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Abstract

Computed tomography (CT) attenuation value of ureteral stones is one of the predictors of shockwave lithotripsy (SWL)
outcome. It is common to use the mean Hounsfield units (HU) to describe the CT attenuation value. However, an observer
bias can occur when measuring the mean HU in the conventional method. On the other hand, our way to obtain only the
maximum HU is simpler and less biased. We retrospectively evaluated 464 patients with ureteral stones who underwent SWL
and compared predictive accuracy of various factors including maximum and mean HU. Results were determined after a
single SWL. Predictors of SWL success were examined by the statistical analysis of successful and failed groups. 324 of the
464 patients who underwent SWL were stone-free after a single SWL. Significant differences were found in factors related to
CT attenuation value and stone size. As a result of receiver operating characteristic analysis, it was found that maximum HU
and mean HU, major diameter and volume have equivalent prediction accuracy, respectively. Multivariate analysis revealed
that maximum HU and major diameter were included in independent predictors. We also examined the new original indica-
tors using maximum HU and major diameter. Stone-resistant probability obtained from the logistic model and Maximum
HU and Major diameter Index obtained by multiplying maximum HU by major diameter were useful for predicting SWL
success, respectively. In conclusion, maximum HU and mean HU have equivalent predictive accuracy, and maximum HU
is easier to measure and less biased than mean HU.
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Introduction Hounsfield unit (HU) density [1-15], skin-to-stone distance

(SSD) [1-4], and body mass index (BMI) [5, 6] have all been

Shockwave lithotripsy (SWL) is a safe and effective treat-
ment method for ureteral stones. Predicting the outcomes
of patients after SWL treatment will reduce the physical
and economic burden of patients. Various factors have
been reported as predictors of SWL success [1-16]. Stone
size, stone number, stone location, non-contrast computed
tomography (CT) attenuation value of stones measured by
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reported as indicators to predict successful SWL.

Among these predictors, the CT attenuation value has
been favorably evaluated in various studies. When measur-
ing the CT attenuation value of a stone, the region of interest
(ROJ) is often set inside the stone so as not to include the
soft tissue surrounding the stone, as shown in Fig. la [1, 4,
6—10]. Using this method, the maximum value (maximum
HU), minimum value (minimum HU), mean value (mean
HU), and standard deviation (SD) of CT attenuation values
within the ROI are calculated. Most studies have used the
mean HU to describe the CT attenuation value of stones
[1-3, 5-16]. However, this method of ROI determination can
cause observer bias. For example, the mean HU depends on
how far the observer sets the ROI close to the stone’s edge.
In addition, this method has a drawback that it takes time
to measure.
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Fig. 1 Setting ROI of ureteral
stones on axial non-contrast A

CT images. a Set the maxi- Area 73.44 mii
mum ROl inside the stone so
as not to include the soft tissue Mean HU 480.56 HU
around the stone. b Set the ROI
including the soft tissue around
the stone to include the whole
stone. *The same maximum HU
can be obtained by the method
described in a, b .' o

Minimum HU 98.00 HU
*Maximum HU 917.00 HU
Standard deviation 187.67

To improve those points, we focused on maximum HU in
this study. The correlation between the maximum HU and
the operative time of flexible ureteroscopy with lithotripsy
for renal stones has already been reported [17], but there are
no reports about comparing maximum HU and mean HU as
a predictor of the SWL outcome. To obtain only maximum
HU, the ROI had better be simply set to include the whole
stone, as shown in Fig. 1b. The same maximum HU can be
obtained by the method described in Fig. 1a, b because the
maximum HU generally represents CT attenuation values at
the center of the stone. Using this new measuring method, it
is possible to reduce the observer bias more than using the
conventional method. When prediction accuracy is similar
among factors, it is practical to choose a factor that is easy
to measure and reproduce.

In this study, we hypothesized that identifying maximum
HU by our simple and quick method would predict the
success of SWL with the same accuracy as mean HU. We
reviewed the conventional factors known to predict the SWL
success and compared the prediction accuracy of maximum
and mean HU. Based on the results of this study, we propose
new predictors of SWL outcome.

Patients and methods
Of the total number of ureteral stone cases in which SWL

was performed between January 2015 and December 2016 at
Yokkaichi Hazu Medical Hospital, 464 cases that did not
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Area 413.39 mii
Mean HU 42.68 HU
Minimum HU -139.00 HU
*Maximum HU 917.00 HU
Standard deviation 221.47

'
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meet exclusion criteria were evaluated. Exclusion criteria
included cases in which the major diameter of the stone was
less than 5 mm, cases in which non-contrast CT was not
obtained before the first SWL session, cases in which SWL
was performed on a residual calculus after transurethral
lithotripsy (TUL), and cases in which outcome after treat-
ment was unknown.

