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Abstract

Purpose  To retrospectively evaluate the accuracy of dual-
energy CT (DECT) in the detection of the chemical compo-
sition of urinary calculi in correlation with infrared spectro-
scopic stone analysis.

Methods We reviewed the CT scans of 255 patients who
underwent DECT due to a clinical suspicion of urolithiasis.
Out of this group, we included 64 patients with clinically
symptomatic urolithiasis requiring stone removal. After
surgical removal of the stone by ureterorenoscopy, chemi-
cal composition was analyzed with infrared spectroscopy.
We correlated DECT stone characterization results with
chemical stone composition based on dual-energy indices
(DEI). A total of 213 renal and ureteral stones could be
removed and chemically analyzed.

Results A total of 213 calculi were evaluated. Thirty eight
out of sixty four (59 %) patients had >1 stone. DECT was
used to differentiate stones by using DEI. Stones harbor-
ing calcium (CA) were color-coded in blue, while stones
containing uric acid (UA) were colored red. Median DEI
in UA-containing stones were 0.001. Non-UA-containing
stones had a DEI between 0.073 for pure CA stones and
0.077 containing CA and other substances (p = 0.001;
p = 0.03, respectively). Sensitivity of DECT was 98.4 %
for differentiation of UA from non-UA-containing calculi.
Specificity was 98.1 %. Mean effective radiation dose of
DECT was 4.18 mSv (0.44-14.27 mSv), thus comparable
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to conventional CT scans of the abdomen. Conventional
measurement of Hounsfield units did not correlate with
stone composition.

Conclusion DECT with image post-processing reliably
discriminates UA-containing calculi from all other stones,
but the study offered limitations. Discrimination within the
non-UA stones cannot be reliably achieved but is clinically
insignificant.

Keywords Urolithiasis - Dual-energy CT - Uric acid
stones - Chemical composition

Introduction

Urolithiasis, the formation of urinary tract calculi, is one
of the most common causes of acute and recurrent flank
pain. The majority of affected patients are young men with
their first episode of urolithiasis occurring between 20 and
30 years of age [1]. The lifetime risk of stone formation has
increased over the last 10 years and amounts to ca. 12 % in
men and ca. 6 % in women with a high risk of recurrence
[2].

Patients with calculi usually present with acute flank
pain, vomiting and sometimes fever, but may also be
asymptomatic. Standard evaluation includes a detailed
medical history and physical examination. If urolithiasis
is clinically suspected, the diagnosis should be confirmed
by imaging [3]. About 50 % of all patients undergo radio-
logic imaging. Non-enhanced low-dose computed tomog-
raphy (CT) is recommended as the most accurate tech-
nique in the detection of urinary calculi and has become
the imaging test of choice [4]. CT has excellent sensitiv-
ity and specificity for detecting the presence of stones, is
reliable in determining their size and location and supports
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clinical treatment decisions. For successful treatment of
urolithiasis, the chemical composition of the stone is of
paramount importance. Eighty percent of all calculi contain
calcium and its derivates; 10—15 % of all calculi are uric
acid stones [5]. Stones consisting of uric acid can be man-
aged medically without an invasive therapeutic procedure.
It is also well established that certain stones, like cystine
and calcium oxalate monohydrate stones, are mostly resist-
ant to extracorporeal shockwave lithotripsy (ESWL) [6].
Ideally, chemical stone composition should be determined
before treatment, but conventional non-enhanced CT can-
not reproducibly predict stone composition. This is a major
limitation of conventional CT scans for imaging stones [7].

