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Abstract

Purpose This study aimed at evaluating the potential of
CT-calculometry (CT-CM) as a novel method to determine
mineralisation, composition, homogeneity and volume of
urinary calculi based on preoperative non-contrast-enhanced
computed tomography (NCCT) scans.

Materials and methods CT-CM was performed in preop-
erative NCCTs of 25 patients treated for upper tract uri-
nary calculi by ureterorenoscopy or percutaneous nephro-
lithotomy. Absolute mineralisation values were achieved
by use of quantitative CT-osteoabsorptiometry and com-
pared to Fourier infrared spectroscopy as a reference for
stone composition. Homogeneity was assessed by advanced
software-based NCCT post-processing and visualised by
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using a maximum intensity projection algorithm. Volumet-
ric measurement was performed by software-based three-
dimensional reconstruction.

Results CT-CM was feasible in all of the 25 NCCTs.
Absolute mineralisation values calculated by quantitative
CT-OAM might be used to identify the most frequent stone
types. High levels of inhomogeneity could be detected even
in pure component stones. Volumetric measurement could
be performed with minimal effort.

Conclusions CT-CM is based on advanced NCCT post-
processing software and represents a novel and promising
approach to determine mineralisation, composition, homo-
geneity and volume of urinary calculi based on preopera-
tive NCCT. CT-CM could provide valuable information to
predict outcome of different stone treatment methods.

Keywords CT-calculometry (CT-CM) -
CT-osteoabsorptiometry (CT-OAM) - Urinary calculi -
Mineralisation - Composition - Homogeneity

Introduction

Non-contrast-enhanced computed tomography (NCCT)
represents the gold standard examination for diagnosis and
management of urinary calculi [1]. Besides patient’s symp-
toms, comorbidities and preferences, treatment strategies are
mainly based on stone size, location and composition.
While stone location and diameter can be accurately
assessed by NCCT [2, 3], prediction of stone composition
is still limited [4]. As highly mineralised stones (e.g. calcium
oxalate monohydrate) are well known to show treatment
failure after extracorporeal shock wave lithotripsy (SWL)
more frequently [5], preoperative determination of stone
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composition seems to be of major importance for decision
making in many patients.

Various studies attempted to predict stone composition
and outcome of SWL by NCCT attenuation values [6-9].
However, it has been shown that this parameter is inadequate
due to material overlap and multiple confounding factors [4,
10, 11]. Dual-energy CT seems to overcome some of these
drawbacks with a reported accuracy in predicting stone com-
position of 80.2-97.5% [11, 12]. But as this method is costly,
time-consuming and associated with additional radiation
exposure, it is rarely implemented in daily clinical practice.

Recently, stone homogeneity and volume emerged as
predictors of SWL outcome and improved predictive values
compared to stone composition and CT-derived attenuation
values have been described [3, 10, 13, 14]. Moreover, these
factors might provide important information about stone
disintegration during retrograde intrarenal surgery (RIRS).
Thus, they could drive the decision between dusting and
basketing of renal stones and help to avoid residual frag-
ments, which still represent a major problem of RIRS [15].

In this study we introduce CT-calculometry (CT-CM),
a novel method, which incorporates advanced NCCT post-
processing, and the well-established method of CT-osteo-
absorptiometry (CT-OAM). CT-OAM is a method that was
initially developed to investigate the subchondral bone plate
based on NCCT and was recently validated in orthopaedic
surgery [16]. Using maximum intensity projection and three-
dimensional (3D) reconstruction, mineralisation patterns
can be visualized resulting in a precise mapping of density
values. It has been shown that these mineralisation patterns
correlate with material strength [17]. The implementation of
this time- and cost-effective method into the field of urolithi-
asis is a novel and promising approach to assess urinary tract
stones and guide treatment decisions.

The objective of this proof-of-concept study was to evalu-
ate applicability and potential of CT-CM as a novel method
to determine mineralisation, composition, homogeneity and
volume of urinary calculi based on preoperative NCCT.

