165 cm 27.5 kg/cm2 1580 mg HTN
32 KS033B M 83 Office worker 78 kg 182 cm 23.5 kg/cm2 700 mg DM
33 KS034B M 78 Bricklayer 78 kg 168 cm 27.6 kg/cm2 3900 mg DM
34 KS035B M 75 Farmer 82 kg 170 cm 28.4 kg/cm2 1320 mg DM

35 KS036B M 69 Executive
manager 75 kg 180 cm 23.1 kg/cm2 270 mg -

36 KS037B M 67 Prison guard 72 kg 176 cm 23.2 kg/cm2 870 mg HTN
37 KS038B M 62 Office worker 69 kg 165 cm 25.3 kg/cm2 5200 mg DLP, HUE
38 KS039 F 81 Housewife 86 kg 165 cm 31.6 kg/cm2 1000 mg HTN, HT
39 KS040 M 60 Office worker 64 kg 165 cm 23.5 kg/cm2 2400 mg BPH
40 KS041 M 72 Retired 78 kg 170 cm 27.0 kg/cm2 1380 mg DM, ASHD
41 KS043 M 76 Retired 68 kg 165 cm 25.0 kg/cm2 800 mg HTN, COPD
42 KS044 M 75 Businessman 62 kg 160 cm 24.2 kg/cm2 500 mg BLCA
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Table 1. Cont.

n. ID Sample Sex Age Occupation Body
Weight Height BMI Calculus

Weight Other Diseases §

43 KS045 M 80 Retired 75 kg 170 cm 26.0 kg/cm2 500 mg HTN, HUE
44 KS046 M 72 Retired 78 kg 180 cm 24.1 kg/cm2 20 mg DM, CRC, BLCA

45 KS047 F 50 Domestic
helper 45 kg 162 cm 17.1 kg/cm2 1300 mg HTN, DTR

46 KS048 M 52 Office worker 78 kg 182 cm 23.5 kg/cm2 50 mg -
47 KS049 M 32 Unemployed 70 kg 175 cm 22.9 kg/cm2 60 mg -
48 KS050B M 81 Retired 78 kg 165 cm 28.7 kg/cm2 60 mg BPH, HTN
49 KS051B M 78 Retired 72 kg 165 cm 26.4 kg/cm2 300 mg HTN, DM

§ Abbreviations for diseases: ASHD, arteriosclerotic heart disease; BLCA, bladder cancer; BPH, benign prostatic
hypertrophy; CLC, colorectal cancer; COPD, chronic obstructive pulmonary disease DM, diabetes mellitus;
DLP, dyslipidemia; DTR, dysthyroidism; GERD, gastroesophageal reflux disease; HT, hypothyroidism; HTN,
hypertension; HUE, hyperuricemia; OP, osteoporosis; RF, renal failure; UC, ulcerative colitis.

Lab strategy (Table S1) was planned as a function of the availability of material that
ranges from 60 mg to 9.7 g in bladder stones and from 9 mg to 2.4 g in the other urinary stones
(Table 1). A preliminary morphological description of bladder stones has been carried out by
means of a NIKON SMZ 1000 stereomicroscope connected to a NIKON digital Sight DSRi2
camera. Polarized light microscopy (PLM) observations carried out on thin sections (ca.
30 µm) using a Nikon Eclipse 6400 POL microscope equipped with a Nikon DS-Fi camera
provided information on the microtextural features and the mineralogical composition
of the bladder stones. Chemical phases were also detected by Fourier transform infrared
spectroscopy (FTIR) performed in Attenuated Total Reflectance mode (ATR) by means
of a Bruker ALPHA-R spectrometer (Bruker Opus 7.2 software) in the mid-infrared spec-
tral range (4000–400 cm−1, 64 scans, 4 cm−1 resolution). Observations of microstructures
have been made via scanning electron microscopy (SEM) on freshly fractured and gold-
or carbon-coated fragments, whereas microchemical analyses on carbon-coated thin sec-
tions were performed using a Zeiss SEM EVO HD15 (Carl Zeiss, Oberkochen, Germany),
operating at 20 kV accelerating voltage and 200 pA I probe current, equipped with an
Oxford Instruments Microanalysis Unit (Xmax 80 EDS detector). For EDS calibrations, the
Smithsonian Microbeam Standards were used [22–30].

All analytic methods were carried out in accordance with international guidelines and
scientific literature [5,6,31–33]. Clinical interviews were held in anonymous form. An in-
formed consent allowed all patients to participate in the present investigation and to publish
the data in a journal article (in anonymous form). All experimental protocols were ethically
approved by San Pio Hospital, according to the collaboration agreement subscribed in
2018 with the Department of Science and Technology of the University of Sannio, Ben-
evento (Italy).

3. Results

Human urinary stones collected at San Pio Hospital were classified according to the
morpho-constitutional classification proposed by Daudon et al. [6] and references therein.
It is based on the description of the morphological features of both external surface and
internal structure of uroliths, as well as their chemical and mineralogical composition. In
particular, seven types of stones can be distinguished according, at first instance, to the
main mineralogical composition: type I, whewellite (calcium oxalate monohydrate, COM);
type II, weddellite (calcium oxalate dihydrate, COD); type III uric acid and urate; type IV
phosphate stones; type V, cystine; type VI, protein; type VII miscellaneous stones. Further,
22 subtypes of uroliths can be distinguished as a function of their morphological features,
which leads to detailed clinical assumptions about common causes and therapeutical
approaches [5,6,33–35].

The results of the present investigation have been exposed and discussed in the
following sections according to the main mineralogical composition of the examined
uroliths, namely calcium oxalates (CaOx), uric acids (UA), calcium phosphates (CaP) and
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mixed stones. The main results are summarized in Table 2, whereas Figures 1–4 display the
representative microscopic and spectroscopic features of the urinary stones here analyzed.

Table 2. Morpho-constitutional classification of human urinary stones from San Pio Hospital (Ben-
evento, Italy). * From [11]; O.M., amorphous organic matter; UA, uric acid; AU, ammonium urate;
tr., traces.

