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Abstract
Objective

To investigate the optimal scanning parameters of dual-energy computed tomography (DECT), which can
accurately determine sensitivity (the detectability of urinary stones) and accuracy (the composition
matching of urinary stones), and to apply them to clinical trials.

Methods

Fifteen urinary stones were chemically analyzed, and their chemical compositions were considered a
reference standard with which we compared the uric acid (UA) and non-UA compositions determined
using DECT. The urinary stones were placed inside a bolus and scanned with a dual-source CT scanner
under various selected dual-energy conditions (A to X) using various solid water phantom thicknesses.
These datasets were analyzed using the Siemens syngo.via software tool (integrated into the CT system)
for matching the sensitivity and accuracy assessments.

Results

This study showed that 80% of the highest sensitivity (detection of urinary stones) and 92% of the
highest accuracy (composition matching of urinary stones) were achieved under condition A (a
collimation beam width setting of 2 x 32 mm x 0.6 mm, an automatic exposure control setting of
80/Sn140 peak kilovoltage, and a slice thickness of 0.5/0.5 mm) (P <0.05).

Conclusion

Application of the DECT energy parameters presented in the study will help identify the sensitivity and
accuracy of UA and non-UA stone analysis, even in patients with small-sized urinary stones and in
conditions difficult for analysis.

Introduction

Medical imaging based on computed tomography (CT) has recently shown rapid development. Dual-
energy CT (DECT), which has mainly been used in recent clinical trials, uses two X-ray energies. The first
X-ray spectrum distinguishes different elemental compositions with pixel values identical to those in CT
images, depending on the mass density of the material. Further attenuation measurements are performed
with the second X-ray spectrum to classify various tissue types and contrast agents. This enables the
quantification of the mass density of two or three materials in a mixture with known elemental
composition [1]. Urological stone diagnosis based on DECT has replaced traditional intravenous
pyelography because it can accurately determine the size, location, and composition of urinary stones
Page 2/17



[2-9]. Uric acid (UA) stones (in less than 10% of cases) can be lost after a long metabolism and may be
dissolved by medical therapy; thus, it is important to analyze stone composition. Urinary tract stone
removal surgery or shockwave surgery can cause complications such as kidney bleeding, fibrosis, and
hypertension [10]. If UA stones can be distinguished from non-UA stones using DECT testing,
unnecessary urinary tract treatment and its accompanied complications may be avoided in some
patients.

Most urinary stones contain two or more materials; thus, it is essential to identify, quantify, analyze, and
compare their individual components [11, 12]. Several composition analysis techniques, such as X-ray
diffraction crystallography, infrared spectroscopy, scanning electron microscopy with energy dispersion,
thermogravimetry, polarized microscopy, and wet chemical analysis, have been used to define the
standards against which urinary stone composition can be compared using DECT [13]. To date, there are
many studies on urinary stone composition (UA or non-UA) using dual energy, but there is no
standardized DECT protocol for differentiating between UA and non-UA stones. In this study, the optimal
conditions for DECT are studied by analyzing various variables that may affect the distinction between
UA and non-UA stones and by investigating sensitivity (the number of urinary stone detections) and
accuracy (the composition matching of urinary stones).

Materials And Methods
Urinary stone

In our study, approved by the institutional review board (IS15EISI0026), 15 urinary stones were obtained
after consent from 13 patients who underwent urological surgery (Fig. 1). For the phantom experiments,
these 15 stones were numbered from 1 to 15. Following these experiments, the stones were sent to an
external institute for chemical analysis. According to the chemical analysis results, the stones were
classified into the following four types: five UA stones; five calcium oxalate monohydrate stones; four
“fusion” stones with a mixture of calcium oxalate monohydrate, apatite, carbonate apatite, and struvite;
and one fusion stone with calcium oxalate monohydrate, calcium oxalate dihydrate, and carbonate
apatite. Figure 2 shows images of the phantom and bolus used in the study.

Phantom
Solid water phantom (30 cm x 30 cm x 1 cm)

We used a Blue Water Phantom (Standard Imaging Inc.), composed of a water-equivalent material within
1.0% for photons.