Materials and methods
Study design

The study was approved by the local Ethics Committee
(EKOS 17/051). Twenty-five patients treated at our institu-
tion by URS or PCNL for urolithiasis between January 2016
and February 2017 were retrospectively included. Inclusion
criteria were as follows: preoperative NCCT performed at
our hospital, stone analysis (Fourier infrared spectroscopy)
available, pure stone composition, minimum stone size of
4 mm.
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NCCT and CT-calculometry

All patients were scanned using a multidetector row helical
CT scanner (Siemens, Definition Flash, Forchheim, Ger-
many). Standard dose non contrast CT was performed at
reference settings of 120 kV and 100 quality reference mAs
using automated attenuation-based tube current modulation
(CAREDose4D; Siemens Healthcare) and automated atten-
uation-based tube potential selection (CAREkV; Siemens
Healthcare) with a collimation of 128 X 0.6. CT images were
reconstructed using a slice thickness of 2 mm with an incre-
ment of 1.5 mm.

For CT-CM analysis, datasets were transferred into an
image analysing system (3D Slicer Version 4.2.1, http://
www.slicer.org). After isolation of the stone from the sur-
rounding tissue by Hounsfield-units (HU) threshold adap-
tion, 3D-reconstruction of urinary stones was performed
(Fig. 1).

Grade of stone mineralisation was achieved by quanti-
tative CT-OAM, determining the number of volumetric
elements (voxels) for each density (HU). Using a calcium
hydroxyapatite phantom model of a known degree of miner-
alisation as reference, HU were correlated with the degree of
stone mineralisation. Like described in previous studies, this
allows to determine the grade of mineralisation as mineral
salt mass per volume (mg/ml) [18, 19]. Mineralisation val-
ues were then compared to Fourier infrared spectroscopy as
a reference for stone composition using descriptive statistics
(median and range).

Homogeneity was assessed by advanced NCCT post-
processing software using the extension package Hetero-
geneityCAD for 3D slicer (3D Slicer Version 4.2.1, http://
www.slicer.org). Using a voxel-based grey value assessment,
the sum of the squares of each discrete value in the image
ROI was quantified resulting in a dimensionless measure of
homogeneity, where higher values indicate higher grades of
inhomogeneity.

Visualisation of inhomogeneity was achieved by using
a maximum intensity projection algorithm. Thus, the high-
est density value in each voxel is recorded and projected
onto the surface of the stone. For better visualisation, using
the open source software Paraview 3.8, density values were
transferred to a colour scale and superimposed to the stones
surface to enable visualisation of homogeneity as illustrated
in Figs. 2 and 3. In addition, density values of all specific
pixels were plotted to illustrate number and distribution of
pixels per density value as shown in Fig. 5.

Calculation of stone volume was performed semi-auto-
matically by 3D based volumetric rendering (3D Slicer
Version 4.2.1, http://www.slicer.org). Using the functions
“threshold painting” and “model maker”, a 3D model of
each stone was achieved and the volume and surface area of
each stone were calculated.
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Fig. 1 a NCCT with left-sided staghorn stone transferred to image analysing system; 3D-reconstruction can be performed for structures with
higher density (b) or for regions of interest after isolation by threshold adaption (c)

Fig. 2 Homogeneity illustration in a renal staghorn-stone consisting

. . Fig. 3 Homogeneity distribution in two stones consisting of urinary
of pure urinary acid

acid. Calculus (a) appears more homogenous compared to stone (b)
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Results

CT-CM was feasible in all investigated NCCTs. Even small
calculi could be isolated easily using threshold adjustment.

Highest grades of mineralisation as determined by quan-
titative CT-OAM were detected for ca-ox-mono (median
993 mg/ml; range 907-1204) and brushit calculi (959 mg/
ml; 710-1222). Intermediate mineralisation grades were
found for ca-ox-di (705 mg/ml; only one stone investigated),
cystine (686 mg/ml; 602—694) and carbonatapatite (656 mg/
ml; 504-690), while urinary acid stones showed markedly
lower concentrations of mineral salts (374 mg/ml; 255-533).
Table 1 summarizes the results of all stones assessed in the
study. Figure 4 shows absolute mineralisation values and
composition for all investigated stones.