Morphological Features Mineralogical Composition Type

n. ID Surface Internal Structure Color Main
Phases Minor Phases

1 KS004 Smooth and umbilicated Thin layers surrounding a
compact concentric core Whitish/brown CaOx CaP (tr.), O.M.

(tr.) Ia

2 KS010 Mammillary and umbilicated Compact concentric, locally
unorganized Pale brown CaOx CaP (tr.) Ia

3 KS030 Mammillary and umbilicated Concentric layers Brown CaOx CaP (tr.) Ia

4 KS044 Smooth and umbilicated Thin layers surrounding a
compact concentric core Whitish/brown CaOx CaP (tr.), O.M.

(tr.) Ia

5 KS045 Mammillary and rough Compact radiating structure Brown CaOx CaP, O.M. Ia

6 KS049 Mammillary Compact radiating structure Brown CaOx CaP (tr.), O.M.
(tr.) Ia

7 KS014 Mammillary and rough Compact unorganized Brown CaOx CaP (tr.) Ib

8 KS012B * Sea urchin appearance Compact concentric, locally
unorganized Dark brown CaOx CaP (tr.) Ia

9 KS026 Mammillary and rough
Compact radiating and

concentric, locally
unorganized

Brown CaOx CaP (tr.) Ia

10 KS017 - Compact unorganized Dark brown CaOx CaP (tr.), O.M.
(tr.) Ib

11 KS021 Rough Compact unorganized Dark brown CaOx UA, O.M. (tr.) Ib

12 KS024 Mammillary and rough Compact unorganized Dark brown CaOx CaP (tr.) Ib

13 KS027 Mammillary and rough Compact unorganized Brown CaOx CaP (tr.) Ib

14 KS033B Smooth, locally budding Compact concentric, locally
unorganized

Dark/pale
brown CaOx CaP (tr.) Ie

15 KS018 - Compact unorganized Pale brown CaOx CaP I

16 KS025 Mammillary Gap Pale brown CaOx CaP (tr.), O.M.
(tr.) I

17 KS031 - Compact radiating structure,
poorly organized Dark brown CaOx CaP (tr.) I

18 KS051 Mammillary, loose bipyramidal
crystals

Compact radiating and
concentric structure Colorless/brown CaOx CaP I

19 KS001 Spiculated, bipyramidal crystals Loose crystallization Light brown CaOx CaP (tr.) IIa

20 KS005 Spiculated, bipyramidal crystals Loose crystallization Light brown CaOx CaP, O.M. (tr.) IIa

21 KS013 Spiculated, bipyramidal crystals Compact unorganized Brown CaOx - IIa

22 KS048 Spiculated, bipyramidal crystals Loose crystallization Colorless CaOx CaP IIa

23 KS028B Spiculated, bipyramidal crystals Compact unorganized Pale brown CaOx CaP (tr.) IIb

24 KS036B Spiculated, bipyramidal crystals Compact unorganized Brown CaOx CaP (tr.), O.M.
(tr.) IIb

25 KS040 Spiculated, bipyramidal crystals Compact unorganized Brown CaOx CaP (tr.) IIb

26 KS003 Smooth Compact and concentric Orange UA - IIIa

27 KS011B * Smooth Compact and concentric Pale yellow UA CaOx IIIa

28 KS015 Smooth Compact and concentric Orange UA CaOx (tr.) IIIa

29 KS016 Smooth Compact and concentric Orange UA - IIIa

30 KS023B * Smooth Compact and concentric Orange UA - IIIa

31 KS029B Smooth Compact and concentric Orange/Gray UA - IIIa

32 KS034B Smooth Compact and concentric Orange UA - IIIa

33 KS035B Smooth Compact and concentric Orange/Gray UA - IIIa

34 KS037B Smooth Compact and concentric Orange UA CaOx (tr.) IIIa

35 KS038B Smooth Compact and concentric Orange UA - IIIa

36 KS050B Smooth Compact and concentric Orange UA O.M. IIIa
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Table 2. Cont.

Morphological Features Mineralogical Composition Type

n. ID Surface Internal Structure Color Main
Phases Minor Phases

37 KS022B * Rough, embossed Compact and concentric Orange/Brown UA CaOx (tr.) IIIa/IIIb

38 KS043 Rough Porous and poorly
organized Brown/Orange UA CaOx IIIb

39 KS020B * Rough, porous Concentric, locally porous,
and poorly organized Orange/Gray UA - IIIb

40 KS009 Rough Porous and poorly
organized Orange UA - IIIb

41 KS046 - - Orange UA - III

42 KS008 Rough Loose concentric layers Brown/whitish Carbonated
apatite CaOx IVa1

43 KS006B * Rough and dappled Concentric layers and radial
crystallization Pinkish Brushite CaOx, CaP IVd

44 KS002 Rough and mammillary Unorganized Brown UA/CaOx CaP (tr.) IIIb/Ia

45 KS039 Smooth and mammillary
Alternated orange

concentric layers and brown
compact radiating levels

Orange/dark
brown UA/CaOx CaP (tr.) IIIa/Ia

46 KS007 Mammillary and locally
spiculated

Thin concentric layers
surrounding an unorganized

core
Pale brown CaOx/CaP - Ia/IIb/IVa

47 KS047 Mammillary and locally
spiculated

Locally compact, concentric
layers Pale brown CaOx/CaP - Ia/IIb/IVa

48 KS032B Rough, spiculated Unorganized CaOx/CaP - IIa/IVa

49 KS041 Rough
Unorganized layer

surrounding a compact core
with radiating crystallization

Grayish/dark
brown AU/CaOx CaP (tr.) IIIc/Ia/IIb

3.1. Classification of Uroliths and Etiology
3.1.1. CaOx Stones

Twenty-five (25) examined urinary stones are made of calcium oxalate (CaOx) as
dominant mineral phase, often accompanied by minor uric acids (UA), calcium phosphates
(CaP) and organic matter (Table 2). Between them, only 4 (KS012B, KS028B, KS033B and
KS036B) were bladder stones, whereas the remaining 2121 samples came from kidney.
Mineralogical composition of these samples was highlighted by FTIR measurements, and
their morphological features are consistent with literature [6]. In particular, FTIR spectra of
CaOx stones are characterized by a sequence of broad and very weak absorption bands
located at around 3432 cm−1, 3331 cm−1, 3240 cm−1 and 3050 cm−1 (symmetric and
asymmetric O-H stretching vibrations), followed by sharp and very strong diagnostic
bands at ca. 1612 cm−1 (C=O vibration), 1314 cm−1 (C-O vibration), 779 cm−1 (C-H
bending), 513 cm−1 (in plane O-C=O bending) (Figure 4 and Table S2a).