Bolus (30 cm x 30 cm x 1 cm)
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The bolus used in the study was composed of a tissue-equivalent gel with a density of 1.03 g/cm?®
(Civco).
Equipment

In this study, a Siemens SOMATOM Definition Flash CT scanner and a Siemens syngo.via workstation
(software version VA30A HF06) were used (Table 1).

Table 1
Specification of the data acquisition system (Siemens SOMATOM Definition
Flash CT)
Data acquisition system Specification
Max. number of slices/rotations 2x128
Number of detector rows 2x64

Number of detector electronic channels (DAS) utilized for 2 x 128

up to 2 x 128 slices/rotation acquisition

Experimental Arrangement
Urinary stone array

In the experimental phase of the study, the urinary stones from the patients who underwent urological
surgery were placed in the bolus at uniformly spaced intervals, as shown in Fig. 3. The use of the bolus
prevented damage or breakage of the stones.

Phantom size

A solid water phantom was used to prepare three types of phantom arrangements to consider the “patient
thickness.” The phantom thickness was adjusted using solid water, and the number of layers was
determined according to the height of the phantom. Figure 4 shows the phantom size according to the
thickness of the phantom.

DECT conditions

The images of the stones were obtained by varying the dual-energy scanning parameters according to the
phantom thickness (Fig. 4). The variable dual-energy scanning parameters included the tube potential
(kV), tube current-time product (mAs), collimation beam width (mm), and slice thickness/increment (mm).
The fixed scan parameters included the field of view (300 mm), center X (0 mm), center Y (0 mm), slice
thickness (mm), increment (mm), reconstruction algorithm, and reconstruction kernel. Measurements with
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all of the four scan parameters were repeated five times. Table 2 lists the dual-energy scanning
parameters considered in this study.

Twenty-four possible combinations of dual-energy settings and phantom arrangements were performed.
In Table 2 and Fig. 4, these conditions are labeled A to X (Table 3). The measurements were repeated five
times for each condition, and the mean of the results was determined.

Table 2
Dual energy scanning parameters applied to the phantom studies

Parameter Setting

Tube potential (kV), Reference mAs: A/ B 80/sn140,419/ 162

Phantom size : CTDIvol /DLP average (mGy)  100/sn140,210/ 162

Collimation beam width (mm) Phantom1:8.18 / 261.8
Phantom Il: 9.46 / 301.3
Phantom lll: 10.7 / 342.0
2x32mmx 0.6 mm

2x 64 mm x 0.6 mm

Slice thickness / increment (mm) 0.5/0.5

Tube current-time product (mAs) 1.5/1

Field of view (mm) Auto exposure control (AEC)
Reconstruction algorithm 300

SAFIRE Strength-3

Reconstruction kernel Q30f Medium Smooth

CTDlvol, CT dose index; DLP, dose length product
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Table 3

Dual energy parameters (A-X) and phantom sizes (Phantom | - height: 10 cm, phantom Il - height: 16 cm,
and phantom Il - height: 22 cm) pertaining to urinary stone CT scan (slice thickness/increment,
collimation beam width, tube potential)

DE scan slice thickness / increment slice thickness / increment
condition
(0.5/ 0.5 mm) (1.5/ 1.0 mm)
Collimation beam Collimation beam Collimation beam Collimation beam
width width width width
2x32x0.6mm) (2x64x06mm) (2x32x0.6mm) (2x64x0.6 mm)
Tube AP-1), I(P- 1), Q(P- BEP— ), J(P- D), E(P-1), M(P-1I), F(P-1), N(P-1I),
potential 1)} R(P-II)
U(P-Ill) V(P-llI)
80/sn140
(Phantom
size)
Tube cgp- 1), K(P-1I), D(P-1), L(P-1I), G(P-1), O(P-1I), H(P-1), P(P-II),
potential S(P-II) T(P-I) W(P-III)
X(P-li)
100/sn140
(Phantom
size)

Phantom image analysis

We used a Siemens syngo.via workstation to analyze the acquired urinary stone image. This application
detects urinary stones and visualizes the chemical differences between them according to the
decomposition of the stones into their components: tissue, uric acid, and oxalate (calcium stone). The
main advantages of this application are the presence of suitable tools for analyzing urinary stones, easy
navigation through the tools, and a rapid evaluation of the urinary stones. The application provides mixed
images, fused images, and iodine overlay images. The screenshot of the urinary stone parameter shown
in the lower right panel of Fig. 5 provides information such as the volumes of all stones displayed, urinary
stone markers, and reference points for typical stones. The multiplanar reconstruction axial color-coded
image corresponding to the urinary stone analysis image is shown in Fig. 5C, where the red dotted lines
indicate UA stones, and the blue dotted lines indicate calcium stones. As can be seen in the urinary stone
parameter diagram shown in Fig. 5D, the UA and non-UA stones are distinguished above and below the
baseline (white line).

