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Abstract

Rationale and Objectives—To determine the accuracy and sensitivity for dual-energy computed
tomography (DECT) discrimination of uric acid (UA) stones from other (non-UA) renal stones in a
commercially implemented product.

Materials and Methods—~Forty human renal stones comprising uric acid (n = 16), hydroxyapatite
(n =8), calcium ox-alate (n = 8), and cystine (n = 8) were inserted in four porcine kidneys (10 each)
and placed inside a 32-cm water tank anterior to a cadaver spine. Spiral dual-energy scans were
obtained on a dual-source, 64-slice computed tomography (CT) system using a clinical protocol and
automatic exposure control. Scanning was performed at two different collimations (0.6 mm and 1.2
mm) and within three phantom sizes (medium, large, and extra large) resulting in a total of six image
datasets. These datasets were analyzed using the dual-energy software tool available on the CT
system for both accuracy (number of stones correctly classified as either UA or non-UA) and
sensitivity (for UA stones). Stone characterization was correlated with micro-CT.

Results—For the medium and large phantom sizes, the DECT technique demonstrated 100%
accuracy (40/40), regardless of collimation. For the extra large phantom size and the 0.6-mm
collimation (resulting in the noisiest dataset), three (two cystine and one small UA) stones could not
be classified (93% accuracy and 94% sensitivity). For the extra large phantom size and the 1.2-mm
collimation, the dual-energy tool failed to identify two small UA stones (95% accuracy and 88%
sensitivity).

Conclusions—In an anthropomorphic phantom model, dual-energy CT can accurately
discriminate uric acid stones from other stone types.
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Symptomatic urinary stone disease affects approximately 900,000 persons in the United States
each year, resulting in annual medical cost of $5.3 billion. Nephrolithiasis has traditionally
been evaluated using plain film radiographic techniques with or without tomography or
administration of intravenous contrast for excretory urography. Over recent years, however,
computed tomography (CT) has supplanted these traditional techniques because of increased
sensitivity, speed, and the lack of intravenous contrast (1). Furthermore, improved CT
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acquisition techniques can allow a lower radiation dose than was required for a traditional
excretory urogram (2,3).

Although state-of-the-art CT provides accurate submillimeter details of the size and location
of renal stones (4,5), current routine clinical image analysis does not differentiate stone
composition. This is particularly important in the case of uric acid (UA) stones (~10% of cases),
because urinary alkalinization can be prescribed to dissolve UA stones and could thereby be
initiated at presentation rather than following lengthy metabolic workup. Therefore simple and
reliable differentiation of UA versus non-UA stone composition could potentially allow
patients with UA stones to avoid invasive interventional urinary procedures for stone removal
or external shock wave lithotripsy, both of which are expensive and might result in renal
hemorrhage, fibrosis, or hypertension (6).

Previous attempts to predict stone composition using spiral CT were based on the analysis of
CT numbers. Several in vitro and in vivo studies have shown that this approach can discriminate
UA from non-UA stones (7-11). Combining the analysis of CT numbers with visual assessment
of stone morphology using a wide window setting (eg, bone window) substantially improves
the accuracy of stone characterization (12). Bellin et al (13) reported in vitro prediction of stone
composition with 64%- 81% accuracy, whereas Zarse et al (14) demonstrated that high-
resolution spiral CT yields unique CT numbers for common types of stones if proper window
settings are used to localize homogeneous regions within the stones.

However, the CT number approach to predict stone composition is not yet robust or reliable
enough to be used as a routine clinical application, and a dual-energy CT (DECT) technique
could be considered as an alternative. Because UA stones are composed only of light chemical
elements (H, C, N, O), their x-ray attenuation properties at high and low kVp are very different
compared with those for other (non-UA) stone types (eg, calcium oxalate, calcium
hydroxyapatite, cystine), whose composition includes heavy elements (P, Ca, S). As a
consequence, UA stones have higher CT numbers at higher kVp than at lower kVp, whereas
non-UA stones have higher CT numbers at lower kVp than at higher kVp. Indeed, some
previous studies (8,13,15) have already exploited this fact and used the difference between CT
numbers at high and low kVp to improve the prediction accuracy of the CT number approach.