Whewellite (ideal composition [CaC2O4·H2O]) and weddellite (ideal composition
[CaC2O4·(2+x)H2O], where x < 1) [36–38] are the most common calcium oxalate phases
occurring in human urinary stones and are classified, according to the literature [5,6], as
type I and type II, respectively. The strong intensity of the diagnostic FTIR bands observed at
about 779 and 513 cm−1 for most of the analyzed CaOx samples is generally indicative of the
presence of whewellite, the most stable calcium oxalate phase. Conversely, samples KS001,
KS028B, KS036B and KS048 shows a significant low absorbance intensity for these two
bands that would suggest the occurrence of weddellite as dominant mineralogical phase.
Nevertheless, only FTIR measurements could not fully discriminate between these two
biominerals when they occur as mixtures or not in pure form, although a first discrimination
may be provided by an accurate micro-morphological observation of both internal and
external parts of the calculus. The best analytical method to distinguish these oxalates is
doubtless X-ray diffraction (XRD) since it highlights the different crystallographic features
of whewellite (monoclinic, P21/c) and weddellite (tetragonal, I4/m) [39]. However, FTIR
still represents the most common spectroscopic technique used for stone analysis as it
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provides very useful information for clinical purposes by means of a less expensive and
time-consuming approach, and requiring very low amounts of biominerals (<10 mg) [40].
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Figure 1. Micrographs of urinary stones captured in stereomicroscopy: (a) mammillary, dark brown
type Ia calculus (KS049); (b) whitish thin layers of CaOx surrounding a compact concentric, dark
brown core with radiating crystallization (KS004); (c) dark brown, compact unorganized type Ib
calculus (KS021); (d) colorless, spiculated type IIa urolith (KS048); (e) orange/gray uric acid stone
KS035B showing concentric structure (type IIIa); (f) orange uric acid stone fragment (KS003); (g)
rough, brown surface of sample KS008 (carbonated apatite); (h) layers of uric acid and CaOx in
sample KS039; (i) complex external morphology of mixed stone KS007; (j) bipyramidal, colorless
crystals of weddellite in sample KS007; (k) rough and spiculated surface with unorganized internal
section of bladder stone KS032B; (l) ammonium urate layer surrounding a compact core of CaOx
with radiating crystallization in sample KS041.

The color and the inner structure of CaOx stones mainly depends on the kinetics of
crystals growth. A well-organized structure derives from a slow minerogenetic process that
leads to the formation of compact concentric layers and radiating crystallization, during
which pigments from urine can be easily incorporated in the lattice of CaOx biominerals
conferring the typical brownish color of COM (type I) (Figure 1a–c). On the contrary, a
rapid crystallization results in colorless or lighter colored aggregates with unorganized
structures (COD, type II) (Figure 1d).

In type I, whewellite usually shows a mammillary, budding, smooth, or slightly rough
surface, whereas type II urinary stones generally appear with spiculated surfaces with
recognizable bipyramidal crystals of weddellite (or pseudomorphic whewellite (Gibson
1974)). Normally, crystallization of CaOx stones is attributable to hypercalciuria (i.e., COD)
and/or hyperoxaluria (i.e., COM). Rarely, especially due to specific drug intake, an unstable
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calcium oxalate trihydrate (COT, caoxite) has been observed [41,42]. Apart from hyperox-
aluria and hypercalciuria, CaOx stones formation could be due also to hyperparathyroidism
or other metabolic dysfunctions [5].
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Figure 2. Micrographs of urinary stones captured in polarized light microscopy: (a) compact radiating
and concentric internal structure in CaOx kidney stone KS026 subtype Ia (crossed polars, CP);
(b) compact unorganized internal structure of subtype Ib sample (KS014, CP); (c) unorganized
internal structure of CaOx sample KS031; (d) subtype IIb sample (KS013) with residual organic
matter; (e,f) loose concentric layers of carbonated apatite and CaOx in sample KS008 (subtype IVa1),
in plane and crossed polars, respectively.

According to the results summarized in Table 2, most of these samples generally show
the typical surface of type I calculi. As a whole, the color of both surface and internal
structure ranges from pale to dark brown. The ones with a compact unorganized internal
structure and a mammillary/rough surface are classified as subtype Ib (Figure 2b,c). This
category is often considered idiopathic although observed in patients suffering urine stasis,
and are sometimes due to a progressive conversion of COD to COM [6].

Samples KS010, KS026, KS030, KS045, and KS049 are characterized by the occurrence
of frequent umbilications on their mammillary surfaces. This feature, along with a compact
radiating and concentric internal structure, allow classifying them as subtype Ia (Figure 2a),
a category of kidney stones with peculiar minerogenetic mechanisms. In particular, um-
bilication (also known as papillary imprint) consists in a small depression (Figure 3a,b)
representative of the contact with the renal papilla, by means of a calcium phosphate
deposit known as Randall’s plaque [43–47]. Formation of type I calculi is generally related to
dietary habits as, for example, an excessive intake of oxalate-rich foods, low water intake, and
low diuresis. Worth to note is that a low calcium intake could lead to the crystallization of
whewellite aggregates since the in excess oxalate ions can be easier sorbed by the organism.

Morphological features of samples KS004 and KS044 are quite interesting as they
are characterized by thin whitish layers surrounding a brown compact concentric core
(probably a fragment of a subtype Ia). The external whitish layers should be due to the rapid
crystallization of whewellite on the surface of a pre-existing darker fragment.

