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Abstract The outcomes from the feasibility study on
utilization of synchrotron radiation X-ray microtomogra-
phy (SR-uCT) to investigate the texture and the quantita-
tive mineralogical composition of selected calcium
oxalate-based urinary calculi fragments are presented. The
comparison of the results obtained by SR-puCT analysis
with those derived from current standard analytical
approaches is provided. SR-uCT is proved as a potential
effective technique for determination of texture, 3D
microstructure, and composition of kidney stones.
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Introduction

Among all types of urinary calculi that are affecting the
populations of industrialized countries, the frequency of
calcium stone is 70-80% [1]. The primary component of
70-80% of calcium stones in the US is the calcium oxalate
[2, 3].

The susceptibility of the calcium oxalate stones to the
shock wave (SW) lithotripsy [4], which is one of the
methods of nephrolithiasis therapy, is varying dramatically
depending on their fragility. Some homogenous and com-
pact calculi being very resistant, and others, with hetero-
geneous and less compact structure are quite fragile [5].
Modeling and optimization of SW lithotripsy need the
knowledge of treated stones mineral composition and
structure [6]. The study of urolithiasis requires not only
identification of constituents and minerals, but also
knowledge about their internal texture and structure. Cur-
rent methods of chemical analysis (AAS, ICP-OES, ICP-
MS), which are based on determination of analytes after
sample dissolution [7], provide only information on bulk
composition of uroliths. It was already found at initial
mineralogical studies of urolith thin sections by means of
optical microscopy in polarized light that uroliths exhibit
distinct concentric texture, which indicates dynamics of
urolith evolution. Concentric texture is manifested by
zonation of mineralogical composition and amorphous
constituents as well as by mineral grains size and degree of
perfection of their crystallographic arrangement [8]. Recent
studies underlined the necessity to perform analysis of
urinary calculi at the mesoscopic scale. Close relationship
between the stone morphology and crystallite organization
at the mesoscopic level and the effectiveness of extracor-
poreal SW lithotripsy was shown, e.g., in [9]. Another
study [10] using SEM confirmed a crystalline structure in
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the primary hyperoxaluria type 1 stone that was distinct
from that of the common type of whewellite stone. Routine
X-ray examination of patients made it also possible to
distinguish the urinary calculi zonation to some extent [11].
Computed tomography (CT) was employed for determi-
nation of location, size and shape of uroliths [12, 13], and
micro CT (uCT) was proved useful for urolith structure
imaging and determination of its composition [14]. Spiral
CT was demonstrated to be an efficient tool for detection of
uroliths of the size down to 1 mm [15, 16]. Dual-energy
multidetector computed tomography was used for the study
of composition [17-20] and surface area [21] of uroliths.

In this work, synchrotron radiation microtomography
(SR-uCT) was investigated as a potential effective tech-
nique for the determination of texture, microstructure, and
mineralogical composition of kidney stones. Even if this
technique most probably can be hardly applied for analysis
of the human kidney stones in routine basis, it can give
valuable information, e.g., for rare, special or abnormal
samples before the routine analysis. Non-destructive
mapping of the urinary stones’ inner structure together with
the possibility of mineral composition identification based
not only on X-ray attenuation values, but also using the
contrast due to the phase modulation allow selecting the
proper cross-sections of interests across the samples, where
further analysis using the more routine approaches can be
realized. Similar methodology was recently successfully
applied for another bio-minerals, e.g., to visualize at three-
dimensional (3D) level, microvascular networks for the
first time with no need for contrast agents, and to extract
quantitative structural data in a bone-engineered construct
implanted for 24 weeks in a mouse [22]. When compared
to standard histology, pseudo-holotomography allowed a
previously unavailable 3D resolution of the vessels, which
in turn appeared more clearly visible.

Going back to urinary calculi samples, the non-
destructive high-resolution visualization of the sample
volume is important also for the development and suc-
cessful utilization of analytical methods that can measure
elements’ concentration at appropriate spatial resolution,
similar to the urinary calculi bio-mineral structures, as
e.g., laser-induced breakdown spectroscopy (LIBS) [23,
24] and laser-ablation inductively coupled mass spec-
trometry/optical emission spectrometry LA-ICP-MS/OES
[25, 26]. In order to apply these techniques effectively, it is
advantageous to know the structure of the entire investi-
gated sample before the LIBS or LA-ICP-MS/OES analysis
and/or to investigate the parameters of the laser-ablation
crater or laser-ablation pattern after the chemical compo-
sition mapping [27].