Non-contrast CT images were preoperatively
obtained with the Toshiba Aquilion ONE™ CT scanner
(Toshiba Medical Systems, Otawara-shi, Japan). Mean
value of total effective tube current time product was
4633.81 +878.70 mAs (range 1056—7126 mAs) with a
fixed tube voltage of 120 kV. The window width and level
were 290 and 45 HU, respectively. The CT dose output was
controlled for individual patients through automatic expo-
sure regulation and tube current modulation. CT dose index
volume (CTDI,,;) and dose-length product (DLP) values
were obtained from 262 of the 464 patients as a measure of
radiation dose output. Effective dose (ED) was calculated
from the DLP by multiplying it by the conversion coefficient
(k=0.015 mSv/mGy cm).

The image reference application was EV Insite ver.
2.10.7.9 of PSP Corporation.

All patients underwent SWL using MODULITH SLX ™
(Stortz Medical; Tdgerwilen, Switzerland) under analgesia.
Shockwave power was given up to 18 kV. Frequency of gen-
erating shockwaves was set at a rate of 60—120 shots per
minute, and maximum number of shockwaves was limited to
4000 shots. Each patient’s surgical position (supine position
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or prone position) was determined by stone location. That
is, upper ureteral stones were treated in the prone position
as much as possible. This is because the treatment result of
upper ureteral stones at our hospital was significantly bet-
ter in the prone position. All middle ureteral stones were
treated in the prone position and all lower ureteral stones
were treated in the supine position.

Various factors were evaluated on non-contrast CT
images prior to the first SWL session. Factors related to
CT attenuation value were measured by a single radiologist
using the method shown in Fig. 1a. Stone size was evaluated
by measuring major diameter (i) and minor diameter (ii)
on axial images and longitudinal diameter (iii) on coronal
images. Stone volume was defined as (i X ii X iii)/2. SSD was
defined as the distance from the center of the stone to skin
at 90° measured on an axial image. SSD was measured from
the dorsal or ventral side based on treatment position.

Additional SWLs were performed when residual stones
remained after the first SWL. The shortest interval between
treatments was 1 week (mean 2-3 weeks). SWLs were
repeatedly performed until the patient became stone-free on
non-contrast CT or KUB images, or until more treatments
were judged ineffective.

The usefulness of each predictor was statistically verified.
We defined patients who achieved stone-free status on non-
contrast CT or KUB images with a single SWL as the “Suc-
cessful” group and patients who required multiple SWLs
as the “Failed” group. Cases that transitioned to TUL after
first SWL were classified as Failed. Results were analyzed
using Student’s ¢ test, Mann Whitney’s U test, the Chi-square
test, and Fisher’s exact test. Receiver operating characteristic
(ROC) curve and area under the curve (AUC) were used to
compare the predictive accuracy of each factor. Multivariate
analysis was performed using a logistic regression model
and new indicators were devised based on the result of the
multivariate analysis. Validities of the results were verified
using ROC analysis and Spearman’s rank correlation coef-
ficient. All tests considered P < 0.05 as significant differ-
ence. Statistical analyses were performed with R Statistical
Language version 3.0.2.

Results

Patients’ characteristics are shown in Table 1. A total of 324
(69.8%) and 140 (30.2%) patients were classified as Success-
ful and Failed, respectively. In comparing the Successful and
Failed groups, significant differences were found in factors
related to stone size and CT attenuation value. Among these
factors demonstrating significant differences in the univariate
analysis (Table 1), factors relating to CT attenuation value,
such as maximum HU, mean HU, and SD were strongly cor-
related with one another. Similarly, factors relating to stone

size, such as major diameter, minor diameter, and volume are
strongly correlated with one another. ROC analyses were per-
formed to identify which of these factors should be selected
as an explanatory variable for multivariate analysis.