Euhedral bipyramidal and colorless crystals of weddellite affect the mammillary
surface of sample KS051, which displays a compact radiating and concentric internal
structure, brown in color.
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Figure 3. Secondary electron images of the examined calculi: (a,b) umbilicated surface of sample
KS044 (subtype Ia); (c) prismatic crystals of brushite (subtype IVd) with (d) spheroidal inclusions of
CaP stones in the porous system; (e) weddellite aggregates showing a “desert rose” shape in a mixed
urinary stone (KS041, type VII); (f) distribution of Ca and C in alternated layers of uric acids and
CaOx in sample KS039 (subtype IIIa/Ia).

KS033B shows a compact radiating, concentric structure, locally unorganized with
a smooth budding surface. These features are quite consistent with those of subtype Ie.
This kind of calculus is not frequent but clinically relevant as it can be attributed to enteric
hyperoxaluria or type 2 diabetes. Actually, during the clinical interview patient KS033B
stated to suffer from diabetes mellitus (Table 1).

The absence of specific features (probably lost during surgical extraction) in the re-
maining type I calculi cannot allow a reliable classification, in terms of subtype, of these
CaOx kidney stones.

Type II samples here examined are formed by two bladder and five kidney stones
(Table 2). They are generally recognizable thanks to the speculated external surface, show-
ing light colored or colorless bipyramidal crystals of weddellite (Figure 1d). If these crystals
exhibit sharp angles and edges can be classified as subtype IIa, whereas subtype IIb calculi
are characterized by smooth and long bipyramidal crystals. As aforementioned, COD
crystals form in patients with idiopathic hypercalciuria and negligible or moderate hy-
peroxaluria. Nevertheless, from a mineralogical point of view, weddellite is unstable and
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easily converts, by a partial dehydration, in whewellite [39,48,49]. During this transforma-
tion, whewellite often preserves the initial crystal habit of weddellite (pseudomorphism)
but calcium content increases from ca. 24 wt.% (weddellite) to ca. 27 wt.% (whewellite).
Sample KS013 (Figure 2d) is a typical example of this transformation inasmuch EDS analy-
ses (Table S3) report calcium concentrations ranging between 24.2 and 28.7 wt.% from to
the outer to the inner portion of the kidney stone. Furthermore, crystals on the external
surface appear interested by intense cracking probably due to an initial dehydration stage
of weddellite. Worth to note is also the occurrence of phosphorous (0.26 ± 0.1 wt.%) and
sulfur (0.24 ± 0.1 wt.%) as minor elements, likely deriving from residual organic matter
and crystallization of calcium phosphate.

The dry conditions of the more compact inner parts of the bladder stones, likely
enhance a dehydration of calcium oxalates up to the formation of an anhydrous phase
CaC2O4, stoichiometrically characterized by a calcium content of ca. 31.0 wt.% [11]. This
could be observed, for example, in sample KS028B where ranges from 26.9 to 31.6 wt.%. A
similar result was reported by Mercurio et al. [11] for the innermost part of the bladder stone
KS012Balthough synchrotron X-ray diffraction showed the only presence of whewellite.
Actually, calcium oxalate is a highly hygroscopic substance and its anhydrous form (calcium
oxalate anhydrous, COA) consists of three polymorphs (α-COA, β-COA, γ-COA) obtained
by dehydration of weddellite [50]. Unfortunately, information about framework and poly-
morphism of COA is still controversial but Hocart et al. [51] considered the dehydration
of whewellite essentially topotactic with no significant structural rearrangement for α-
and β- phases. Nevertheless, without conclusive crystallographic evidence, any hypoth-
esis here proposed about the presence and formation mechanisms of COA need further
specific investigations.

As observed for KS013, also KS028B shows traces of phosphorous (0.1 ± 0.04 wt.%)
and sulfur (0.1 ± 0.01 wt.%), along with chloride (0.1 ± 0.07 wt.%). These trace elements
were already observed in human urinary stones in other investigations [52,53].

3.1.2. Uric Acids

Sixteen samples of the examined urinary stones consist of uric acid, mainly coming from
bladder (Table 2). According to the literature, uric acid stones (type III) can be distinguished
in two subtypes: a first one (subtype IIIa) made of anhydrous uric acid (ideal composition
[C5H4N4O3]) and a second one (subtype IIIb) where uric acid dihydrate C5H4N4O3·2H2O
is the predominant biomineral.

In the present investigation, most of the analyzed uric acid stones are classified as
subtype IIIa as characterized by a compact, concentric, and radiating crystallization along
with a smooth surface (Figure 1e). On the other hand, only kidney stones KS009 and KS043
and the bladder stone KS020B display a rough and porous surface, with poorly organized
inner structure, typical of subtype IIIb.

FTIR pattern of uric acid stones is characterized by the occurrence of a dense sequence
of narrowed absorption bands in the spectral range 1800–400 cm−1, the fingerprint region
(Figure 4 and Table S2b) [54]. At higher wavenumbers, it is possible to observe a broader band
between 3300 and 2800 cm−1, from which arise some diagnostic signals at ca. 3088 cm−1,
2995 cm−1, 2917 cm−1, 2792 cm−1, 2690 cm−1, and 2605 cm−1 generally attributable to
N-H stretching vibrations [55,56]. In three samples (KS015, KS037B and KS050B), traces of
organic matter and/or calcium oxalates were also detected (Table S2b).

This type of urolith shows an orange color due to the presence of uricine, a pigment of
urine that can be trapped into the uric acid crystals. The color of uricine is pH-dependent
and can shift from reddish-yellow to green in acidic environment [57]. In uric acid stones
this pigment confers an orange color to the urolith, especially in the more stable mineralogi-
cal phase (uricite) belonging to subtype IIIa (Figure 1f). As already noted for CaOx uroliths,
even uric acids undergo to a spontaneous dehydration process that leads to the stabilization
of the subtype IIIb in the more stable anhydrous phase subtype IIIa, often retaining the
initial IIIb morphology. This phenomenon was clearly observed by Mercurio et al. [11] in
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bladder stone KS022B that shows both the internal concentric structure of subtype IIIa and
the rough and embossed external surface of subtype IIIb.