Homogeneity measurement of stone density was per-
formed by assessment of the sum of the squares of each

discrete value in the image ROI. Thus, high homogeneity
scores correspond to low stone homogeneity and vice versa.
Homogeneity analyses revealed huge differences between
the 25 stones (range 37-715,385) (Table 1). Though all
included stones were pure component stones, a very high
inhomogeneity was found for some of them. Remark-
ably, apparent variations of homogeneity were even found
between stones of the same composition and a similar size.

Homogeneity could be illustrated easily using CT-OAM
voxel-based maximum intensity projection and allowed to
separate stones with high inhomogeneity (Fig. 2) from rather
homogenous stones (Fig. 3a) at a glance. Plotting the den-
sity values for all specific pixels could further objectify this
phenomenon and allowed for a swift estimation of range and
distribution patterns of different densities (Fig. 5).

Stone volume and surface could be calculated easily
using 3D-based volumetric rendering as described above.

Table 1 Results of assessment of stone volume, grade of mineralisation and homogeneity (high homogeneity scores correspond to low stone

homogeneity and vice versa)

Stone no. Stone analysis Max. Surface  Volume Median Range Median Range (HU) Homo-geneity
dia-metre  (mm?) (mm?) minerali- (mg/ml) (HU)
(mm) sation
(mg/ml)
1 Ca-ox-mono 24 807 764 998 480-1483 851 250-1516 1374
2 Ca-ox-mono 11 281 212 987 432-1458 810 254-2069 287
3 Ca-ox-mono 9 202 133 842 365-1161 589 257-1173 171
4 Ca-ox-mono 9 178 112 1192 519-1774 820 261-1848 132
5 Ca-ox-mono 20 1043 1625 907 436-1409 955 250-1434 5007
6 Ca-ox-mono 13 308 248 1204 272-1669 838 252-1681 317
7 Brushit 22 1207 1894 1023 652-1654 1109 258-1706 5997
8 Brushit 13 406 378 1222 578-1714 942 251-1737 533
9 Brushit 6 78 37 710 623-1017 465 260-1042 44
10 Brushit 8 192 131 895 654-1251 570 250-1275 167
11 Ca-ox-di 10 218 155 750 405-1128 516 252-1137 171
12 Cystine 7 88 40 602 311-832 373 251-840 56
13 Cystine 31 2040 4205 686 237-986 848 250-1008 74,738
14 Cystine 15 554 593 694 257-1005 740 250-1007 1408
15 Carbonatapatite 27 1685 2784 656 397-1221 702 250-1362 14,217
16 Carbonatapatite 15 306 190 504 429-816 466 256-839 304
17 Carbonatapatite 10 209 125 690 378-1101 519 253-1118 174
18 Urinary acid 63 7467 144,459 378 203-624 428 153-657 715,385
19 Urinary acid 9 273 209 369 303-506 260 102-519 188
20 Urinary acid 8 116 61 336 249-393 250 101-486 46
21 Urinary acid 12 335 197 533 299-720 397 250-701 325
22 Urinary acid 7 115 60 433 242-666 426 251-726 73
23 Urinary acid 16 281 220 339 199-580 200 103-605 62
24 Urinary acid 11 217 154 405 238-602 347 123-608 37
25 Urinary acid 12 259 189 255 161-380 190 100-391 76

@ Springer



World J Urol (2018) 36:117-123 121

1400.00 7

F_._A..A.._.___._,.._.;..._.__...... P p——
1200.00 possrassrsssssssnsaLERIRES === :::-.-_-.:-.-_-_-_-_-_-_-_-_-_g—_—_—_—_—_»