Figure 2a shows ROC curves of factors related to CT
attenuation value (maximum HU, mean HU, and SD). The
ROC curves, AUCs, and 95% confidence intervals (95% CI)
of these three factors were almost identical (maximum HU:
AUC 0.691, 95% CI10.64-0.742, mean HU: AUC 0.682, 95%
CI10.632-0.733, SD: AUC 0.689, 95% CI 0.637-0.741). Simi-
larly, three factors related to stone size (major diameter, minor
diameter, and volume) also had similar prediction accuracy
(Fig. 2b) (major diameter: AUC 0.671, 95% CI 0.618-0.724,
minor diameter: AUC 0.642, 95% CI 0.588—0.695, volume:
AUC 0.668, 95%CI 0.615-0.720). Based on this result, maxi-
mum HU was selected as the CT attenuation value-related fac-
tor and major diameter was selected as the size-related factor
in the subsequent multivariate analysis.

Table 2 shows the results of the logistic regression
analysis of predicting successful SWL. Model 1 selected
clinically useful factors based on the results of the uni-
variate analysis. The variables of Model 2 were obtained
by applying stepwise backward selection to Model 1. In
Model 2, four factors, including stone location/treatment
position, major diameter, maximum HU, and SSD, were
significant. However, appropriate treatment position var-
ies depending on the SWL device. To suggest as more
universal indicators that do not depend on the device, we
verified a model limited to two factors, major diameter and
maximum HU (Model 3).

Using the formula obtained from the logistic model in
Table 2, it was possible to directly calculate the probability
of failure with a single SWL. We defined this probability
as the stone resistance probability (SRP). The probability
obtained from four factors in Model 2 (stone location/treat-
ment position, major diameter, maximum HU, and SSD)
was defined as SRP4, and the probability obtained from two
factors (major diameter and maximum HU) in Model 3 was
defined as SRP 2. SRP4 and SRP2 were calculated with the
following formulas:

SRP4 (%) = €'/1+¢€' x 100, t = 1.41 x (Ul supine, 0 or 1)
+1.00x (U2, Oor1) +1.21 x (U3, Oor 1)
+0.0017 X (maximum HU, HU) + 0.12

X (major diameter, mm) + 0.18 X (SSD, cm)
-6.33

SRP2 (%) = €' /1+¢" x 100, ' = 0.0014

X (maximum HU, HU) +0.11

X (major diameter, mm) — 3.35.
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Table 1 Patients’ characteristics

. Characteristics Total Successful® Failed” P
and comparison between
Successful and Failed groups Patients 464 324 140
Sex 0.013
Male 344 229 115
Female 120 95 25
Age, years 53 (17-88) 53 (17-88) 55 (25-84) 0.27
Stone location/treatment position <0.01
Upper ureter/prone 168 135 33
Upper ureter/supine 96 51 45
Middle ureter 65 47 18
Lower ureter 135 91 44
Side 0.025
Left 257 191 66
Right 207 133 74
Hydronephrosis 437 305 132 1
Preoperative JJ stent 12 5 7 0.050
Major diameter, mm 7 (5-21) 6 (5-21) 8 (5-18) <0.01
Minor diameter, mm 5(2-14) 5(2-13) 52-14) <0.01
Volume, cm? 0.13 (0.02-3.02)  0.11 (0.07-3.02) 0.17 (0.11-2.67) <0.01
Mean HU, HU 603 (145-1450) 561.5 (145-1431)  708.5 (224-1450) <0.01
Minimum HU, HU 133 (24-402) 134.5 (24-398) 132 (38-402) 0.87
Maximum HU, HU 1067 (199-2290)  978.5 (199-2290)  1280.5 (352-1932) <0.01
SD 262 (35-614) 242.5 (35-614) 322.5 (59-590) <0.01
SSD, cm 9.7 3.5-16.7) 9.6 (3.6-16.0) 9.9 (5.1-16.7) <0.01
No. of SWL sessions 1(1-8) 1 2 (1-8)
Transitioned to TUL 14 0 14

Median (range) or n

#Successful group; stone-free with after a single SWL session

®Failed group; required multiple SWL sessions

We next calculated “Maximum CT attenuation values and
Major diameter Index (MMI)” as a simpler index. MMI is a
new index calculated by the following formula:

MMI = Maximum HU (HU) X Major diameter (mm).

MMI cannot directly represent the probability of failure
with a single SWL such as SRP, but it can bring impor-
tant information for the difficulty of SWL with a simple and
quantitative way. Figure 3 shows five ROC curves, including
SRP 4, SRP 2, MMI, maximum HU, and major diameter.
Comparing AUCs of these factors, the prediction accuracy
of MMI was inferior to that of SRP4, but it was comparable
to SRP2. Furthermore, MMI was slightly superior to each
of maximum HU and major diameter.

In comparison of more than three groups, corrections of
multiple testing were done.