The SR-pCT experiments were performed at the SYR-
MEP beamline of the Elettra Synchrotron Light Laboratory
in Trieste (Italy). Thanks to the SYRMEP station features

@ Springer

such as the energy range available, the small angular
source size and the large section of the X-ray beam it is
possible to obtain not only a high spatial resolution on
macroscopic samples, but also to exploit the transverse
coherence properties of the X-ray beam [28, 29]. In par-
ticular, SR-UCT measurements in parallel beam geometry
allow reconstructing different regions of large-scale objects
(centimeter sized) at high spatial resolution (of the order of
a few microns) and with beam artifacts strongly reduced
with respect to the use of polychromatic conventional
sources [30]. Moreover, using phase-contrast pCT also
very small variations in density and chemical composition
could be visualized within a given sample, and then dif-
ferent minerals could be imaged in the sample matrix, due
to a contrast enhancement at the boundary between the
different mineral phases. This will allow not only distin-
guishing the areas with different chemical composition
within the same sample but also a non-destructive locali-
zation of distinct concentric texture inside the stone.

Materials and methods
Sample characterization

Overall mineralogical composition of selected fragments of
calcium oxalate-based urinary calculi was determined by
means of: (1) optical microscopy both in plane polarized
light and by crossed nicols; (2) infrared spectroscopy
(IRS); (3) scanning electron microscopy (SEM) and (4)
elemental analysis by ICP-MS.

For three selected concentric urinary calculi (Fig. 1),
common basic structure is observed, which consists of a
markedly crystalline surface crust flanking a central part.
Urinary stone fragments with central part having a different
texture, ranging from the more compact (sample 10371,
Fig. la) up to rather heterogeneous (sample 11847,
Fig. 1c) were selected. In the samples the following min-
erals were determined: Ca-oxalates (whewellite and wed-
dellite) and apatite.

Sample no. 10371 (Table 1) is an oval urinary calculus
of brownish white color with fine-grained surface. Cross-
section comprises homogenous structure with visible
zonation. The nucleus is in the geometric center of the
stone and consists of whewellite. The sample contains
whewellite and on the surface traces of weddellite (less
than 5%).

Sample no. 11727 (Table 1) is an oval urinary calculus
of beige color with mulberry surface. On the surface is
whewellite, covered with apatite. Cross-section shows
concentric layers of whewellite with gaps in several places.
There is no clearly evident nucleus. Sample contains
whewellite with traces of apatite.
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Fig. 1 The analyzed urinary calculi fragments no.: a 10371, b 11727 and ¢ 11847. The bars have a length of 2 mm

Table 1 Data of patients and the analyzed urinary calculi [31]

Sample no. Patient’s sex Birth year Surgery year Diagnose RTG contrast Localization Side Origin
10371 Female 1959 2005 N20.0 Yes Calyx Right Surgical
11727 Female 1954 2007 N20.0 Yes Pelvis Left Surgical
11847 Male 1951 2007 N20.0 Yes Calyx Right Surgical

Sample no. 11847 (Table 1) is a crystalline urinary
calculus of caramel brown color with rough porous surface
indistinctly granular with coarse crystalline incremental
zone constituted by oxalate crystals in the surface crust.
Central crystalline part comprises oxalates with apatite.
Sample contains in average 45% of whewellite, 20% of
weddellite, and 35% of apatite.

SR-uCT of the investigated samples

The SR-puCT measurements on urolith samples were per-
formed at the SYRMEP beamline of Elettra. The X-ray
source is a bending magnet and the beamline provides, at a
distance of about 23 m from the source, a monochromatic,
laminar-section X-ray beam with a maximum area of about
160 x 5 mm? at 20 keV. The monochromator is based on
a double Si(111) crystal system working in Bragg config-
uration that can be tuned in an energy range of 8.3-35 keV
with an energy-resolving power of about 107>,

Due to the small angular source size and the simple
design of the beamline, the X-ray beam in the experimental
hutch is characterized by a good level of spatial coherence
(transversal coherence length of about 10 um at 15 keV)
allowing to perform phase-contrast imaging using simple
free space propagation [32]. Phase-contrast imaging
enhances the visibility of objects modifying the local phase
of the transmitted X-ray beam (for instance inclusions,
pores, interfaces between regions with different mass

density) and this contrast can be revealed simply varying
the sample-to-detector distance.