Statistical method

Sensitivity, accuracy, and comprehensive urinary analysis assessments were done with paired T-test. The
paired T-test revealed a significant difference at the 95% confidence level. Significance was set at P <
0.05. All statistical tests were performed using SPSS (v22.0.0.0)
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Results
Stone analysis report

We commissioned the Seegene Medical Foundation for the chemical analysis of the urinary stones
following the DECT-based phantom study. Table 4 shows the results of the chemical analysis provided by
the foundation.

Table 4
Results of the urinary stone analysis

Stone Weight Diameter = Composition ingredient (ratio: %)
No. (mg) (mm) Uic  Calciumoxalate  Carbonate  Calcium Struvite
acid monohydrate apatite oxalate
dihydrate
1 23.8 35 3 100%
2 1.8 1.5 0.5 50% 25% 25%
3 15.1 25 2 100%
4 7.1 2 1.5 80% 10% 10%
5 2.5 1.5 1.5 100%
6 32.6 45 2.5 100%
7 27.8 45 2.5 100%
8 5.9 3 2 100%
9 1 2 1 100%
10 6.3 25 2 50% 25% 25%
11 6.4 2 1.5 100%
12 8.1 25 1.5 100%
13 4.1 2 2 100%
14 42.9 45 35 80% 10% 10%
15 31.3 35 3 40% 20% 40%

Analysis Results Of The Phantom Study

We compare the analytical results obtained according to the DECT scan conditions (Table 3) with the
chemical analysis results (Table 4) to confirm sensitivity and accuracy.
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Urinary stone sensitivity

Figure 6 and Table 5 show the results of the urinary stone sensitivity analysis for various dual energy
settings and phantom thicknesses. As the phantom thickness increased under constant conditions, the
urinary stone sensitivity decreased significantly, while there was no significant difference according to the
change in collimation beam width. Differences were only shown in conditions A and B in Phantom |, and
conditions U and V in Phantom Ill. In addition, while there was no significant difference according to the
tube potential, there was a difference only in conditions A and B in phantom | under the same conditions.
However, the sensitivity of DECT for detection of urinary stones under the same conditions was
significantly higher when a 0.5/0.5 mm slice thickness/increment was used compared with a 1.5/1.0 mm
thickness (P < 0.05). The sensitivity of DECT to detect urinary stones under all given scan conditions was
highest under condition A (a collimation beam width setting of 2 x 32 mm x 0.6 mm, an auto exposure
control setting of 80/Sn140 peak kilovoltage, and a slice thickness of 0.5/0.5 mm) (P < 0.05).

Table 5

Comprehensive results with the percentage corresponding to the sensitivity (detectability) and accuracy
(composition analysis matching) of the urinary stones for various dual-energy (DE) scan parameters (A-
X) and phantom size (Phantom | - height: 10 cm, phantom Il - height: 16 cm, and phantom Il - height: 22

cm)
DE scan condition  slice thickness / increment slice thickness / increment
(0.5/ 0.5 mm) (1.5/ 1.0 mm)
Collimation Collimation Collimation Collimation
beam width beam width beam width beam width
(2x32x0.6 (2x64x0.6 (2x32x0.6 (2x64x0.6
mm) mm) mm) mm)
Tube potential A(P-1) - 80%, B(P-1) -73%, E(P-1) - 67%, F(P-1) - 67%,
80/sn140 92% 90% 91% 89%
(Phantom size) I(P-1) =73%, J(P-11) - 73%, M(P-1I) - 67%, N(P-1I) - 67%,
91% 90% 91% 90%
- Sensitivity (%)
Q(P-ll) -73%, R(P-Ill) - 73%, U(P-lll) - 53%, V(P-Il) - 47%,
& Accuracy (%) 91% 86% 91% 88%
Tube potential C(P-1) - 73%, D(P-1) -73%, G(P-1) - 60%, H(P-1) - 67%,
100/sn140 91% 90% 91% 90%
(Phantom size) K(P-1I) -73%, LSP- I) -73%, O(P-1I) - 67%, P(P-1I) - 67%,
91% 90% 91% 90%
- Sensitivity (%)
S(P-lll) - 73%, T(P-lI) - 73%, W(P-IIl) - 53%, X(P-lll) - 47%,
& Accuracy (%) 91% 86% 91% 86%

