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Introduction Occurrence of urinary calculi is a common medical condition. Since treatment and preven-
tion measures depend on the type of stone found, reliable diagnostic tools are required. Dual energy
computed tomography (CT) allows for rough classification of the stones found. After extraction, stone
composition can be confirmed by laboratory analysis.

We investigated to which degree gratings-based X-ray interferometry, which can measure attenuation,
refraction and scattering (dark-field) properties of samples, allows for the discrimination of urinary stone
type by calculating the ratio (R) of attenuation and scattering signals.

Material and methods In an experimental setup we investigated 322 renal stone fragments from

96 patients which were extracted during routine clinical practice. Laboratory analysis showed the chemical
composition of the urinary stones.

These were correlated with dark field analysis of the stone samples. Measurements were performed

on a X-rays gratings interferometer prototype. The attenuation, refraction and scattering signals were
measured and the R-value calculated.

Results The spread of R-values of a given type of calculi is large, reducing the specificity of the method. Only
uric acid stones can reliably be distinguished (sensitivity of 0.86 at a specificity of 0.9) from the other stones.
Conclusions Gratings-based dark-field imaging is a non-destructive and potentially non-invasive tech-
nigue that allows to discriminate between uric acid and non-uric acid stones, which from a clinical point
of view represents by far the most important question for stone treatment.

INTRODUCTION

Urinary stone formation is a widespread problem
with prevalence rates up to 20% [1]. Particularly
in areas with a high standard of life there has been
rapid increase of prevalence up to 37% over the last
20 years [2-4].

There is a variety of different stone compositions,
such as calcium-oxalate, uric acid, ammonium urate,
xanthine, magnesium ammonium phosphate, apa-
tite, cystine and drug-stones.
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Stone differentiation is one of the most important
corner stones in the diagnostic and treatment path-
way of urinary calculi [5]. In case of uric acid stones,
for example, non-invasive treatment options, such
as pharmacological and dietary measures can lead
to complete stone-free status even in patients with
a considerable stone load. While shock wave litho-
tripsy (SWL) can be a potent procedure for many dif-
ferent types of kidney stones, it is often not effective
for extremely hard stones such as calcium oxalate
monohydrate stones [6, 7]. Hence, in these cases,

doi: 10.5173/ceju.2021.0334



CENTRAL EUROPEAN JOURNAL OF UROLOGY

laser-lithotripsy during ureterorenoscopy (URS) or
percutaneous nephron-litholapaxy (PNL) should be
preferred [8]. Furthermore, stone composition is the
most important predictor for determining the aetiol-
ogy of stone formation, and therefore leading to in-
dividualized recommendations for stone-prevention.
The gold standard for stone differentiation is infra-
red spectroscopy (IRS) and X-ray diffraction (XRD)
[9, 10, 11]. Alternatively, polarisation microscopy
can be used, while chemical analysis is considered to
be obsolete [9].

Conventional X-ray AC computed tomography (CT)
is the method of choice for diagnosing renal colic
[1, 4-7]. It allows locating renal stones, depicting
complications or detecting alternative pathology
[5]. The exact size and type of the stone can be de-
termined [1, 4, 7]. Dual-energy CT improves the
quality of the diagnosis considerably. Indeed, the
stones can be identified with a high degree of certi-
tude [9]. However, CT is always associated with ra-
diation exposure and therefore induced risks. This
should be considered especially in younger patients.
Therefore, care has to be taken to “use radiation
doses that are as low as reasonably achievable
(ALARA)” [10].

In recent years considerable progress in X-ray tech-
nology has taken place, leading to an emerging in-
terest for medical imaging applications (e.g. lung,
breast) [12, 13, 14]. One of the most promising
developments in this area is dark-field X-ray imag-
ing [15-18]. Scherer et al. have reported that X-ray
dark-field radiography can be used as a highly spe-
cific and sensitive method for stone differentiation.
Their study aimed to discriminate between uric acid,
calcium oxalate and ‘mixed types’ only [19, 20].