For SR-uCT experiments the samples have been
mounted on a high-resolution rotation stage and illumi-
nated with a monochromatic radiation. A water cooled
Photonics Science Hystar 16-bit CCD camera was used as
detector. The camera head consists of a high-resolution
2048 x 2048 pixels, full frame CCD imager, which is
directly bonded to a tapered fiber optic. Two different
detector configurations were used in our experiments. In
configuration (A) samples were imaged using a 14 um
pixel size with an active input area of 28 x 28 mm imaged
on the sensor; in configuration (B) an effective pixel size of
3.85 um was employed corresponding to a field of view of
8 x 8 mm.

Images have been recorded with the CCD camera
located at a distance d of 50 cm from the sample. The
sample-to-detector distance was chosen in order to work in
the edge-detection regime for phase-contrast pCT [32].

For each tomographic scan 1,440 projections of the
sample were acquired for equally spaced rotation angles
over a total rotation of 180°; the tomographic scans lasted
from 1 h to a maximum of 5 h depending on the ring
current, sample absorption, and pixel size of the detector.
The measurement parameters were previously optimized
by imaging several samples under different conditions.

After data acquisition, the SYRMEP Tomo Project
software code based on the filtered back-projection
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algorithm [33] and custom-implemented at Elettra by
F. Montanari [34], was used to reconstruct the 3D images
of the sample by series of 2D slices. The resulting 3D
digital volumes were rendered using the commercial
software VGStudio MAX 2.0.

Principle of assignment of image structure to particular
minerals: interpretation of reconstructed SR-pCT slices

The starting point for interpretation of SR-uCT slices of
urinary calculi is given by information on mass density
values of minerals and other constituents. Besides, mor-
phology of grains, habitus of mineral crystals and overall
mineralogical composition of concrements are indispens-
able for proper assignment of particular zones in SR-uCT
slices to corresponding structures in a urinary calculus. The
chemical formulas, mass density values and crystalline
systems of minerals contained in investigated samples are
presented in Table 2.

In fact, in the slices reconstructed from SR-uCT
experiments the gray level values are inversely propor-
tional to the mass density values of irradiated matter. The
mass density value of a particular mineral is employed for
defining its corresponding area of occurrence in the
SR-UCT slices according to brightness of a relevant image
pixel. Consequently, particular minerals manifest them-
selves in a slice as areas characterized by various gray
levels. A particular gray level is given by an interval of
intensity values of pixels (or voxels).

The simplest and fastest way to reveal some information
about the texture of the sample in the investigated slice is
to use lookup-tables in order to emphasize the differences
between crystals (“Sample 11847”). However, it should be
noted that the use of lookup tables is always sample
specific. They can give some fast and preliminary infor-
mation for some kind of samples or, e.g., a specific type of
texture present. In general, they cannot be used for quan-
titative analysis. Here the slices in different lookup-tables
were created using the ImageJ software [35].

Table 2 Description of minerals present in the investigated samples

Mineral Formula Mass Form

density

[gcm™’]
Whewellite CaC,04-H,O 2.23 Monoclinic crystals.
Weddellite CaC,042H,0 1.94 Tetragonal pyramids.
Apatite Cas(P0O4,CO3)3(OH) 3.04 Carbonate-

hydroxylapatite,
hexagonal, prismatic
crystals.
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As shown in Table 1, the whewellite and weddellite
minerals have a very close mass density and chemical
composition. So the differences in the gray levels related to
these materials are very small giving a weak contrast in the
LCT images acquired in absorption mode. This can also be
verified calculating the mass attenuation coefficients u/p of
the two minerals. These parameters calculated by WinX-
Com software [36-38] for energy 28 keV (utilized for most
of the measurements) are 1.51 and 1.64 cm® g=' for
weddellite (WD) and whewellite (WH), respectively. Using
the tabulated mass density values for these two crystals
(Table 2) the difference in linear attenuation coeffcients
Apwa.wp = 0.73 cm™ ! was calculated. It means that, e.g.,
considering features with a thickness s = 100 um, parallel
to the beam direction, the relative difference due the
absorption [39] (Al/l),,s for weddellite and whewellite is
equal to 0.008. This value is less than the minimum
detectable contrast for absorption (& 1%). On contrary, the
calculated phase modulation is A® = 0.1 rad that corre-
sponds to the contrast of 10%, which is twice larger than
the typical minimum detectable contrast due the phase
modulation (x5%). As a consequence, in order to get a
reliable contrast for these two components and also to
visualize further features inside the sample (e.g., the annual
ring structure, “Sample 10371”), the measurements were
accomplished in an edge-detection regime for phase-con-
trast pCT. This was realized by optimizing experimentally
the sample-to-detector distance t0 dgympie-ccp = 50 cm.