A recently introduced dual-source CT scanner (SOMATOM Definition, Siemens Medical
Solutions, Forchheim, Germany) allows simultaneous dual-energy, high spatial resolution
acquisition and immediate image postprocessing using a commercial material decomposition
algorithm (SyngoDE, Siemens). Our previous study (16), which used both single-source and
preliminary dualsource CT data analyzed with the beta version of the material decomposition
software, demonstrated 75%-100% accuracy of the DECT technique in differentiating UA
from non-UA stones. Several recent software and hardware upgrades have improved both the
scanner performance and the material decomposition algorithm. Therefore the current study
was undertaken to demonstrate the in vitro prediction accuracy of the DECT system to
differentiate UA from non-UA stones under clinical conditions.

MATERIALS AND METHODS

Forty urinary stones (Fig 1) of different composition and size that were passed or removed
from human patients and had been previously characterized with infrared spectroscopy were
obtained from the Mayo Clinic Metals Laboratory. Four different stone types were selected:
uric acid (16 stones), calcium oxalate monohydrate (8 stones), hydroxyapatite (8 stones), and
cystine (8 stones). Stone sizes varied from 2 to 7 mm, with 12 “small” stones (6 UA stones)
being smaller than approximately 3 mm in size.
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The stones were hydrated to make sure all pores were filled with water and inserted in four
bivalved porcine kidneys (10 stones each kidney). The kidneys with stones were placed in a
32-cm water tank anterior to a cadaver spine to create realistic scattering and attenuation
conditions. To take into account variable patient attenuation, we simulated three patient sizes:
half-full water tank (medium), full water tank (large), and full water tank with extra attenuating
material (Superflab, Radiation Product Design, Inc, Albertville, MN) wrapped around it (extra
large).

Spiral scanning was performed on the dual-source CT scanner using a clinical dual-energy
protocol and automatic exposure control (CAREDose4D, Siemens). The following acquisition
parameters were used: tube A at 140 kVp and 100 quality reference mAs, tube B at 80 kVp
and 425 quality reference mAs (this high value for quality reference mAs resulted in maximum
tube B current for all phantom sizes, whereas the tube A current was adjusted with the phantom
size by automatic exposure control), 0.7 pitch, and 0.5 second rotation time. Two acquisitions
were performed for each phantom size. One was carried out using 2 x 32 x 0.6 mm collimation
with z-flying focal spot (resulting in 64 overlapped slices) and another with 14 x 1.2 mm
collimation. Therefore a total of six dual-energy scans were acquired. The volume CT dose
index values for all scans, which were set to match our clinically routine abdominal/pelvis
volume CT dose index values, are summarized in Table 1. Two series of images (80 and 140
kVp) were reconstructed for each scan using a 200-mm field of view and a D30 kernel. The 2
x 32 x 0.6 mm data were reconstructed using 1.0-mm image thickness and 0.8-mm
reconstruction interval, whereas 1.5-mm image thickness and 1.0 mm reconstruction interval
were used for the 14 x 1.2 mm data. The approximate noise levels measured inside the kidneys
for all image datasets are also summarized in Table 1.

The reconstructed 80 and 140 kVp images were analyzed using a commercially available
software tool (“Kidney Stones,” Syngo DE Viewer, Siemens), which uses a three-material
decomposition algorithm. According to this algorithm, a kidney stone can be considered as a
mixture of a hypothetical “pure” stone with no pores (such a stone would have unrealistically
high CT numbers) and the material that fills the pores (“urine”). In a plot of the CT numbers
at 80 kVp versus the CT numbers at 140 kVp, a real stone has to lie somewhere (depending
on its porosity) on a line segment between the “urine” and the “pure” stone datapoints (Fig 2).
Inthisapproach, each stone type is characterized by its own slope in the dual-energy CT number
plot, which is determined using stones of known composition. Because UA stones are made
of light chemical elements, their slope is quite different (Fig 2) from the slopes of non-UA
stones, which have heavier atoms. As the slopes of non-UA stones are relatively close to each
other and overlap when error bars are taken into account, they are represented in Fig 2 by a
single average slope corresponding to all non-UA stones. Figure 2 also provides a simplified
picture of how the dual-energy algorithm works. If a datapoint corresponding to a stone with
unknown composition falls below the angle bisector (dashed line) dividing the angle between
the UA and non-UA line segments, the algorithm will characterize such stone as a UA stone
(open circle in Fig 2) and assign it a predefined color code (red in Fig 3). If an unknown
datapoint falls above the angle bisector, the corresponding stone will be identified as a non-
UA stone (gray circle in Fig 2) and assigned a different predefined color code (blue in Fig 3).
Examples of the color-coded images from our study produced by the dual-energy software tool
are presented in Fig 3. After the dual-energy analysis was completed, both accuracy (number
of stones correctly classified as either UA or non-UA) and sensitivity (number of UA stones
classified as UA) were determined for all six datasets.