Urinary stone accuracy

Figure 7 and Table 5 show the matching rate of component analysis among the total number of urinary
stones that can be analyzed under various dual energy conditions (A to X). As the phantom thickness
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increased under the same conditions, as the urinary stone component analysis matching was
significantly lowered, and under the same conditions, the collimation beam was better at a width of 2 x
32 x 0.6 mm than at a width of 2 x 64 x 0.6 mm. In addition, there were only significant differences
according to the tube potential between conditions A and C under the same conditions, conditions F and
H under the same conditions, and conditions V and X under the conditions F and H under the phantom llI.
However, under the same conditions, there was no significant difference in the urea component analysis
matching ability of DECT according to the slice thickness/increase. The ability to analyze and match
urinary tract stones under the scan conditions of all DECTs was the most likely using condition A (a
collimation beam width setting of 2 x 32 mm x 0.6 mm, an auto exposure control setting of 80/Sn140,
and a peak thickness of 0.5<0.5 mm).

Discussion

In previous studies, DECT scans of medium and large phantoms showed good results (100% accuracy,
40/40) by measuring the accuracy and sensitivity of urinary stones according to the setting of the
collimating beam width, proving that the clinical use of urinary stones using DECT is possible [3]. In
particular, small stone syndromes can cause sufficient pain with urinary stones measuring 3 mm (range
1.5-4.0 mm) compared to that generally caused by urinary tract obstruction; hence, it is important to
detect small urinary stones [14]. Their detection using DECT can help radiologists or urologists to identify
diseases. New CT technologies have enabled increasingly accurate analyses of urinary stones with the
application of tin filters combined with high-energy tubes and wider energy ranges [15, 16].

According to the DECT-based diagnosis and analysis of urinary stones, UA stones consist of light
chemical elements (H, C, N, and 0), whereas non-UA stones consist of heavy chemical elements (P, Ca,
and S), resulting in very different X-ray attenuating properties at high and low peak kilovoltage (kVp). UA
stones have higher CT numbers at higher kVp values, whereas non-UA stones have higher CT numbers at
lower kVp values [6]. Consequently, the difference between CT numbers at high and low kVp values can
be used to improve the prediction accuracy of the CT number approach [17-19]. Furthermore, current
third-generation dual-source CT devices are equipped with selective annotation filters for high-energy X-
ray tubes to absorb low-energy photons [20, 21].

Slice thickness is an important scanning parameter under the same CT energy conditions. A thinner slice
provides better spatial resolution. Conversely, the noise in CT images increases with a decrease in the
thickness of the slices. However, because the sensitivity of the urinary stones depends on the detail and
spatial resolution, reducing the slice thickness is expected to achieve better sensitivity. The performance
of the dual-energy technique for extra-large-sized patients is limited by two factors. Firstly, the 80-kVp
images become extremely noisy, increasing the error bars of the data points representing the stones on
the dual-energy plot. The second factor is beam hardening, which is more evident in case of extra-large
patients [6]. Thus, the larger the phantom size, the lower the accuracy.
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We used the reconstruction kernel setting (e.g., SAFIRE kernel strength) and automatic exposure control
(AEC), which are currently used in abdominal examinations in clinical trials and investigated the changes
in CT parameters that can affect urinary stone analysis. Conditions A in Phantom I, conditions | and K in
Phantom II, and conditions Q and S in Phantom Ill showed the highest sensitivity and highest accuracy.
The most common settings for conditions A, |, K, Q, and S are small collimation beam widths (2 x 32 x
0.6 mm) and small slice thicknesses/increments (0.5/0.5 mm). Considering the previously mentioned
results, the most accurate urea analysis results were achieved at small slice thickness/increment values.
Therefore, a combination of DECT parameters with a tube potential of 80/sn140, collection beam width
of 2 x 32 x 0.6 mm, and slice thickness/increment of 0.5/ 0.5 mm may be providing the highest
sensitivity and the highest accuracy for small urinary stones, regardless of patient size.