We next calculated Spearman’s rank correlation coeffi-
cient and compared the correlation between each predictor
and the number of SWL sessions required to become stone-
free. The results were SRP4: 0.407, SRP2: 0.326, MMI:
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0.327, maximum HU: 0.303 and major diameter: 0.278.
These results were consistent with the ROC curves.

The new 110 cases were set to validate those results.
The AUC:S in the validation cases were SRP4: 0.725, SRP2:
0.656, MMI: 0.675, maximum HU: 0.621 and major diam-
eter: 0.651. The validation cases demonstrated the same
trend as the test cases, suggesting that SRP and MMI may
be useful new predictors of successful SWL.

Regarding parameters according the radiation dose,
the mean CTDIvol was 33.01 +7.17 mGy (range
6.60-72.2 mGy). On average, DLP amounted to
1669.27 +416.87 mGy cm (range 308.8-2809.6 mGy cm).
By applying conversion coefficient of k=0.015 mSv/
mGy cm, this resulted in an overall mean ED of
25.04 +£6.25 mSv.
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Fig.2 a ROC curves and AUCs of maximum HU, mean HU, and SD.
b ROC curves and AUCs of major diameter, minor diameter, and vol-
ume

Discussion

There are many studies on factors predicting the efficacy of
SWL [1-16]. In this study, we found that a simple measured
value, maximum HU of the ureteral stone on non-contrast
CT, can be used to accurately predict SWL success. In addi-
tion, we identified two new indicators, SRP and MMI as
reliable predictors of treatment success.

Non-contrast CT is an essential diagnostic tool for uro-
lithiasis. The relationship between CT attenuation value and
successful SWL has been reported for years, but most stud-
ies have evaluated mean HU, with a cutoff value of 1000HU
[5, 11-13].

There are various opinions on how to set ROI within a
stone. Several reports have used ellipses or free-hand curves
so as not to include soft tissue surrounding the stone [1, 4,
6-10]. Other reports have drawn three small ROI within a
single stone and calculated the average [2, 14].

It is conventional to measure on a maximum axial image,
and it is also possible to measure using three slices [3, 5].
However, how to determine the ROI was not unified among
urologists or radiologists, errors have been caused by the
difference in method to measure. Furthermore, since mean
HU varies depending on how far from the stone edge to
the ROI, different values will be obtained even when a sin-
gle urologist measures the same stone twice. On the other
hand, maximum HU can be reliably obtained the same value
regardless of how it is measured. Nevertheless, few studies
use maximum HU [4, 9, 15, 17] as a predictor of SWL out-
come. This may be because the maximum HU may not be
representative of stone heterogeneity. However, it remains
unclear if there is any value in expressing stone heterogene-
ity when predicting SWL success.

Heterogeneous stones may have some “weakness”, which
can be identified by low CT attenuation values, making
easier to break. Some reports have utilized SD [7] or vari-
ation coefficient of CT attenuation values [8] in the ROI to
evaluate stone heterogeneity. SD is an indicator of numeri-
cal variation. At first glance it seems that there are many
weak points with low HU within the stone if the SD is large.
However, we found that the larger the SD was, the more
SWL sessions were required. In our study, the minimum HU
was approximately 150 HU with very little variation among
stones. Mean HU (r=0.943, p<0.01) and SD (r=0.967,
p<0.01) were strongly correlated with maximum HU.
Hence, we concluded that SD does not accurately reflect
stone heterogeneity and its clinical significance is unclear.
Although the coefficient of variation was also verified, our
data suggests that does not have a prediction accuracy above
maximum HU.

In 1988, Baron et al. reported the usefulness of CT pat-
tern as a predictor of success in crushing gallstones with
shock waves in vitro [18]. In their study, they listed CT
attenuation values of the cross section of stones, graphed
them, classified the waveforms into six patterns, and exam-
ined the relationship between the waveform patterns and the
crushing effects. The author found a significant difference
in ease of crushability depending on the waveform patterns.
Prior to this study, we considered whether the waveform pat-
terns could be used to evaluate the structure and crushability
of ureteral stones and verified in our case. To evaluate the
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Table 2 Logistic regression analysis of predictors of successful SWL