Dual-energy CT (DECT) is a promising new technol-
ogy that has the potential to improve our current ability to
discriminate stone composition. On a conventional “single-
energy” CT, the Hounsfield unit (HU) value of the stone is
related to its attenuation coefficient, which also depends on
the energy of the interacting photons, not only on its com-
position and density, i.e., at lower tube kilovoltages the
attenuation of the stone will be greater than at high kVp
settings. On a DECT scanner, two X-ray tubes can be oper-
ated with different energy levels to discriminate different
material compositions [8]. We aimed to evaluate the feasi-
bility of differentiating uric acid stones from non-uric acid-
containing stones by using dual-energy CT. Preliminary
studies have proven the feasibility of a simultaneous locali-
zation and characterization of calculi with in vitro experi-
ments [6, 9, 10]. The purpose of this study is to evaluate the
accuracy of DECT in vivo to detect the chemical compo-
sition of urinary calculi and correlate the imaging findings
with infrared spectroscopic stone analysis.

Materials and methods
Patient examinations

In this retrospective study, the data from a total of 255
patients treated in our department were analyzed. Between
February 2007 and November 2010, 255 patients with
symptomatic urolithiasis were included. The age range was
18-91 years (mean age: 53 years), including 77 female
and 178 male patients. All patients underwent unenhanced
DECT for assessment of suspected or known urinary stone
disease. In n = 64 patients (15 women and 49 men), the
chemical composition of the calculi was analyzed with
infrared spectroscopy after surgical removal of the stone
by ureterorenoscopy. All patients gave written informed
consent prior to their DECT examination. In 38 patients,
DECT examinations were performed on a first-generation
dual-source scanner (Somatom Definition, Siemens Medi-
cal Solutions, Forchheim, Germany) from 2007 until 2009
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Fig. 1 “Box and whisker”plots of the DE indices (a) and density
values (weighted-average images b) for Definition scanner. Differ-
ences between UA- and non-UA-containing calculi are significant
(p = 0.001 and p = 0.005, respectively)
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Fig.2 “Box and whisker”plots of the DE indices (a) and den-
sity values (weighted-average images b) for Flash scanner. Differ-
ences between UA- and non-UA-containing calculi are significant
(p = 0.001 and p = 0.03, respectively)

using tube potentials of 80 and 140 kVp; 26 patients were
scanned on a second-generation scanner (Somatom Defini-
tion Flash, Siemens Medical Solutions, Forchheim, Ger-
many) at 100 and 140 kVp (Figs. 1, 2).

Image acquisition and post-processing

All patients were examined using a dual-source CT system
in an unenhanced dual-energy CT mode in a single spiral
acquisition (Somatom Definition and Somatom Definition
Flash). The system consists of two X-ray tubes positioned
at a 90 degree angle [11]. Due to two different types of
scanners being used for the examinations, the scan param-
eters of the second-generation scanner (Siemens Somatom
Flash) are shown in parentheses. There is a 64-slice detec-
tor (128-slice) corresponding to each of the tubes: The
“A” detector operates similar to a standard single-source
detector and the “B” detector which also features the same
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Table 1 Scan parameters

Scan parameter Definition Definition flash
Number of slices 2 x 64 2 x 128

Angular adjustment (°) 90 95

Filter (mm) 3AL09Ti 3 Al 0.9Ti, 0.4 Sn (B)
Tube current modulation CareDose4D CareDose4D
Collimation (mm) 14 x 1.2 32 x 0.6

Pitch 0.55 0.6

Rotation time (s) 0.5 0.5

design and a field of view of 27 cm (33 cm). The tube
potentials of 80 and 140 kV (100 and 140 kV) comprise
standard values for dual-energy CT. The tube current—time
products were set to the values of 200 and 96 mAs. Colli-
mation on each detector was 14 x 1.2 mm (32 x 0.6 mm),
and the pitch was 0.55 (0.6) to limit image noise which
particulary benefits larger patients resulting in an improved
characterization of calculi [12, 13]. The detailed scan
parameters are listed in Table 1. The scan range covered the
abdomen from the diaphragm to the ischial tuberosities and
was obtained in an inspiratory breathhold (Figs. 3, 4).