Ty e
1000.00 | ST i.':::::::::::.::::::‘:::::::::::::::::|
o b Ezzszd -8z 1
S
oo kz========= @ :========= |
E 800.00
i
c C
(o) Eanscuan =l
'5 | -== _. e EE R - ——— |
c |  pessssssscssscsccccccdfircccarcrcrerrr e e
3 F ) I
S 60000 1 ' C
—
v F--@-- @ Co-ox-mono
= R §-5=55=5 4
= @ Brushit
400.00 O Co-ox-di
© Cystine
k-l ® Corbonatapatite
200.00
® urinary Acid
0.00

0 75 150 225 300 375 450 525 600 675 750 825 900 975 1050 1125 1200 1275 1350 1425

HU-range

Fig. 4 Grade of mineralisation derived by quantitative CT-OAM and Hounsfield units (HU; median and range) depending on stone composition
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Remarkable discrepancies of stone volumes were found
between stones of similar maximum diameters as shown in
Table 1. These discrepancies were especially high in stones
with a non-spherical shape.

Discussion

In the present study, we evaluated different novel methods to
assess urinary stones using advanced software-based NCCT
post-processing summarised by the term “CT-calculometry
(CT-CM)”. All of them (i.e. for the examination of miner-
alisation, composition, homogeneity and volume of urinary
calculi) proved to be feasible for NCCTs as performed in
every day clinical practice and, thus, can be performed in
the majority of stone patients without exposing them to addi-
tional examinations. CT-CM is mainly based on CT-OAM,
which has been implemented in anatomy and orthopaedic
surgery to investigate the subchondral bone plate as a marker
for long-term stress distribution [16, 17, 19] and has been
proven to be time- and cost-effective.

Measurement of absolute mineralisation values by quan-
titative CT-OAM, using a calcium hydroxyapatite phantom
model as reference, has been shown to be precise to inves-
tigate absolute mineralisation values previously [18]. Con-
sidering the limitations of recent approaches to predict stone
composition and response to treatment [4, 6—12], CT-OAM
might provide additional information to serve as an inde-
pendent predictor or improve existing prediction models.
Larger scaled studies to assess the role of CT-OAM min-
eralisation grades as a predictor of stone composition and
response to stone therapy are already in progress.

It has been shown recently that stone inhomogeneity
might influence the outcome of stone treatment much more
than mean density values [10]. In this study, we could clearly
demonstrate that CT-CM has the potential to improve stone
homogeneity assessment substantially. To the best of our
knowledge it is the first method to quantify and visualise
homogeneity in vivo based on NCCT. Complete mass was
assessed by Fourier infrared spectroscopy for all of the
stones in our study. Though all of them were pure-compo-
nent stones, we could show remarkable differences in homo-
geneity, which might be caused by changes in the crystal-
line microstructure as stated recently [20] and which might
influence the outcome of SWL as well as the choice between
vaporisation and lithotripsy in endoscopic stone treatment.

Beside excellent visualisation of homogeneity, that might
allow for ad hoc support of treatment decisions, CT-CM
based quantification of inhomogeneity is a promising field
that should be subject of further experimental and clinical
trials.

In addition to composition and homogeneity of stones,
CT-CM provides further information like stone surface or
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volumetric 3D-reconstruction, which have been shown to be
predictors of the outcome after SWL [3, 21]. Instead of the
widely used approximation of stone size by measurement of
the diameters, CT-CM can easily provide precise computed
volumetric data, which seems to be of special interest within
the framework of clinical trials.

Our recent work represents a proof-of-concept study and,
therefore, is associated with several limitations. A rather
small group of patients was assessed in a retrospective
manner. Only patients with a pure stone composition were
included and we did not assess clinical outcome parameters.

Conclusion

In conclusion, our study introduces CT-CM as a novel and
promising method to determine mineralisation, composition,
homogeneity and volume of urinary calculi based on preop-
erative NCCT. Further studies assessing the clinical impact
and potential of CT-CM are already on the way.
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