On the other hand, CT-stone differentiation (e.g. by
density in attenuation measurements; dual-energy
differentiation) has been proved to be highly specific
for uric-acid stones and calcium-oxalate stones, respec-
tively. Approximately one third of all stones are ‘mixed
types’, meaning that the stones are composed of layers
of at least two stone types (e.g. calcium oxalate di-hy-
drate and magnesium ammonium phosphate).

The objective of this study was to investigate if the
high sensitivity and specificity of X-ray dark-field
imaging for differentiating renal stones reported by
Scherer et al. [19] can be confirmed in a data set of
consecutive clinical stone samples.

MATERIAL AND METHODS
Collection of renal stones

Patients with acute flank pain and suspected renal
colic were routinely examined by a standardized low-

dose non-contrast dual energy CT protocol (Definition
Flash, Siemens, Erlangen Germany) at Kantonsspital
Baden, Switzerland. All patients were asked to collect
their passed stones. These fragments were analyzed
at Paul-Scherrer-Institute by gratings-based dark-
field X-ray radiography. Stone composition was deter-
mined additionally by laboratory analysis, which was
the gold standard.

Renal stone population

The study was approved by the local ethical commis-
sion (EKNZ 2015-00207).

A total of 322 renal stone fragments were includ-
ed in the analysis from 96 consecutive patients
(69 male, 28 female, age 23-87 years) at Kantonsspi-
tal Baden during the period from March 2016 to Jan-
uary 2017. The sample population was 104, as this
is the number of stones which have been retrieved.
The composition (main and secondary components)
of the stones was determined with infrared spectros-
copy in laboratory analysis. Table 1 lists the inves-

Table 1. Nomenclature, chemical formula, density and relative
occurrence of the investigated renal stone components in lab
analysis

Tvpe Chemical Density Relative
yp formula [g/cm?] occurrence
Whewellite Ca(C,0,)-H,0 2.22 79%
Weddelite Ca(C,0,)2H,0 1.96 32%
Apatite Cas[(F,CI,OH)l(POA)g] 3.2 37%
Uricite C,H,N,0, 1.85 10%
100 | 3 components
e 80 -1 = 2 components
§ 60 - ® 1 component
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Figure 1. Investigated renal stone population. Stone retrievals
with just one component are indicated in blue, stones with

2 or 3 components in red and green, respectively. In total,
there were 104 retrievals. Our distribution globally corre-
sponds to the occurrence of stones as presented in the study
by Acharya et al. [24].
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tigated stone components, their chemical composi-
tion, density and their relative occurrence. In about
79% of retrievals, whewellite was found, in 32% wed-
delite, in 37% apatite and in 10% uricite.

Figure 1 displays the occurrence of the investigated
stone types. In slightly over half of retrievals, only
one stone type was found (blue). In about 10% of re-

Table 2. Specification of the components of the dark-field
X-ray instrument

X-ray detector Hamamatsu C9732DK-11

Technology Scintillator  Active area Pixel size Dynamic range
CMOS CSl 120x120 mm?  50x50 pm? 5100
X-ray tube I.LA.E. Spa XM15T

Max. Max. power at 0.1 )
Technology voltage and 0.4 mm spot size Xeray Window
Rotating anode 49 kV 2 kW 8 kW 0.5 mm Be

trievals, three components were found (green) and
in about 40% two components (red) were found.

Gratings-based dark-field X-ray radiology

A gratings-based Talbot-Lau interferometer measures
attenuation, refraction and scattering of an X-ray
beam passing through an object [18]. In conven-
tional radiographic images, the contrast between
renal stones and the surrounding tissue depends
on the material-specific attenuation coefficient and
the X-ray path length. In dark-field radiography, the
contrast between materials arises from the scatter-
ing coefficient and the X-ray path length. The path
length independent R-value is given by the ratio
of the absorption vs. the scattering contribution
of the sample, the latter is accessed via the measure-
ment of the visibility signals of the Talbot-Lau inter-
ferometer [21, 22].