For quantitative analysis, i.e., to evaluate the mineral-
ogical composition of the stones, image segmentation
should be applied. The 3D distribution of weddellite,
apatite, and whewellite in the whole investigated urinary
calculi fragment obtained by SR-UCT quantitative image
analysis is shown in “SR-uCT quantitative image analy-
sis”. The quantitative analysis has been performed using
the Pore3D software library [40] developed by the SYR-
MERP group at Elettra. The first and most tricky step of the
analysis process consists in the segmentation of the images,
i.e., the definition of areas representing each mineral con-
stituent (whewellite, weddellite, and apatite). In the present
paper, the segmentation has been performed by first
applying a manual threshold in order to separate the
background from the sample and then using the automatic
k-means clustering [41] method for the identification of
each mineral constituent.

After segmentation, the assessment of the mass per-
centage of the different minerals present in the urinary
calculi comes straightforward by simply counting the
number of voxels belonging to each identified cluster with
respect to the total number of voxels (excluding back-
ground voxels). These latter values should be finally nor-
malized taking into account the mass density values in
order to have mass the percentage measures.
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Results and discussion

The employed SR-UCT technique provides information on
spatial distribution of minerals within the volume of uri-
nary calculi. Thus, obtained finding makes it possible to
analyze initiation of a calculi core formation and a mineral
and structural development of the stone in time.

Texture of urinary calculi samples

The texture of the investigated samples (10371, 11727,
and 11684) described in “Sample characterization” was
obtained non-destructively from the reconstructed SR-uCT
slices.

Sample 10371

The investigated specimen is a fragment of a bigger piece
which was disintegrated in vivo and then cut in three pieces
in vitro. Before the analysis the samples were embedded in

Fig. 2 SR-puCT axial slice of
urinary calculi fragment 10371
together with the 3D rendering
of the investigated part of the
sample, created using 320 axial
slices. Arrows show some
visible annual rings. The ring
structure should not be confused
with the ring artifact present
slightly in the bottom right part
of the slice. Around the sample
the structure of packing
material, the Parafilm®
embedding the sample is
visible. The bar has a length of
1 mm

Fig. 3 SR-puCT axial slice of
the sample 11727 together with
the 3D rendering of the
investigated part of this urinary
calculi fragment. In the slice the
structure of packing material,
the Parafilm® embedding the
sample is slightly visible. The
bar has a length of 1 mm

Parafilm®. In the SR-uCT slice presented in Fig. 2 of this
homogenous urinary calculus a pure whewellite structure is
visible.

The visible, concentric, shell-like texture with radial
pattern (annual rings) is typical of whewellite in the urinary
stones. The layers are formed by plate like-crystals with
organic matrix between layers (darker zones in the slice).
These layers are more clearly visible on the 3D rendering
of the investigated area of the sample.

Sample 11727

This porous spall is crystallic at the surface and exhibits
distinctly concentric structure. This type of urinary calculus
appears frequently in detritus resulting from breaking of
uroliths in vivo. The axial SR-pCT slice in Fig. 3 shows
whewellite layers, with mammillary texture. The hiatus
between layers contains dry organic material and minute
crystals. The concentric structures can be located also on
the 3D rendering of this urinary calculus (Fig. 3).
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Fig. 4 Axial SR-uCT slices of sample 11847 above the contact of the
base of the subsurface crystal layer with the central part of the urinary
calculus: a and b show, respectively, a raw and b the corresponding
colored slice; ¢ upper image: detail of another SR-UCT slice shown in
“spectrum” lookup table in order to visualize the secondarily formed

Sample 11847

This sample, due to its structure in which all minerals
typical for calcium oxalate-based urinary calculus are
present, was investigated in more details. It was measured
twice by SR-UCT technique. The results of SR-pCT were
compared with the outcomes of standard approaches.

Cross-sections perpendicular to crystal growth direc-
tion The axial SR-pCT slices of this urinary calculus
(Fig. 4a) show a porous irregular texture. Cross-sections of
weddellite bipyramids dominate. These Cross-sections are
more granular in the center than near the surface of the
sample (lower part of Fig. 4a). This is caused by the higher
level of dehydration in the central parts of the urinary
calculus and by transformation of weddellite into whe-
wellite. White areas represent the occurrence of apatite.
Due to high contrast, apatite (light green color) is also
evident in the Fig. 4b), where the lookup table “red-green”
was selected. It is deposited irregularly; either it fills the
pores among oxalates, or forms layers. It should be noted
that using this lookup table we cannot distinguish between
weddellite and whewellite in the sample.