Images were reconstructed in both axial and coronal
planes with 2-mm slice thickness using a dual-energy-spe-
cific soft tissue kernel (D30f). To achieve low image noise
and a spectral appearance similar to that of 120 kV images,
the weighted-average images—70 % (50 %) density infor-
mation from the 80 kV (100 kV) and 30 % (50 %) from the
140 kV image—were calculated additionally. This allows a
reliable detection of small low-density urinary calculi.

All examinations were retrospectively evaluated in
consensus by two experienced radiologists blinded to the
results of the infrared spectroscopy of the stone. Every scan
was read on a multimodality workstation equipped with
dual-energy post-processing software (Siemens MMWP
VA 21). For detection, localization and size measurement
of calculi, the weighted-average images provided by the
image reconstruction system were evaluated. The size of
the stones was measured digitally on axial images. Loca-
tion of calculi was stated as being in one of the following:
in the right or left renal parenchyma, the pelvicalyceal sys-
tem, in the proximal, mid- or distal ureter or the bladder.
Stone densities were measured in Hounsfield units (HU) on
images from the “A” tube, from the “B” tube, and from the
weighted-average images. Objective assessment was done
by manually putting a 1-5 mm? circular region of interest
(ROI), depending on the size of the calculus, to include at
least half of the area of the calculus placed inside its high-
est density area on axial images. For placement of ROIs,
images were displayed at bone window settings to mini-
mize the partial volume effects between the stone and sur-
rounding soft tissue. The software automatically copies

Fig. 3 In the middle caliceal group of the left kidney of a 60-year-
old male, a 7-mm calculus was identified. Color coding based on the
DE ratio of the stone shows a chemical composition of pure uric acid,
coded in red color

Fig. 4 Color-coded axial DECT image showing a calcium-contain-
ing stone in the middle caliceal group. All calcified structures includ-
ing bones are color-coded in blue

ROIs drawn on one of the series to the respective other
series for including exactly the same voxels and then calcu-
lates the mean attenuation value. The DEI were calculated
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for each calculus. The dual-energy software uses the infor-
mation of both tubes to generate a color-coded image. The
algorithm includes the ratio of mean attenuation using
both tubes at different kV and assumes a mixture of water,
calcium, and UA for every image voxel. A voxel with a
similar behavior to calcium is color-coded in blue and one
that is similar to uric acid in red. Voxels that show a lin-
ear density at both tube potentials remain gray. From the
measured density values, the DEI were calculated accord-
ing to the following formula: (HUyg (109) — HU\40)/(HUg
100y T HU 4 + 2000).

Stone analysis

Following retrieval of all stones by endourologic tech-
niques, they were sent to the laboratory for chemical
analysis. Seven patients with calculi, for which extracor-
poreal treatment was possible, underwent extracorporeal
shockwave lithotripsy (ESWL). Fifty two patients were
treated by ureterorenoscopy to extract calculi using either
semirigid or flexible endoscopes. Five patients with very
large stones were treated by percutaneous nephrolithotomy
(PCNL). The stones were analyzed by infrared spectros-
copy (Nicolet 380 FT-IR, Thermo Electron Corporation) at
our laboratory. Stones were classified by the predominant
component. Calculi with a chemical composition of more
than 80 % of a single component on infrared spectroscopy
were considered as pure. Results of the chemical analysis
were documented and correlated with the results of dual-
energy CT and image post-processing.

Statistical analysis

The ratios were expressed as means + standard devia-
tions. p values <0.05 were considered statistically sig-
nificant. All statistical analysis was performed using IBM
SPSS Statistics (version 23, IBM). The comparison was
made using the averages of DE indices for the single-
energy and attenuation for the weighted-average images.
A Student’s t-test for independent samples was performed
to check for significant differences between the aver-
age values for the weighted-average images and the DE
indices.