In previous studies, DECT scanning of medium and large phantoms showed good results (100%
accuracy, 40/40) by measuring the accuracy and sensitivity of urinary stones according to the
collimation beam width setting [3]. Similarly, in our study, a collimation beam width setting of 2 x 32 mm
x 0.6 mm under the same condition was better in determining both the sensitivity and accuracy of urinary
stones than the setting of 2 x 64 mm x 0.6 mm. In addition, previous studies used relatively large stones
with a size ranging from 2 to 7 mm; however, this study used a small stone of 1.5 to 4.0 mm, Evaluating
the sensitivity and accuracy of small urinary tract stones according to the difference in slice
thickness/incremental of the DECT scan parameters may give a different result compared to a similar
analysis using large stones.

In general, DECT system vendors recommend a slice thickness between 1 mm and 2 mm, which is one of
the constraints for urinary stone detection, and an overlapping ratio of —30%. However, according to the
findings of our study, the best result can be obtained with a slice thickness/increment setting of 0.5/0.5
mm instead of 1.5/1.0 mm (P < 0.05). In addition, in the Siemens syngo.via application provided by the
vendor, the result of the urinary stone parameter diagram analysis can distinguish UA and non-UA by their
color code (Fig. 5D). Vendors have also recommended that stones with diameters less than 3.5 mm may
be color- coded incorrectly or not detected at all under other non-standard settings. However, in a study
conducted with Phantom Il assuming obese patients, condition Q (10 with a diameter<3.5 mm and 5
with a diameter > 3.5 mm) showed a high urological stone sensitivity of about 72% and a high accuracy
of 91%. When setting the DECT scan parameters to detect small-sized urinary stones, the slice thickness
and increment must be set to a small value to increase the detection sensitivity and accuracy of urinary
stones. However, this experiment has the limitation of being an in-vitro study, and in-vivo research on
urolithiasis patients is necessary in the future.

Conclusions

The application of DECT energy parameters presented in this study will help identify the sensitivity and
accuracy of UA and non-UA stone analysis, even in patients with small-sized urinary stones and in
conditions difficult for analysis.
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Figure 1

Fifteen urinary stones considered in the study (numbered 1-15)
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Figure 2

Solid water phantom(left) and bolus(right) used in the study

Figure 3

Position of the urinary stones in the bolus (the 15 urinary stones were arranged in three rows, with five
stones and a uniform spacing in each row)
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Figure 4

Images of the three phantom arrangements used in the study. (A) Phantom | (height: 10 cm), (B) phantom

Il (height: 16 cm), and (C) phantom Il (height: 22 cm). Each phantom and bolus had a volume of 30 cm x
30cm x 1 cm
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Figure 5

Urinary stone analysis results obtained using Siemens syngo.via. (A) Advanced visualization. (B)
Multiplanar reconstruction (MPR) coronal color-coded image corresponding to the urinary stone analysis.
(C) MPR axial color-coded image corresponding to the urinary stone analysis. (D) Urinary stone parameter
diagram
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B Slice thickness 0.5 mm/Increment 0.5 mm g Slice thickness 1.5 mm/Increment 1.0 mm
Figure 6

Sensitivity(detectability) of the urinary stone and error value of the urinary stone diameter at various dual-
energy conditions (A-X) and phantom thicknesses ( -lII)
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Accuracy (Component Matching) of Urinary Stones

(Count)
13
12
11
10
9
8
7
6
5
4
3
2
1
0

M N O Uu v W X
Phantom 1(30 x 30 % 10 cm) ‘ Phantom ]I(30 x 30 % 16 cm) ‘ Phantom III (30 x 30 x 22 cm)
m Slice thickness 0.5 mm/Increment 0.5 mm m Slice thickness 1.5 mm/Increment 1.0 mm
Figure 7

Accuracy (component matching) of the urinary stones at various dual-energy conditions (A-X) and
phantom thicknesses ( —III)
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