The new, i.e., secondarily formed crystals of whewellite
from weddellite are emphasized in Fig. 4c). In the
SR-uCT slice detail shown in “spectrum” lookup table
blue represents the rest of weddellite and greenish-blue
the formed whewellite crystals. This typically idiomorphic
irregular weddellite crystal texture with different gradual
stages of transformation into whewellite [42] is also
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whewellite crystals (greenish-blue color B) together with the rest of
weddellite crystals (blue A), in comparison with the PM image of a
weddellitte crystal (A) with a new whewellite crystal (B) in the middle
(lower image). The interferential colors of weddellite (A) are more
flaring then those of whewellite (B). The bars have a length of 1 mm

visible on the polarizing microscopy (PM) image of the
same structure in the sample. This figure shows a wed-
dellite crystal with a new whewellite crystal in the
middle.

Cross-sections parallel to crystal growth direction The
features of texture observable on SR-UCT slices obtained
from sample embedded in resin are compared to the images
of nearby cross-sections acquired by PM and by SEM.

In the details of SR-pCT slice, SEM and PM images
(Fig. 5) the appropriate visualizations of weddellite crys-
tals (A), secondary whewellite crystals (B) and fine-grained
textures of apatite (C) are shown. The mosaic texture of
whewellite crystals originated from weddellite and the rest
of weddellite on the tip of dendrite are clearly visible in all
three images. Fine-grained texture of apatite is shown by
white color for SR-uCT and SEM images. On PM images
obtained by the crossed nicols the fine grained apatite is
black.

SR-uCT quantitative image analysis

The quantitative analysis of the digital volumes of sample
11847 (Fig. 6) has been carried out on the whole recon-
structed volume as well as on two cropped volumes of
about 2.5 mm® in order to consider volumes similar to
those considered by the infrared analysis (IRS).

Table 3 reports the computed values for the sample
11847. It must be underlined that the computed values are
strongly related to the segmentation step and slightly to the
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Fig. 5 Comparison of texture details on a SR-pCT slice, b SEM and ¢ PM images. A weddellite crystals, B secondary whewellite crystals and

C fine grained textures of apatite. The bar has a length of 0.5 mm

Fig. 6 The outcomes from 3D quantitative analysis for the investigated
11847 urinary calculi fragment. a 3D rendering of the measured part of
the sample together with b a crop 451 x 732 x 182 pixels of the

volume considered. While in the present paper an auto-
matic segmentation procedure was preferred, a manual
segmentation (for instance segmentation by thresholding

sample shown in grayscale and using virtual colors, respectively; ¢ 3D
rendering showing the segmentation of 20 slices with the three different
components: whewellite (red), weddellite (yellow) and apatite (blue)

with user-supervised thresholds) may be applied resulting

in slightly different results. It should be also noted that the
precision of IRS analysis is £10%.
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Table 3 Computed values of minerals present in the investigated
sample

11847 Crop_1 Crop_2  Whole stack  IRS results
Whewellite (%) 15.9 15.2 14.9 20
Weddellite (%) 50.5 51.1 52.7 45
Apatite (%) 33.6 33.7 324 35

The results obtained from the IRS analysis are shown for comparison

Nucleus
of the
stone

Fig. 7 Determination of the urinary calculi nucleus from segmented
volume of the measured calculi fragment

Apart from the quantification of components, the seg-
mented 3D sections also allow to derive further informa-
tion about the sample microstructure. As an example the
localization of the stone nucleus is shown in Fig. 7.

The nucleus of the stone is lying out of the section
measured by SR-UCT. The radial coarse-grained texture
produced by bipyramidal crystals of weddellite is the main
characteristic of this sample. The apatite (white), which is
often accompanied by layers of whewellite, is arranged by
continuous layers or it coats weddellite bipyramids and fills
up the pores among the weddellite crystals. The layers of
apatite are concentric and correspond with the change in
the condition of crystallization.

Conclusion
This work demonstrated the capabilities of SR-puCT anal-

ysis for non-destructive highly spatially resolved analysis
of mineralogical composition of urinary calculi samples.
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This technique is convenient for study of selected urinary
calculi formation and reconstruction of temporal evolution
of its growth in the organism of patients, even in the case
when only a sample fragments disintegrated in vivo are
available. The results also show that non-destructive
determination of urinary calculi mineralogical composition
from reconstructed SR-pCT slices is in a good agreement
with results obtained by the current analytical methods.
Moreover, SR-pCT analysis allows choosing the optimal
cutting planes within the given sample for the subsequent
local chemical analysis.
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