Results

In all 64 patients, a total of 213 stones could be localized
and extracted from the urinary tract. In 12 patients, the cal-
culi were located in the renal parenchyma and in 33 patients
in the renal pelvicalyceal system. The remaining stones
were found in the ureter: in the distal ureter (n = 11), in the
middle ureter (n = 7) and in the proximal ureter (n = 18).
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Table 2 Number of calculi, mean and standard deviation of density
values and DE ratio for different groups of stones using definition DS
scanner

Number of Mean HU STD  Mean DE  STD
calculi ratio

Type of
calculi

Definition dual source (first generation)

Mixed 8 1287 9734  0.088 0.04515
calcium
UA 6 492 130.97 0.018 0.02177
Mixed UA 1 564 23.3  0.001 0
COM 14 1188 480.42 0.118 0.02441
Calap 5 988 232.89 0.121 0.01598
Brushite 1 1995 19.4 0.151 0
Cystine 1 851 27.6  0.065 0
COD 3 1169 383.05 0.111 0.03818

The size of stones ranged from 4.6 to 30.6 mm with a
median of 10.8 £+ 7.1 mm.

Pure calculi with a single chemical component >80 %
were classified into uric acid (n = 9), calcium oxalate
monohydrate (n = 26), calcium oxalate dihydrate (n = 4),
calcium hydroxyapatite (n = 7), brushite (n = 1) and cys-
tine (n = 1). Mixed stones were classified into the follow-
ing groups: mixed uric acid-containing (n = 2) and mixed
non-uric acid-containing stones (n = 14).

Using the weighted-average images from the DECT
scan simulating a regular 120 kV scan, stone densities for
mixed calcium-containing stones were 1287 HU (976 HU).
The density values of uric acid stones ranged from 352 to
730 HU (435 and 472 HU) at 120 kV, from 364 to 775 HU
(438-472 HU) at 80/100 kV, and at 140 (Sn 140) kV from
346 to 601 HU (437—471 HU). Mean density values, stand-
ard deviations and the associated mean DE ratios for differ-
ent stone groups are given in Tables 2 and 3.

The results of DECT scans and postoperative infrared
spectroscopic analysis had an agreement of 98.4 %. Only
one pure uric acid stone of a diameter of 5.4 mm was clas-
sified as a calcium-containing stone with blue color by
DECT examination, and stone analysis showed a chemical
composition of uric acid (90 %) and calcium hydroxyapa-
tite (10 %). Detection of uric acid calculi and differentia-
tion from non-UA-containing calculi with a sensitivity of
98.4 % (8/53) and a specificity of 98.1 % (52/53) were pos-
sible with a positive predictive value of 88.9 % and a nega-
tive predictive value of 91.1 %. For all other stones, namely
COM, COD, brushite, cystine, calap, and mixed calculi,
sensitivity and specificity were both 100 %.

The DE ratio of uric acid was 0.018 (0.001). The DE
ratio from pure uric acid calculi was significantly different
from stones of other chemical composition with a p value
of 0.001, respectively, and 0.03 for the Flash scanner. Com-
paring mixed stones, COM, COD, calap and brushite, there
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Table 3 Number of ca}cgli, Type of calculi Number of calculi Mean HU STD Mean DE ratio STD
mean and standard deviation of
density values, and DE ratio for Definition flash
different groups of stones using Mixed calcium 6 976 238.8 0.077 0.01597
Flash scanner
UA 3 453 25.81 0.001 5.2595973
Mixed UA 1 605 60.3 0.049 0
COM 12 883 385.42 0.073 0.02361
Calcium HA 2 955 131.1 0.075 0.00961
Brushite 784 81.5 0.073 0

were no statistically significant differences at p values rang-
ing from 0.08 to 0.95 (0.15-0.91). Examinations performed
on any of the two both dual-source scanners could not dis-
criminate different groups of mixed calcium-containing
stones. There was no significant difference found between
these groups with a high overlap of the HU and DE ratios.

The mean CTDI,; for DECT scans of the abdomen was
11.9 £ 4.9 mGy/cm, with the minimum CTDI,; being 4.49
and the maximum 31.17. This resulted in a mean effective
patient dose of 4.18 mSv % 2.9 mSv (minimum, 0.44 mSv;
maximum, 14.27 mSv). Considering the two scanners used
for this study separately, there is an effective patient dose
with a minimum 0.95 and maximum 14.27 mSv for the
Definition scanner and a minimum of 0.44 and maximum
10.46 mSy for the Flash scanner with an equal mean effec-
tive dose of 4.2 mSv.