The uric acid nephrolithiasis is usually attributable to eating and metabolic disorders,
stasis, hyperuricosuria, and low pH urine. Subtype IIIa are typically observed in older
patients affected by prostate hypertrophy whereas diabetes is often one of the common
causes for the formation of subtype IIIb [5].
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Figure 4. Representative FTIR spectra of the examined uroliths: whewellite in sample KS017 (type Ia);
weddellite in bladder stone KS036B (type IIb); uric acid in sample KS009 (type III); carbonated apatite
in sample KS008 (type Iva1); ammonium urate and calcium oxalate in mixed stone KS041 (type VII).
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3.1.3. CaP Stones

Samples KS006B and KS008 are the only two uroliths belonging to the calcium phos-
phate stones (type IV). Mercurio et al. [11] classified KS006B as a subtype IVd since mainly
formed by brushite (ideal composition [CaHPO4·2(H2O)]), along with minor CaOx and CaP
crystals, showing a rough and dappled surface, and a concentric layers structure with radial
crystallization. At SEM, it is clearly observable the tabular shape of brushite crystals and the
occurrence of spheroidal or acicular CaP inclusions mainly located into the porous internal
structure (Figure 3). This kind of calculus is usually considered as idiopathic, although it is
often observed in patients affected by primary hyperparathyroidism and hypercalciuria [5]
and renal phosphate loss [8]. The detection of brushite is meaningful from a clinical point
of view due to the fact that it represents a biomineral very resistant to the fragmentation
by means of extracorporeal shock wave lithotripsy (ESWL) and characterized by a high
recurrent rate [58,59].

KS008 shows a rough brown surfaces and loose concentric layers in the internal
section (Figures 1g and 2e,f). This calculus is the only urinary stone mainly composed by
carbonated apatite layers alternating minor levels of CaOx (subtype IVa1). Carbonated
apatite (ideal composition [Ca10(PO4CO3)6(OH)8]) consists in a hydroxyapatite interested
by variable substitutions of carbonate ion CO3

2− in the place of phosphate ion PO4
3− (B-

type substitution) or, less frequently, OH− group (A-type substitution) [60,61]. According
to the literature [56,62–65], FTIR pattern of the carbonated hydroxyapatite here examined
(Figure 4 and Table S2c) is characterized by a very strong absorption band at ca. 1026 cm−1

representative of the antisymmetric stretching vibration of phosphate ion (ν3 PO4
3−) along

with a shoulder at ca. 962 cm−1 (symmetric stretching ν1PO4
3−), and other narrow and

strong diagnostic bands at ca. 601 and 561 cm−1 generally attributable to the bending
vibrations ν4PO4

3−. The weak bands around 1461 and 1421 cm−1 refer to antisymmetric
stretching vibration of carbonate ion (ν3CO3

2−), whereas the band at ca. 878 cm−1 is
attributable to the out-of-plane bending (ν2CO3

2−). Lastly, a broad band at ca. 3290 cm−1

also occurs.
Mineral composition of the urinary stone belonging to subtype IVa can provide impor-

tant information about etiology. Generally, subtype IVa1 derives from patients affected by
hypercalciuria and/or urinary tract infection (UTI). Nevertheless, further information rises
from the carbonation ratio [CR = (ν3CO3

2−)Abs/(ν3PO4
3−)Abs] [6,40,66]. For example,

a high CR value (generally > 15%) is indicative of a UTI induced by urease-producing
bacteria, especially in presence of struvite (ideal composition [(NH4)MgPO4·6(H2O)]) [67].
On the other hand, lower CR values, in absence of struvite, are usually attributable to
hypercalciuria without urinary tract infections. CaP stone KS008 shows a CR of ca. 5%
combined to the presence of CaOx phases with a Ca content of ca. 26.2 wt.% (Table S3).
Therefore, in absence of struvite or other compounds such as, for example, whitlockite
(ideal composition [Ca9Mg(PO4)6(PO3OH)]), the formation of KS008 calculus is probably
due to hypercalciuria without UTI, as also inferable by the absence of bacteria imprints
that could be observed in SEM for these kind of urinary stones [21,40]. Lastly, EDS anal-
yses show the occurrence in this carbonated apatite of trace elements such as sodium
(0.82 ± 0.16 wt.%), magnesium (0.75 ± 0.17 wt.%), zinc (0.18 ± 0.01 wt.%) and chloride
(0.24 ± 0.10 wt.%). Trace elements can be easily found in CaP as consequence of the sev-
eral isomorphic substitutions characterizing these mineralogical phases [11]. Note that
the undetermined composition of biological apatite is largely discussed in the literature
as nonstoichiometric and with variable Ca:P ratio and carbonate ions contents [68]. In
fact, the above mentioned ideal composition of carbonated (hydroxy)apatite (often called
carbapatite by urologists) is a canonical expression far from the real composition that can
be better represented as Ca10−x+u�x−u(PO4)6−x(CO3)x (OH)2−x+2u�x−2u where 0 < x < 2, 0
< u < x and the squares correspond to vacancies or additional cations and anions [40].
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3.1.4. Mixed Stones

Urinary stones are usually composed by a dominant mineralogical phase along with
additional compounds that occur as minor or trace components. However, if the uroliths
present more than one main mineralogical phase, it can be classified as type VII (miscel-
laneous), where color and morphological features of both surface and internal structure
depend on the its actual chemical and mineralogical composition (Daudon et al. 2016). In
the present investigation, five kidney stones (KS002, KS007, KS039, KS041, KS047) and 1
bladder stone (KS032B) belong to this category.

