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Abstract

Purpose—We differentiated calcium oxalate monohydrate and calcium oxalate dihydrate kidney
stones using micro and clinical computerized tomography images.

Materials and Methods—A total of 22 calcium oxalate monohydrate and 15 calcium oxalate
dihydrate human kidney stones were scanned using a commercial micro-computerized
tomography scanner with a pixel size of 7 to 23 gm. Under an institutional review board approved
protocol, image data on 10 calcium oxalate monohydrate and 9 calcium oxalate dihydrate stones
greater than 5 mm were retrieved from a total of 80 patients who underwent clinical dual energy
computerized tomography for clinical indications and had stones available for infrared
spectroscopic compositional analysis. Micro and clinical computerized tomography images were
processed using in-house software, which quantified stone surface morphology with curvature
based calculations. A shape index was generated as a quantitative shape metric to differentiate
calcium oxalate monohydrate from calcium oxalate dihydrate stones. Statistical tests were used to
test the performance of the shape index.

Results—On micro-computerized tomography images the shape index of calcium oxalate
monohydrate and calcium oxalate dihydrate stones significantly differed (ROC curve AUC 0.92, p
<0.0001). At the optimal cutoff sensitivity was 0.93 and specificity was 0.91. On clinical
computerized tomography images a significant morphological difference was also detected (p =
0.007). AUC, sensitivity and specificity were 0.90, 1 and 0.73, respectively.

Conclusions—On micro and clinical computerized tomography images a morphological
difference was detectable in calcium oxalate monohydrate and calcium oxalate dihydrate stones
larger than 5 mm. The shape index is a highly promising method that can distinguish calcium
oxalate monohydrate and calcium oxalate dihydrate stones with reasonable accuracy.
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Between 1976 and 1994 nephrolithiasis developed in 5.2% of the American population
between ages 20 and 74 years.! Nephrolithiasis is a recurrent disease with a relapse rate of
about 50% in 5 to 10 years.2 Unenhanced CT is a fast, accurate method of diagnosing
urolithiasis in patients with acute flank pain.3 It is currently the diagnostic test of choice
for detecting nephrolithiasis. Recent technological advances increased the amount of
potentially useful data that can be obtained from these examinations including for guiding
optimal therapy. DECT provides a tool to characterize the chemical composition of kidney
stones, a key factor for understanding the cause of and potential treatment strategies in
individuals. Several studies show that stones can be accurately separated into UA and
nonUA types using DECT with almost 100% accuracy.>8 Qu et al improved the method by
reporting that additional tin filtration before one of the x-ray tubes further separated nonUA
stones into 4 subgroups.®

The accuracy of stone type discrimination using DECT is strongly influenced by the
effective atomic number of stones.10 For stones with a relatively large difference in the
effective atomic number, eg UA vs nonUA stones, DECT can separate stone types with high
accuracy, eg 100%.° However, current DECT technology cannot reliably distinguish stones
with close effective atomic numbers, eg a difference of less than 0.5, due to the lack of a
sufficient signal-to-noise ratio. For example, COM and COD calculi cannot be discriminated
by DECT because they have similar chemical compositions (CaC,0,4 - H>O and CaC5Oy -
2H,0) and close effective atomic numbers (13.45 and 12.99, respectively).

However, discriminating COM and COD stones has potential clinical benefits because COD
stones respond more effectively to extracorporeal SWL.11: 12 In vivo differentiation of COM
and COD stones may avoid ineffective, potentially harmful SWL procedures and improve
preventive medical treatment in patients with stones. Furthermore, knowledge of stone
composition can provide information on pathogenic factors since COD tends to form at
relatively low supersaturation and high calcium-to-oxalate ratios,13 while COM is more
characteristic of hyperoxaluric states (enteric and primary hyperoxaluria.14)

We differentiated COM from COD stones using morphological information gleaned from
CT images. Kidney stones have unique visual morphological features that strongly correlate
with chemical composition.14-16 For example, COM stones usually have smooth,
mammillary or mulberry-shaped surface morphology, while the COD stone surface is
usually speculated with bipyramidal crystals with blunt or sharp angles and edges.*
Furthermore, stone morphology is distinguishable on radiographic or CT images,1”~19 which
may better allow stone type differentiation or prediction of the SWL outcome. However, the
methods used to delineate stone morphology in previous studies were qualitative, less
objective, time-consuming and subject to variability between subjects and observers.

To address these limitations, we developed what is to our knowledge a novel, fully
automated method to quantify stone surface morphology from 3D CT images. We applied
the method to a test data set to determine its ability to differentiate COM and COD stones ex
vivo and in vivo.