Discussion

Information regarding stone composition is of utmost
value for decision of treatment strategies and also predict-
ing success of lithotripsy to optimize management of uro-
lithiasis. As yet, there was no reliable method of determin-
ing stone composition prior to retrieval and analysis. The
knowledge of stone composition prior to retrieval would
improve patient management. This may include treatment
of uric acid stones with medical chemolitholysis, which has
reported success rates as high as 70-80 % and could avoid
patients from potentially unnecessary and invasive thera-
pies [14]. ESWL could also be spared for patients with
cystine or calcium oxalate monohydrate stones. This would
potentially reduce costs and results in more cost-effective
management of patients with urolithiasis [15].

Stone detection and discrimination in a single acquisi-
tion using DECT are possible. DECT is an accurate, non-
invasive examination in patients with known or suspected
urinary calculi. A number of preliminary studies have
shown the feasibility to differentiate calculi in vitro [5, 8].

This in vivo study with 64 patients, including 213 exam-
ined urinary stones, was performed to demonstrate whether
dual-energy CT is a reliable imaging examination to detect

and discriminate uric acid from stones of other chemical
composition. Most of our findings were stones consisting
COM, concordant with the regional epidemiology [16]. DE
ratio of 0.001 detected uric acid calculi with a sensitivity of
88.9 % (8/9) and a specificity of 98.1 % (52/53) with a pos-
itive predictive value of 88.9 % and a negative of 91.1 %.
For all other stones, namely COM, COD, brushite, cystine,
calap, and mixed calculi, both the sensitivity and the speci-
ficity were 100 %.

It is obvious that single-energy CT scans are an inad-
equate examination for stone characterization as there is a
substantial overlap in 120 kV density between uric acid,
mixed calculi, struvite, and cystine [17]. Using the informa-
tion of dual-energy CT scans with two separate X-ray tubes
and a simultaneous acquisition, it has recently become pos-
sible. It can be ideally used to reliably differentiate between
different chemical compositions of urinary calculi. In con-
trast to other previous studies, our study was performed
in vivo with a larger patient population. Using dual-energy
CT, we could differentiate between the clinically important
categories of uric acid and non-uric acid stones. This is not
possible in scans with one X-ray spectrum due to the over-
lap of density values [18].

In the initial part of our study, we performed a dual-
energy CT of the kidneys, ureter, and bladder as part of
the workup for suspected urolithiasis. In the later part of
the study, the protocol was modified to minimize radia-
tion exposure by performing a low-dose scan of the entire
abdomen. If calculi were identified by the radiologist while
the patient was on the scanner table, a short dual-energy
acquisition was performed in the stone-containing area
only. This could reduce the effective dose significantly to
2-4 mSv. Qu et al. [19] showed a minimal effect in char-
acterization of stones using DECT with a 75 % radiation
dose reduction protocol related to a 16-mGy routine dose.
This could be also an effective possibility to reduce radia-
tion exposure.

Our study has a few limitations. Firstly, some rare stone
types are underrepresented; there were just one brushite
and one cystine-containing stone in our patient population,
which could be detected and analyzed afterward. For these
types of stones, no statistically meaningful data could be
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obtained. To determine whether a further differentiation
between the subgroups of non-uric acid-containing stones
is possible, further prospective studies with a larger sam-
ple size are required. Likewise, the retrospective study
harbored potential bias, the number of included patients
is small, and the use of different techniques of CT scan
should be mentioned.

In conclusion, DECT can be employed to reliably pre-
dict the composition of urinary calculi as a noninvasive
in vivo examination. This is very useful for the clinical
management of patients with urolithiasis and may also
increase cost-effectiveness of the stone treatment.
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