Samples KS002 and KS039 are both composed by a mixture of uric acid and CaOx
crystals, as demonstrated by FTIR analyses (Figure 4 and Table S2d). Nevertheless, these
samples are quite different from a morphological point of view: the former displays a mam-
millary and rough brown surface with an unorganized internal structure (subtype IIIb/Ia);
the latter are characterized by smooth and mammillary surface with an internal structure
made of alternated orange and concentric layers of uric acids and compact and radiating
brown level of CaOx (subtype IIIa/Ia) (Figures 1h and 3f). This kind of nephrolithiasis
is frequent and severe [69], especially in obese patients affected by hyperoxaluria and
metabolic syndrome. As confirmed by clinical interview (Table 1), both patients KS002 and
KS039 are considered obese since their BMI is over 30 Kg/cm2. Furthermore, patients state
to suffer of dyslipidemia (KS002) and HTN (KS039).

According to FTIR results (Table S2d), KS007, KS032B, and KS047 consist in mixtures of
CaOx and CaP crystals. Surfaces of KS007 and KS047 are mammillary and locally spiculated,
with frequent colorless bipyramidal crystals of weddellite (Figure 1i,j). The section of KS007
is characterized by thin concentric layers surrounding an unorganized nucleus (Figure 2),
whereas KS047 by locally compact concentric layers. On the other hand, sample KS032B
shows a very rough spiculated surface with an unorganized internal section interested by
white CaP thin layers (Figure 1k).

CaOx/CaP association in uroliths is often idiopathic, although some connections with
specific etiologies have been reported [70–74].

Particular attention should be paid to KS041 sample. This urolith is composed by a thin
grayish layer surrounding a brown compact nucleus showing a radiating crystallization
(Figure 1l). As inferred by FTIR analysis (Figure 4 and Table S2d), KS041 is mainly formed by
ammonium urate (ideal composition [NH4C5H3N4O3]) and calcium oxalates. Although similar
to uricite from a spectroscopic point of view, FTIR pattern of ammonium urate displays some
additional diagnostic signals at ca. 1540 cm−1, 1273 cm−1, 1003 cm−1, 768 cm−1, 722 cm−1

and 597 cm−1 [56]. In this sample, ammonium urate (subtype IIIc) envelops a nucleus
consisting in a fragment of a whewellite urolith (subtype Ia) probably caused by a urinary
tract infection. SEM observations clearly show the occurrence of weddellite aggregates
with a “desert rose” shape (Figure 3e). Usually, this nephrolithiasis occurs in urines with
high pH values after their therapeutic alkalinization [5,6].

3.2. Distribution and Risk Factors

One of the most recent epidemiological investigations on stone disease across the
world was reported by Sorokin et al. [75] in 2017. The authors stated that the prevalence of
urolithiasis ranges from 1% to 5% in Asia, 7% to 13% in North America, and 5% to 9% in
Europe, with a rising incidence from the 2007 [76] to the 2017 followed by a narrowing of the
sex gap. Nevertheless, epidemiology of urolithiasis can vary significantly within the single
countries [77]. For example, in USA the prevalence gradually increased (3.8% between 1976
and 1980, 5.2% between 1988 and 1994, and 8.8% between 2007 and 2010) [78,79]. In great
continents such as Asia the prevalence of urolithiasis can significantly change: from 1% in
Iraq [80] up to 19.1% in Saudi Arabia [81].

The prevalence of urolithiasis in Italy also increased in the last decades (ca. 1.17% in
1983 and 1.72% in 1993–1994) [75]. Unfortunately, as far as we know, there are not recent
epidemiological studies about stone disease that completely cover the Italian territory.
Nevertheless, Prezioso et al. [3] carried out in 2014 an accurate statistical investigation on
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a population of 900,994 patients living in all Italian regions before 31 December 2012, in
which data were collected on the Health Search/CSD Longitudinal Patient Database (HS)
used by Italian Society of General Medicine (SIMG). The authors noticed a prevalence of
ca. 4.13%, higher in males than in females. These values can vary significantly between
regions. In this frame, Campania region showed the highest value (ca. 6.08%).

Other investigations give further information about the prevalence of urolithiasis
within provinces and single cities. For example, Trinchieri et al. [3] observed, for patients
older than 25 years from Milan (Lombardy, northern Italy), a prevalence of ca. 5.6% in 1986 and
9.0% in 1998. As noticed by a significant statistical investigation carried out by Croppi et al. [2]
on selected Caucasian adult subjects during January–May 2011, the prevalence of this
disease in Florence (Tuscany, central Italy) was ca. 7.5%. These values are quite consistent
with the epistemological data reported in the guideline on urinary stones edited by the
Association of Italian Urologists [82] (and references therein) where an incidence of ca.
100,000 new cases each year has been observed.

Urolithiasis often represents an important cause of admission in Italian emergency
departments, although a significant reduction in the number of admitted patients was
attested after the national lockdown at the beginning of March 2020, especially for those
cities, such as Rome, where hospitals were mainly devoted to the management of COVID-
19 pandemic [1]. The same occurred for the Department of Urology of the San Pio Hospital
(Benevento, Italy). Therefore, most of the uroliths here examined were collected before the
national lockdown. Actually, during COVID-19 pandemic a very little number of samples
was extracted from patients admitted for a real emergency related to stone disease, often
interesting the bladder. In fact, the European Association of Urology considered bladder
stones responsible for ca. 8% of urolithiasis-related mortalities in developed nations [32].

The results of the present study just enable a first and preliminary comparison (Table 3)
between the frequency distribution of the mineralogical composition of uroliths from the
Campanian region with other investigations across the world. However, it is a matter
of fact that the analysis of 49 urinary stones cannot provide a reliable and exhaustive
representation of urolithiasis in a complex and multifactorial territory such as the Campania
region, especially when compared to a high variable number of samples such as those
reported in the considered case studies (from 25 samples for Iraq [17] to 27,980 samples for
France [83]).