MATERIALS AND METHODS

Two types of image data were acquired in this study, including 1 type from micro-CT and
the other from patient CT images. These data sets were processed independently using the
same algorithm.
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Data Acquisition

Micro-CT—A total of 22 COM and 15 COD 2 to 10 mm human kidney stones were
scanned in air using a SkyScan 1172 micro-CT scanner (SkyScan, Kontich, Belgium). All
COM stones included in study were 95% or greater pure. COD stones were at least 80%
pure and a higher percentage of COD was relatively rare in the stone cohort. This was
related in part to the tendency of COD stones to transition to COM in vivo,1420-22 which
makes it relatively difficult to identify pure COD calculi.

Stone mineral content was determined using a combination of micro-CT and Fourier-
transform infrared spectroscopic analysis.22 Briefly, stones were scanned by micro-CT and
appropriate regions were identified for dissection and analysis by Fourier-transform infrared
spectroscopic analysis. Micro-CT clearly reveals primary COD due to its characteristic
polyhedral crystal shapes. When COD and COM are together, they are also distinguishable
by x-ray attenuation.?2 The same procedure was used for clinical data to determine the stone
mineral content.

Images were reconstructed with isotropic spatial resolution and a pixel size of 7 to 23 zm
depending on stone size. Images with multiple stones or stone fractions were cropped to
ensure that only 1 calculus was included in an image. The individual stone image served as
the input for morphology analysis. Clinical CT images were processed similarly.

Clinical CT—Under this institutional review board approved, Health Insurance Portability
and Accountability Act compliant protocol, we retrieved image data on 11 COM and 8 COD
stones from a total of 80 patients who underwent clinically indicated DECT using a
Somatom® Definition FLASH scanner for kidney stone composition analysis. All patients
had surgically removed or passed stone material available for compositional analysis by
infrared spectroscopy and micro-CT. We studied only stones larger than 5 mm that were
greater than 80% pure on micro-CT and infrared spectroscopy. DECT mixed images (0.5
blending ratio of high and low energy images) were reconstructed with 1 mm image
thickness, a 0.8 mm image increment and a medium smooth kernel. Zoomed reconstruction
was performed with a field of view of 100 mm.

Data Processing

Surface morphology was quantified using a shape index derived from the 3D images. The
shape index represents a characteristic feature of the stone exterior, eg shape and roughness,
for stone type separation. Data processing and statistical analyses were done using Matlab®.
The main steps were 1) stone segmentation and surface mesh generation, and 2) the shape
index.

1. For stone segmentation and surface mesh generation the calculated threshold used
to segment the stone from the background was based on the Otsu method?3
(modified Matlab function graythresh). A triangular mesh of stone surface was then
generated (Matlab function isosurface), which provides a mathematical
representative of stone surface.

2. For the shape index the mean curvature of each vertex on the mesh was calculated
based on a previously reported algorithm.24-26 Figure 1 shows the relationship
between curvature and roughness. A histogram of the vertex curvatures was
plotted. The shape index was defined as the full width at half maximum of the
histogram, which was used to describe the overall surface morphology of the stone.
The shape index was directly used for stone classification.
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Statistical Analysis

Statistical analysis of the micro-CT and patient data sets was done using the 2-sample t test
(2 tails and unequal variance) and ROC analysis. The CI of the AUC was determined by the
bootstrapping method. Statistical significance was considered at p <0.05.

RESULTS

Figure 2 shows the surface characteristics of COM and COD stones on micro-CT. The
morphological differences of 2 stones representative of the 2 groups were quantified by a
histogram representing the curvature of the stone surface (fig. 2, ato c). In the whole group
of 37 stones the shape index was significantly different between COM and COD (mean +
SD 0.26 + 0.23, range 0.04 to 1.03 vs 0.64 + 0.15, range 0.39 to 0.91, p <0.0001, fig. 3, a).
Using the shape index determined by micro-CT to separate COD from COM stones, the
AUC of the ROC curve was 0.92 (95% CI 0.74-0.99, fig. 3, b). The optimal cutoff point
used to differentiate stone types was determined by the minimum cost method with equal
cost weightings for false-negative and false-positive results with 0.93 sensitivity and 0.91
specificity for the differentiation.

Figure 4 shows a representative patient image. Overall, the shape index of COM and COD
stones significantly differed on DECT in vivo (mean 0.08 + 0.02, range 0.05-0.12 vs 0.12 +
0.03, range 0.08 to 0.16, p = 0.008, fig. 5, a). The ROC AUC was 0.90 (95% CI 0.66-1, fig.
5, b). Using the optimal cutoff, sensitivity and specificity were 1 and 0.73 to differentiate
COM and COD, respectively.

DISCUSSION

We report what is to our knowledge the first attempt to determine kidney stone composition
using morphological features from clinical CT images. We achieved high accuracy for
distinguishing COM and COD stone types. This method requires minimal operator input
and, therefore, it is efficient and objective.

SWL is a common first line, minimally invasive treatment for renal stone disease. The SWL
outcome varies depending in part on stone fragility, which in turn is determined by multiple
factors, including composition. Cystine and brushite calculi are often most resistant to shock
waves, followed in descending order by COM, struvite, COD and UA.27 Using optical
microscopy, Daudon et al systematically classified stone types based on morphological and
structural appearance and found a strong relation between stone morphology and type.1#
Thus, since stone morphology could potentially predict the SWL outcome, others studied the
relationship between stone morphology, formation mechanisms and composition.