After the completion of the experiment, the stones were dried, and evaluation of the internal
structure of all stones was performed using micro CT. Each stone was scanned on a Scanco
mCT20 micro-CT system (Scanco Medical AG, Bassersdorf, Switzerland) with 18-um
isotropic voxel size and assessed for stone composition, as previously described (17). The goal
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of this additional characterization was to find out if any of the stones previously identified by
infrared spectroscopy as “pure” showed evidence of a mixed composition. Examples of micro-
CT sections of the stones used in this study are shown in Fig 4. For the stones with mixed
composition, the volume content of each mineral component was estimated using ImageJ (a
public domain image processing program) by thresholding the stone images at levels
appropriate for the individual minerals (17). Stones were analyzed by micro-CT blindly; that
is, the micro-CT analyses were completed without knowledge of the infrared spectroscopy
data.

The dual-energy stone characterization results are summarized in Table 2. For the medium and
large phantom sizes, the dual-energy software tool correctly identified all 40 stones as either
UA ornon-UA, regardless of the detector collimation, demonstrating 100% accuracy and 100%
sensitivity.

For the extra large phantom size and the 0.6-mm collimation, three stones could not be
classified, resulting in 93% accuracy (37/40) and 94% sensitivity (15/16). One small UA stone
(UA #14) was not color-coded at all and two cystine stones (cystine #1 and cystine #3) were
assigned both colors. This dataset had the largest amount of noise at 80 kV/p.

For the extra large phantom size and the 1.2-mm collimation, the dual-energy tool failed to
identify two small UA stones (UA #14 and UA #16), demonstrating 95% accuracy (38/40) and
88% sensitivity. The remainder of the small (<3 mm) UA stones were identified as UA stones
resulting in 67% (4/6) sensitivity.

For all stones, micro-CT confirmed the major mineral compositions as determined by infrared
spectroscopy. However, micro-CT revealed visible content of other minerals in many of the
stones; this is expected, because most stones contain more than one mineral component (18).
In particular, micro-CT revealed calcium salt content in 13 of the 16 uric acid stones. However,
this content was quite minor (<2% by volume) in all cases. The micro-CT scans of the stones
inaccurately characterized in the extra large phantom did not reveal any obvious reasons for
the inaccurate identification by the dual-energy method. One of the two cystine stones was
noted to be quite porous, which would reduce the overall x-ray attenuation within that stone,
and the other had a small speck of apatite. However, other cystine stones were equally porous
yet were identified correctly, and a speck of apatite should have aided classification of this
stone as non-UA. Both of the UA stones inaccurately classified were quite small and contained
scattered regions of calcium salts, so that the combination of these two features may have
contributed to their misidentification in the extra large phantom.

DISCUSSION

Our results demonstrate that the three-material decomposition algorithm can accurately
discriminate between UA and other stone types. For stones larger than 3 mm in size, using a
clinical dual-energy protocol with the 14 x 1.2 mm collimation resulted in 100% accuracy of
UA versus non-UA characterization, even for the largest phantom size, when the images
acquired with 80 kVp were very noisy. For stones smaller than approximately 3 mm in size,
the accuracy of the dual-energy technique was at least 92% (11/12) when the 32 x 0.6 mm
collimation was used. Stone characterization can be obtained immediately after the scan by
running the dual-energy software tool available on the system, with a processing time of 1-2
minutes or less.