Nevertheless, the results of the present study just allow a first and preliminary com-
parison (Table 3) between the frequency distribution of the mineralogical composition of
uroliths from Campanian region with other investigations across the world. First of all,
except for southern Iran [19] and Japan [84,85], oxalate represents the main mineralogical
phase of the human uroliths and the percentage of oxalates in Campanian region (ca. 51%) is
quite comparable to those of Basilicata region [12] and other Mediterranean countries such
as France [83], Spain [86], Jordan [16] and Algeria [56]. However, the higher percentages
were found for northern Iran [87], China [88,89] and Democratic Republic of Congo [90–92].
Furthermore, Campania and Basilicata regions display the lowest percentage of phosphate
stones (4–5%) along with Iran and Jordan, whereas it is significantly higher for other coun-
tries such as Iraq [17] and Japan [85]. Nevertheless, the frequency of purines in Campanian
region is the highest ever observed (ca. 33%) (Table 3).

Prevalence and incidence of urolithiasis, as well as compositional frequency distribu-
tion of uroliths can be discussed as a function of both dietary (fluid and food intakes) and
non-dietary (age, sex, climate, environment, etc.) factors.

3.2.1. Demographics and Environment

Urolithiasis is doubtless a multifactorial process, but there is a clear age and sex
dependence on the urinary stone formation and composition of these pathological biomin-
erals [18]. Although stone disease is not exclusive in adults [93,94], lifetime prevalence
generally increases with age, following a rise-to-fall pattern indicating a decreasing inci-
dence for older patients as a result of preventive measures [75,95]. In our investigation, the
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highest prevalence was observed for patients over 50 years (ca. 84%), displaying the same
frequency of oxalates and uric acids, along with phosphates and most of the mixed stones
(Table 3). In younger individuals (24–50 years old), uroliths were quite completely made of
calcium oxalate. This distribution is well consistent with the national trend [82].

Table 3. Frequency of the compositional distribution of urinary stones in patients from the Campanian
region compared to literature data. Sex ratios (male-to-female) have also been reported. Note: Ox.,
oxalate stones; Ph., phosphate stones; Pur., purine stones; §, present study.

n. Country/Locality Year N. of Stones Ox. (%) Ph. (%) Pur. (%) Others (%) Sex Ratio Ref.

1 Italy, Campania 2018–2019 49 51.0 4.1 32.6 12.2 6.00 §
2 Italy, Basilicata 2007–2008 80 59.0 5.0 18.0 18.0 1.27 [12]
3 France 1976–2001 27,980 65.2 18.3 9.4 7.1 2.28 [83]
4 Spain, Balearic Islands - 700 63.1 11.8 8.2 16.9 - [86]
5 Iran, Fars 2013 83 30.8 5.1 30.8 33.3 2.19 [19]
6 Iran, Ardabil 2001–2006 1268 80.3 0.4 18.6 0.7 2.66 [87]
7 Iraq 1997 25 46.1 38.4 15.4 - 4.00 [17]
8 China 2003–2012 12,846 78.3 18.0 3.6 0.2 - [89]
9 Japan 2005 11,650 43.8 49.2 3.8 3.1 - [85]

10 Jordan, Irbid City 2004–2005 135 60.0 - 6.7 33.3 1.04 [16]
11 Russia 1980–2008 750 66.0 20.8 10.5 2.7 1.90 [96]

12 Democratic Republic of
Congo 2010–2018 62 72.7 13.6 12.9 0.8 1.41 [90]

13 Algeria, El Bayadh
district - - 58.1 25.8 12.9 3.2 - [56]

14 Korea 2009 - - - - - 1.80 [97]
15 Italy, Milan 1986; 1998 - - - - - 1.40; 1.74 [4]

According to the literature [75], the sex ratio (male-to-female) across the world (Table 3)
generally ranges between 1.5 and 2.5, with some peculiar exceptions such as, for example,
Jordan (ca. 1.04) and Iraq (ca. 4.0) [16,17]. This range is quite consistent with the prevalence
of urolithiasis in Italy [3], although local sex disparities can be observed [2–4,12]. In our
research, the sex ratio (ca. 6.0) also suggests a clear male predominance, especially for
older patients (>50 years old). Nevertheless, it must be considered that this ratio was
influenced by the high number of bladder stones collected (ca. 33%), usually observed in
European men (sex ratio 10:1) [32] and normally extracted surgically after proper admission
in urological departments.

Non-dietary factors such as for example climate and exposure to a polluted environ-
ment can be responsible for the prevalence, incidence, and recurrence of stone disease.
Climate-related urolithiasis is well documented [98]. Stone formation is often favored in
countries or regions characterized by warm or hot climates. For example, urolithiasis in Italy
is more evident in southern regions as a consequence of the exposure of stone formers
to warm and dried summers typical of the Mediterranean area [3]. In fact, the patients
from San Pio Hospital stated in the clinical interviews that suffering from stone disease,
mainly during the summer in the Benevento area, has been characterized in the last years
by an average temperature never below 22 ◦C (diurnal temperature range up to 12 ◦C)
and precipitation between 0 and 4 mm/month [99]. The occupation of patients can em-
phasize the exposure of the individuals to hot and/or polluted environments. About 26%
of the patients from San Pio Hospital stated to have a job with heat exposure (e.g., farm-
ers, bricklayers, cooks, etc.), leading to dehydration conditions. The exposure could also
interest polluted environments or workplaces with consequent adsorption of undesired
substances. In fact, a recent investigation [11] demonstrates the occurrence in the bladder
stones KS006B, KS011B, KS012B, KS020B, KS022B, and KS023B of undesired and dangerous
elements such as Hg, Pb, As, Cd, Cu, and Cr that, along with other trace elements, can act
as promoters of stone formation or lead to more severe health consequences [53,100–102].

3.2.2. Comorbidities, Lifestyle, and Dietary Habits

Overweight and obesity play a fundamental role in stone formation, facilitating cal-
cium excretion, the main promoter element of urolithiasis [102,103] responsible for the
formation of Ca stones (both oxalates and phosphates) as predominant or minor mineralog-
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ical phases (Table 2). According to the World Health Organization, ca. 63% of the patients in
the present investigation were considered overweight (55%) or obese (8%) as they presented
a body mass index (BMI) equal to or greater than 25 Kg/cm2. The remaining patients were
normal (33%, 18.5 Kg/cm2 ≤ BMI ≤ 24.9 Kg/cm2) or rarely underweight (4%, BMI < 18.5
Kg/cm2) (Table 1).