Interferometer Manufactured by Microworks The strength of the attenuation is proportional
Gratings ' T period  Thickmess  pitch to the density of a sample and depends strongly
A4 source grating G aspm | sopm o5 on the chemical composition (i.e. atomic number
. R e : : : of the elements). The scattering power is very sen-
>! Phase grating 5, T P22 sitive to the (unresolved) structure within a sample
Au analyzer grating G, 3000pm  S0um 05 [14, 15], so that differentiation of the stones based
Intergrating distances G,~G, GG, G,~G, on their micro-structure may be achieved through
88L9mm  2181mm  1100mm the analysis of the R-values distribution.
y , (2
z 4
X = = A
= A .
etect
> . 4 G2
GO
:S\D source sample

.
>

NWWV\ without sample

f\;w\/ﬂ with sample

—> phase => refraction of X-rays => phase image

mean => attenuation of X-rays => absorption image

amplitude => scattering of X-rays => dark-field image

Figure 2. Dark-field imaging (DFI): Talbot-Lau interferometer setup.
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Gratings-based dark-field X-ray radiography
instrument

The dark-field X-ray radiographic measurements
were performed on a vertical Talbot-Lau X-ray in-
terferometer constructed at PSI. The vertical setup
has a grating interferometer designed for 25 keV and
the gratings were manufactured by Microworks (Mi-
croworks GmbH, Eggenstein-Leopoldshafen, Ger-
many). The X-ray source is an X-ray tube from I.LA.E
Spa (XM15 T), and the X-ray detector is a Hamamat-
su flat panel (C9732DK-11). The field of view (FOV)
of setup is 8 cm x 4 cm, which is limited by the grat-
ing size. Figure 2 illustrates the setup of the Talbot-
Lau X-ray interferometer.

Table 2 shows the specification of the components
of the dark-field X-ray instrument.

Data analysis

The attenuation, differential phase and scattering
signals were obtained by analyzing the interference
pattern created by the Talbot-Lau interferometer
following the phase stepping procedure as described
by Weitkamp et al. [23]. Here, 16 steps were used
for obtaining the reference pattern and 8 steps for
obtaining the pattern with the samples. The param-
eters of the sinusoidal curves of the interference
patterns were obtained by applying a least square
error fit. This avoids the significant error obtained
if a Fourier transformation is used for determining the
parameters of a sinusoidal curve where the sampling
points are not evenly distributed over the exact period
of the curve. The quality of the fit was cross-checked
by creating a map of the least square error between
the fitted and the measured interference patterns.
All stone fragments were measured twice to ensure
that at least one measurement was of good quality.
The stone fragments were segmented from the back-
ground by applying a threshold in the absorption im-
age. After subtracting the background levels (origi-
nating from the specimen holder), R -images were
calculated.

To improve the differentiation of peaks, each image
was filtered (median filter with radius of 5 pixels) be-
fore a histogram of the R-values was calculated. The
obtained histograms were fitted with a sum of Gauss-
ian peaks to allow more efficient further analysis.
Since in the laboratory analysis, the composition type
of urinary stone was determined for a given retrieval
which may consist of several stone fragments, the
dark-field data of the fragments had to be grouped
together. This was done by calculating the weighted
mean of all peak positions found in the histograms
of all fragments obtained from a given patient.

To test the hypothesis that the stone types can be
differentiated by their characteristic R-value, the
AUC (area under curve) values of all the ROC (re-
ceiver operating characteristic) curves obtained for
100 different R-values evenly distributed between
0 and 1 were calculated for each type of calculi (Fig-
ure 3). The R-value which optimizes the ROC curve
for a given calculi type is then considered to be spe-
cific for this calculi.

RESULTS

The R-values of some stone fragments of one type/
composition differ significantly and some fragments
of different types can exhibit similar R-values, they
may even show similar R-images. As an example,
Figure 4 shows the R-images of four calculi, two
Ca-monohydrate stones (a and b) and two uric acid
stones (¢ and d). Clearly, (a) and (c) respectively (b)
and (d) have grey values (i.e. R -ignals) closer to each
other than to their counterpart.