The performance of the dual-energy technique in extra large patients is hampered by two
factors. First, the 80-kVp images become extremely noisy, increasing error bars for the
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datapoints representing the stones in the dual-energy plot. A stone whose datapoint is located
relatively close to the angle bisector might have error bars which extend beyond the bisector
line separating UA from non-UA stones. Such a stone cannot be confidently classi- fied as a
UA or non-UA stone, resulting in algorithm failure. The second factor is beam hardening,
which is more evident in extra large patients. Strong beam hardening can modify the CT
numbers, both at 80 and 140 kVp, and, hence, change the stone's position in the dual-energy
plot, bringing it closer to the angle bisector line. The dual-energy algorithm's failure to identify
two cystine stones in the extra large phantom scanned with the 32 x 0.6 mm collimation (the
noisiest dataset) was most likely caused by the combined effect of these two factors. Despite
these considerations, the dual-energy technique correctly identified all stones >3 mm under all
conditions.

One of the advantages of the dual-energy material decomposition algorithm is that it is not
strongly affected by the partial volume artifact. The voxels at the periphery of a stone are
partially filled with the stone material and partially with the material surrounding the stone
(urine). If we represent each voxel as a point in the dual-energy plot, the periphery voxels fall
on the same line segment (connecting the “urine” and “pure” stone points, as shown in Fig 2)
as the voxels inside the stone, which are also partially filled with urine occupying the pores.
The points corresponding to the two voxels would simply be at different distances from the
“pure” stone end of the line segment. Therefore both the periphery and inside voxels lie on the
same line segment, the slope of which determines their composition. Thus partial volume
averaging does not play as significant role in the dual-energy algorithm as it does in stone
characterization techniques based on the CT numbers. These techniques are strongly dependent
on the partial volume artifact (19,20) because the CT numbers of the periphery voxels are quite
different from the CT numbers inside the stone.

Because all aspects of the study design were carefully chosen to simulate a clinical setting as
much as possible, we expect similar performance of the dual-energy technique in vivo. The
primary clinical limitation will be a less than 100% accuracy for identifying small stones (<3
mm) in very large patients.

In conclusion, we have demonstrated in a realistic phantom model that a dual-energy stone
characterization technique can discriminate UA stones from other stone types with 92%-100%
accuracy, depending on stone size and patient attenuation. Similar accuracy is anticipated in
vivo. This algorithm addresses an important clinical need for identifying UA stones on
abdominal/pelvic CT scans, the predominant tool used to diagnose and stage renal stones.
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Figure 1.
Forty human renal stones used in this study. The 12 “small” stones smaller than approximately
3 mm in size are circled.

Acad Radiol. Author manuscript; available in PMC 2009 September 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Primak et al. Page 8

“pure” non-UA
80 kV (HU) stone

140 kV (HU)

Figure 2.

A simplified description of how the DE algorithm works. If a datapoint corresponding to a
stone with unknown composition falls below the bisector line (dashed) dividing the angle
between the uric acid (UA) and non-UA line segments, the algorithm will characterize such
stone as a UA stone (open circle). If an unknown datapoint falls above the angle bisector line,
the corresponding stone will be identified as a non-UA stone (gray circle).
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air bubbles
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Figure 3.
Examples of the color-coded images produced by the dual-energy software tool (Kidney

Stones, Syngo DE Viewer, Siemens).
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Uric Acid #8 Apatite #5

Cystine #4

Figure 4.

Micro- computed tomography slices showing the four types of stone used in this study and
their generally homogeneous nature. Uric acid and cystine stones are generally the purest of
the stones, with the uniform shade of gray in the examples shown here indicating such purity.
The dark spots in the cystine stone (lower right) indicate the presence of void regions, which
are common in this stone type. The layered nature of the apatite stone (upper right) is typical
of this stone type, and the lower attenuation layers (darker gray) often contain calcium oxalate.
The calcium oxalate monohydrate (COM) example (lower left) shows the typical uniform
distribution of mineral in this stone type, with some void regions indicated by the darker grays.
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