Patients suffering from diabetes were about 20% and are mainly overweight and uric
acid formers. This metabolic disorder represents an important risk factor in stone disease
and is mainly related to the formation of uric acids due to the lower pH of urine as a
consequence of insulin resistance [75,78]. Uric acid is also associated with eating and/or
metabolic disorder. In fact, being mainly composed of uric acids, bladder stone formation
in older men from the Campanian region could be related to an incorrect lifestyle and
dietary habits.

A similar percentage of patients also stated to suffer from HTN, which is considered
a risk factor as well [78,104]; nevertheless, no clear correlation has been observed as a
function of the mineralogical composition of uroliths.

Benign prostatic hypertrophy and bladder cancer significantly engrave on secondary
bladder stone formation since they cause obstruction of the lower urinary tract and con-
sequently prolonged stasis of urines in the bladder. However, only 8% of the patients
declared to suffer from one of these conditions (Table 1).

Arteriosclerotic heart disease was another comorbidity noticed by clinical interviews
(ca. 8%) (Table 1). According to Reiner et al. [105], arteriosclerosis could share several risk
factors with nephrolithiasis, whereas Luo et al. [106] consider urolithiasis as a potential
risk factor for atherosclerosis. Additional diseases declared during clinical interviews are
reported in Table 1.

Apart from risk factors related to inheritance and genetics, often responsible for
common idiopathic calcium oxalate stone formation [75], some risk factors could be avoided
by pursuing a correct lifestyle and dietary habits [107].

For example, arterial HTN and obesity can be contrasted by regular physical activity
and consumption of a dietary approach to stop HTN (DASH-style diet) [108]. However,
only 10% of the patients stated during the clinical interview that to have regular physical ac-
tivity. Furthermore, about half of the patients are retired, have a desk job, or are housewives
(Table 1). Epidemiological questionnaires also reported a constant consumption of alcohol
by most of the patients along with the consumption of protein- and oxalates-rich foods
(such as for example coffee, cocoa, dried fruit, meat, eggs, cheese, etc.) that normally cause
a supersaturation of urines and consequent pathological biomineralization in the urinary
tract (especially in the bladder) in the form of uricite (type III) and whewellite/weddellite
(types I and II). Drinking water quality also plays an important role in urolithiasis, es-
pecially when characterized by a high calcium content or generally high total dissolved
solids (TDS). The most important aquifers in continental Southern Italy (including the
Campanian region) are hosted by meso-Cenozoic carbonate platform complexes [109].
Therefore, hydrogeological resources provided by these aquifers and distributed as tap
water are normally characterized by significant amounts of calcium or other ions that
usually promote urolithiasis. For this reason, most stone formers are wary of consuming
tap water, preferring to drink bottled water (often with the same or worse physicochemical
parameters). In fact, only four patients from San Pio Hospital stated to drink exclusively
tap water. The mistrust about the quality of tap water is often unfounded since urolithiasis
can usually be due to a not regular fluid intake and proper diuresis [110].

4. Conclusions

The importance of a proper compositional and morphological analysis of stones
coming from human pathological biomineralization is strongly highlighted in several inter-
national guidelines and scientific papers concerning the treatment of urolithiasis [31–33].
For example, Pearle et al. [31] clearly stated, as a clinical principle, that “When a stone is
available, clinicians should obtain a stone analysis at least once” and “Clinicians should obtain
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a repeat stone analysis, when available, especially in patients not responding to treatment”. In
fact, knowledge of stone composition may directly help preventive measures and plan
proper therapeutical approaches, providing a valuable contribution to the management of
pathological biomineralization at a regional scale.

This investigation demonstrates how a methodological approach based on the use of
conventional analytical techniques may lead to a complete morpho-constitutional classifi-
cation of these biominerals, providing important information on the main etiopathogenetic
mechanisms. Furthermore, this approach allows a reliable selection of samples for a compre-
hensive mineralogical characterization essential to understand environmental implications
on human health and, consequently, for biomonitoring purposes [11].

The results of the present research highlighted a lack of epidemiological studies con-
cerning stone disease in Italy at a regional or national scale [1,3]. Although our contribution
cannot provide a reliable overview of urolithiasis of the Campania region, it is doubtless
an interesting focus on the mineralogical composition of uroliths extracted from patients
affected by severe pathological biomineralization requiring surgical treatment.

In particular, the mineralogical frequency distribution of uroliths from the Campania
region can be discussed as a function of dietary, socio-demographic, and environmental
risk factors. Whewellite [CaC2O4·H2O] and weddellite [CaC2O4·(2+x)H2O], along with
calcium oxalate anhydrous form, represent the main mineralogical phases forming the
biominerals examined here. It is worth noting that the fraction of oxalates in the Campania
region (ca. 51%) is quite comparable to those of other Mediterranean areas. Frequent
uricite [C5H4N4O3] (ca. 33%), mainly observed in bladder stones of older male patients,
could be related to incorrect lifestyle and dietary habits or implicating specific metabolic or
genetic abnormalities.

All the issues raised from this contribution should lead to a greater awareness of the
importance of knowing compositional and morphological features of pathological biominer-
als for the correct management of urolithiasis, adopting the mineralogical characterization
of uroliths as a routine involving expertise apparently far from medical professionals. This
research activity also encourages collecting data for the future development of specific tools
(e.g., geographic information systems) in open access for scientists and public institutions.

Finally, one of the challenges that could affect the future of this research concerns a
possible application in the engineering field. In fact, through the use of an FTIR spectral
database, an attempt could be made to support an in vivo analysis system using optical
fibers. All this could improve some surgical techniques (for example, laser lithotripsy) as
the preliminary knowledge of the mineralogical composition of the urinary calculus would
facilitate the operator in the instrument setting procedures.

Supplementary Materials: The following supporting information can be downloaded at: https:
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