Nevertheless, optimal R-values for differentiating
uric acid, Ca-monohydrate, Ca-dihydrate and Ca-
phosphate stones, respectively, were obtained (see
Figure 3). Values smaller than 0.15 are ideal for de-
tecting uric acid stones, values higher than 0.6 al-
low finding Ca-monohydrate stones and an R-value
of 0.25 allows identifying both, Ca-dihydrate and Ca-
phosphate stones.

Figure 5 shows the ROC curves of the four investi-
gated stone compositions. We deduced that uric acid
stones are reliably distinguished from other stones

1
0.9
0.8
0.7 ——Uric acid
6 0.6 ——Ca-monochydrate
= 0.5 ——Ca-Dihydrate
e —— Ca-Phosphate
0.3
0:2
0.1
0
0 0.2 0.4 0.6 0.8 1
R value

Figure 3. Area under curve (AUC) values of dihydrate and
Ca-phosphate stones cannot be distinguished from each other,
both have an optimal R-value at approximately 0.25. The uric
acid stones have R-values predominantly below 0.15 and the
Ca-monohydrate stones of above 0.6.
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Figure 4. R-images of two Ca-monohydrate calculi (a and b)
and two uric acid calculi (c and d). Black and white correspond
to R values of 0 and 1, respectively.
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Figure 5. Receiver operating characteristic curves for the four
most common calculi: uric acid in red, Ca-monohydrate
in blue, Ca-dihydrate in green and Ca-phosphate in green.

by the R-value. We observed that Ca-monohydrate
stones have statistically higher R-values than all
the other stones, interestingly also higher than the
chemically very similar Ca-dihydrate stones. In our
study, Ca-phosphate stones showed the same R-val-
ue as the Ca-dihydrate stones. The area under curve
(AUC) values for uric acid, Ca-monohydrate, Ca-
dihydrate and Ca-phosphate are 0.91, 0.78, 0.8 and
0.76, respectively.

DISCUSSION

To judge the benefit of gratings-based dark-field ra-
diography for categorizing renal stones, one must
consider the effect of the following observations.
Half of the stones were mixed stones, the occurrence
of the investigated stones varies between 10% and
79% and the X-ray attenuation and scattering sig-
nals contribute unevenly to the discernibility of the
stone composition.

For example, the reason that the Ca-phosphate
stones have the same R-value as the Ca-dihydrate
stones may be due to the fact that they all contain Ca-
dihydrate. Additionally, the uric acid stones absorb
X-rays much less than the other stones which is the
reason why they are discerned so well. Furthermore,
the occurrence of the various calculi types plays an
important role. The a priori statement that the stone
type is Ca-monohydrate is true with a probability
of 80%, whereas the probability that a stone contains
predominantly Ca-phosphate is less than 50% even
if the test by the R-value method was positive.
Scherer at al. reported nearly perfect identification
of uric acid stones (AUC of 0.99 for the differentiation
against oxalate and AUC of 0.95 for the differentia-
tion against mixed stones) and a good identification
of oxalate stones (AUC of 0.93 for the differentiation
against mixed stones) [19]. We obtained a weaker
identification capability but our study differs sig-
nificantly. We investigated 322 stone fragments
of 96 patients instead of 118 fragments obtained
from 18 patients. Our sample cohort used for the
ROC curves was the number of stone retrievals
(104) and not the number of stone fragments which
might be the reason why we have a larger proportion
of mixed stones.

CONCLUSIONS

The dark-field signal arises from the scattering of X-
rays at microscopic interfaces due to refraction and,
therefore, is not directly sensitive to the crystalline
structure or the chemical composition. In the case
of Uric acid stones, it is mainly their weak attenua-
tion of X-rays which allows distinguishing them from
the other stones. Therefore, gratings-based dark-
field imaging is a non-destructive and potentially
non-invasive technique that allows to discriminate
between uric acid and non-uric acid stones in an ex-
perimental setup, which from a clinical point of view
represents by far the most important question for
stone treatment.
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