Predictors Category Model 1 Model 2 Model 3
OR 95%CI P OR 95% C1 P OR 95% CI P
Sex Female Reference
Male 1.95 1.11-3.43 0.021
Age, years 1.01 0.99-1.03
Stone location/treatment position Upper/prone  Reference Reference
Upper/supine  4.04 2.18-7.50 <0.01 4.13 2.25-7.57 <0.01
Middle/prone 2.58 1.21-5.51 0.014 2.71 1.28-5.75 <0.01
Lower/supine 3.43 1.85-6.36 <0.01 3.35 1.85-6.06 <0.01
Side Left Reference
Right 1.40 0.89-2.19 0.15
Hydronephrosis Yes 1.01 0.38-2.72  0.99
Preoperative JJ stent Yes 4.07 1.05-15.7 0.042
Major diameter, mm 1.13 1.04-1.23 <001 1.13 1.04-122 <001 1.12 1.04-121 <001
Maximum HU (100 HU increment) 1.18 1.10-1.27 <0.01 1.19 1.11-1.27 <0.01 1.15 1.08-123 <0.01
SSD, cm 1.17 1.04-133 <0.01 1.19 1.06-1.35 <0.01
10 4 always correlate with easy crushability and does not appear
to be clinically important. Based on the above results, we
ignored stone heterogeneity and focused on maximum HU
08 - to devise a more versatile and efficient index.
Measuring maximum HU (Fig. 1b) is easier than measur-
ing mean HU (Fig. 1a). Our method is even more efficient
06 when evaluating multiple slices of a thick stone. This series
Z of tasks (measuring the size of the stone and setting the ROI)
[ can be done conveniently in front of patients and provides
) 04 4 essential information for evaluating treatment options. Since
we have a high volume of urolithiasis patients, this level of
accuracy and efficiency is essential for evaluating calculus
024 pilf —— srPa:AUC 0760, 95%CI0.710-0.809 images before treatment. .
M ---- SRP2: AUC 0.705, 95%CI 0.655.0.756 In this study, it became clear that CT attenuation value
e MMI: AUC 0.705, 95%Cl 0.655-0.756 and size are predictors of treatment success. When evaluat-
A Maximum HU: AUC 0.685, 95%Cl 0.634-0.736 ing stone size, many studies use major diameter as a predic-
0.0 ——— Major diameter: AUC 0.667, 95%Cl 0.614-0.721 K X
| | : : | : tor [3, 7, 14, 15]. We found that major diameter had the same
0.0 0.2 0.4 06 08 10 degree of accuracy as volume. This is because minor diam-

1 - Specificity

Fig.3 ROC curves and AUCs of SRP4, SRP2, MMI, maximum HU,
and major diameter

distribution of CT attenuation values in the cross section of
a stone, we drew multiple profile curves in a lattice pattern
on the stone. We tried to visually search for “weak points”
with a low CT value by looking at the waveform of the pro-
file curve. We found no correlations between the number
of waveform differences and the number of weak points.
Gallstones, especially those that contain a cholesterol com-
ponent, have dynamic numerical changes in HU. In contrast,
urinary stones have a relatively uniform internal structure.
Hence the distribution of CT attenuation values does not
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eter, which often coincides with ureteral diameter, does not
vary significantly from patient to patient, hence the volume
of a ureteral stone strongly depends on the major rather than
the minor diameter. Therefore, it is only necessary to meas-
ure the major diameter without measuring minor diameter
or calculating volume. However, in kidney stones, the minor
diameter appears to be more important, and volume may be
a better predictor for SWL outcome than major diameter.
SRP using a logistic regression model is easy to under-
stand because it can directly calculate the probability of
treatment failure, but it is based on a complicated equation.
MMI is a simpler alternative that is calculated by multi-
plying the maximum CT attenuation value (HU) with the
major diameter (mm). The cutoff value of MMI should be
set for each facility. We identified a cutoff value of 12,000,



Urolithiasis (2020) 48:85-91

91

at which the positive predictive value was 50% (sensitivity
0.41, specificity 0.83). That is, if MMI is 12,000 or more,
two or more sessions of SWL will be required with a prob-
ability of 50% or more.

This study has several limitations. First, this was a ret-
rospective study at a single institution. Larger prospec-
tive studies will determine whether similar results can be
obtained in other facilities using different devices. As an
additional application, our technique might be used to pre-
dict outcome of SWL for renal stones.

Conclusions

We examined predictors of successful SWL for ureteral
stones and concluded that CT attenuation value and major
diameter are useful for predicting treatment effect. Previ-
ously, mean HU was used to predict successful SWL, but we
found that maximum HU is a better predictor than mean HU.
We also examined novel indicators such as SRP and MMI,
suggesting their usefulness.
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