Grases investigated stone micromorphology using scanning electron microscopy.®16 They
proposed 2 general formation mechanisms of attached and unattached calculus development.
Zarse et al used micro-CT to nondestructively characterize kidney stone morphology and
chemical composition.28 These studies provide solid evidence of the importance of stone
morphological information for diagnosis.

Others attempted to use morphological information from clinical imaging, eg
radiography2:29 and CT,17:19.30 for better stone management. However, in these studies
descriptions of stone morphological shapes were qualitative, which may suffer from
interobserver variation. The shape index proposed in our study is a quantitative measure of
stone morphology directly calculated from 3D CT images. Thus, it is expected to be more
consistent and convenient. This method could also be useful for other stone morphological
analysis.
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We used micro-CT and clinical CT to validate our method at 2 spatial resolution levels.
Micro-CT is a powerful tool for stone analysis because of its high spatial and contrast
resolution. In our study the fine structure and morphological features of calculi were clearly
visible on micro-CT images. Thus, the calculated shape index had a much larger dynamic
range than the clinical CT images. However, micro-CT can only be used for ex vivo studies.
Furthermore, stones sent for analysis are often only pieces formed during fragmentation of
the stone before its removal. Therefore, the integrity of morphological features could be
compromised and the calculated shape index may deviate from the calculation using the
whole stone. For these reasons we confirmed our findings using clinical CT images.

Although currently clinical CT has much lower spatial resolution than micro-CT due to
hardware limitation and radiation dose considerations, in our study they provided valuable in
vivo analysis of intact stones. Indeed, clinical CT results were comparable to those of micro-
CT, providing a potential opportunity to integrate quantitative morphological analysis into
an imaging assessment and treatment algorithm for stone disease. However, due to the
morphological difference in stone samples between the 2 data sets, it was difficult to
quantitatively compare micro-CT and clinical CT results.

There are 2 limitations of this study. For clinical scans we chose stones larger than 5 mm
due to the spatial resolution limits of clinical CT. Although it would be optimal to study
smaller stones, calculi greater than 5 mm are less likely to pass spontaneously. Therefore,
knowledge of their composition is more important for making surgical management
decisions. In the future newer generation scanners may improve the ability to study smaller
stones, which may allow composition information to be applied to this subset for clinical
research and medical management proposes.

The other limitation is that we had a limited number of stones in our patient cohort.
However, because the difference was relatively large, this preliminary data set was sufficient
to show the effectiveness of our algorithm. A larger cohort of patient will be included in
future studies.

IONS

COM and COD stones can be accurately differentiated by micro-CT based on unique
morphological surface features on micro-CT images. These features can also be used to
differentiate COM from COD stones greater than 5 mm in vivo with reasonable accuracy
using clinical scans. COD and COM calculi can be differentiated using noninvasive, readily
available CT scanners to inform the care of patients with stones, including the choice of
surgical intervention.
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Abbreviations and Acronyms

3D 3-dimensional

COD calcium oxalate dihydrate
COM calcium oxalate monohydrate
CT computerized tomography
DECT dual-energy CT
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Figure 1.

Relationship between curvature and roughness. Curvature of point (A and B) on line (I) can
be defined as reciprocal of circle radius, eg radius (R) for large circle (C1) and radius (r) for
small circle (C2), which is tangent to point and more tightly close to line. Smooth section of
line (around A) has smaller curvature than rough section (around B). Thus, curvature is
natural way to quantify roughness. It was used in our study to analyze kidney stone surface
morphology.
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Figure 2.

Surface renderings of COM (a) and COD (b) stones from micro-CT images. Color maps
represents surface mean curvature, which represents surface roughness. Curvature values
were normalized for convenient display. Note surface curvature histogram (c) and
microscopic views of stones (€) and (d). Smallest background grid indicates 1 mm.
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Figure 3.

a, boxplot shows micro-CT data set shape index. Outlier (plus sign) was defined as lower
than g1 — 1.5 x (g3 — g1) or higher than g3 + 1.5 x (q3 — q1), where q1 and g3 represent
25th and 75th percentiles (box edges), respectively. Red lines indicate median. Whiskers
represent most extreme data points, excluding outlier. b, ROC curve of micro-CT data set
differentiating COD and COM stones.
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Figure4.

Surface renderings of COM (a) and COD (b) stones from patient images. Color maps
represents surface mean curvature, which represents surface roughness. Curvature values
were normalized. Note surface curvature histogram (c).
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Figureb.

a, boxplot shows patient data set shape index. Red lines indicate median. Box edges indicate
25th and 75th percentiles. Whiskers indicate most extreme data points. b, patient data set
ROC curve differentiating COD from COM stones.
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