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Abstract

INTRODUCTION—The goal of this study was to determine the accuracy of stone compaosition
analysis by commercial laboratories.

METHODS—25 human renal stones with infrared spectroscopy (IR) determined compositions
were fragmented into aliquots and studied with micro-computed tomography (CT) to ensure
fragment similarity. Representative fragments of each stone were submitted to 5 commercial stone
laboratories for blinded analysis.

RESULTS—AII laboratories agreed on composition for 6 pure stones. Of 4 stones known to
contain struvite, only 2(50%) were identified as struvite by all laboratories. Struvite was reported
as a component by some laboratories for 4 stones previously determined not to contain struvite.
Overall, there was disagreement regarding struvite in 6(24%) stones. For 9 calcium oxalate
(CaOx) stones, all laboratories reported some mixture of CaOx, but the quantities of subtypes
differed significantly among laboratories. In 6 apatite containing stones, apatite was missed by the
laboratories in 20% of the samples. None of the laboratories identified atazanavir in a stone
containing that antiviral drug. One laboratory reported protein in every sample, while all others
reported it in only 1 sample. Nomenclature for apatite differed among laboratories, with one
reporting apatite as carbonate apatite (CA) and never hydroxyapatite (HA), another never
reporting CA and always reporting HA, and a third reporting CA as apatite with calcium
carbonate.

CONCLUSIONS—Commercial laboratories reliably recognize pure calculi; however, variability
in reporting of mixed calculi suggests a problem with accuracy of stone analysis results.
Furthermore, there is a lack of standard nomenclature used by laboratories.
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Introduction

The accuracy of stone composition analysis is not only important in guiding clinical
treatment decisions, but also for research that assesses the association of stone composition
with pathophysiology of stone disease, treatment outcomes, and long-term disease
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progression.1=* Clinically, if infection stones are identified, a more diligent approach to
surgical removal of all fragments and prolonged administration of antibiotics will be
undertaken.> © Likewise, if calcium stone compositions are identified, a metabolic work-up
is generally indicated.”~13 Some non-calcium containing stones such as uric acid and cystine
frequently recur and warrant a different approach to the metabolic evaluation. Thus, stone
composition can play an important role in guiding the clinical approach to the patient.

There is no accepted standard for conducting stone analysis and hence multiple methods,
including wet chemical analysis, infrared spectroscopy (FT-IR), x-ray diffraction, and other
methods have been used with variable results.24 1> One difficulty in assessing accuracy of
stone analysis laboratories is that stones are frequently composed of more than one material.
Daudon and colleagues studied over 10,000 human renal calculi and found that only 7%
were pure.18 For this reason prior studies focusing on the accuracy of stone analyses
typically have utilized pure compounds. 14 1 However, with micro computed tomography
(micro CT) scanning we can now nondestructively determine the composition of the entire
stonel’, and also determine the composition of fragments taken from a stone.

The goal of this study was to test the accuracy of stone composition analysis by major
commercial laboratories using human stone samples. Stones were broken into fragments that
were verified by micro CT to contain the same materials prior to submission to the
laboratories. We found significant discrepancies in the reporting of compositions of mixed
stones among the laboratories. Importantly, variability in the detection of struvite casts
doubt on the accuracy of current stone analysis procedures.

Materials and Methods

Human urinary stones were obtained from a stone analysis laboratory (Beck Analytical
Services, Indianapolis, IN). The specimens used in the present study were large pieces left
over after the original stone analysis.

Each stone specimen was photographed, inspected microscopically, and scanned using a
Skyscan 1172 micro CT system (Kontich, Belgium) with voxel sizes of 7 um. Three-
dimensional reconstructions of stones were examined using ImageJ
(http://rsb.info.nih.gov/ij/) and VOXX2 (http://www.nephrology.iupui.edu/imaging/voxx/)
to verify the stone composition and to plan fragmentation. Each stone was hand fragmented
into 6 aliquots. Repeat imaging with micro CT was performed on the fragments to ensure
similar composition. Of the original 46 stones fragmented only 25 yielded 6 fragments that
all appeared to contain the same stone materials (Figure 1). One of the 6 fragments from
each stone was kept and further analyzed using stereomicroscopy, microdissection and FT-
IR as described by Daudon et al.l: 2, using a Bruker Alpha-T Spectrometer (Bruker Optics,
Billerica, MA) and the KBr pellet method. This retained fragment was reported as the
“research laboratory” and was considered the reference composition when combined with
the micro CT images.

Each of the 25 fragmented stones was assigned a fabricated identity. Clinical accounts were
arranged with 5 commercial laboratories, and one fragment from each stone was sent to each
laboratory, with none of the laboratories aware of the study. All of the laboratories
advertised the use of multiple methods of analysis for stones, but the specific methods used
were not included in the reports from any of the labs.
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Variability among laboratories was assessed using coefficient of variation, and the ability to
distinguish stone values was tested by two-way analysis of variance with the Tukey method
for post hoc testing, using 0.05 as the cutoff value for significance.

For stones containing calcium oxalate (CaOx) with varying content of apatite, all 5
laboratories correctly reported the general contents of the 9 stones sent for analysis (Figure
2). However, the laboratories did not agree on the major component of 5 of the 9 stones.
Using percent content of CaOx monohydrate (COM) as a comparator for these data, analysis
of variance showed verification that the stones contained differing amounts of COM
(p=0.003), while the laboratories did not consistently differ from one another in their
reporting of COM content (p=0.08). The degree with which the 5 laboratories agreed on
COM content depended on the nature of the stone sample: When the average COM content
was greater than 90% (3 stones), the laboratories gave similar values with a mean coefficient
of variation of 8%. However, when the average COM content was less than 90% (6 stones)
the laboratories differed dramatically in their reported COM contents (mean coefficient of
variation of 47%).

Figure 3 shows the data for stones that were primarily composed of uric acid, brushite, or
cystine. Overall the data for these uniform composition stones was more consistent than for
the group of stones in Figure 2. Nevertheless, when stones were of mixed composition—for
uric acid or for the brushite stones—the reported compositions differed considerably among
the laboratories. In some cases—such as the reports of Lab B on the stones in rows 2 and 6
—a component that was known to be present in all samples was completely missed.

Figure 4 shows data for stones that were reported to contain struvite. Among these are 4
stones that were known to contain struvite, and for which 10% of the reports came back
negative for struvite. For the other 4 stones shown, struvite was determined to not be present
before the specimens were sent out, but 45% of the reports came back struvite-positive.

Using apatite content as a comparator for the data in Figure 4, significant variability in
reporting can be noted. Analysis of variance of the apatite data in Figure 4 showed that
while stones were recognized on average as having different apatite content (p<0.0001),
laboratories also differed in their reports of apatite (p=0.002). Correcting for the varying
values in the stones, Lab A reported on average higher values for apatite than did other
laboratories, while Labs D and E reported lower values on average. The stones with less
apatite showed more variability of results: In stones averaging greater than 50% apatite, the
average coefficient of variation of reported results was 25%, but with less than 50% apatite
content, the coefficient of variation was 101%.

The stone in row 3 of Figure 4 is an illustrative case. Micro CT imaging revealed the stone
to be a mass of small, x-ray lucent particles, consistent with the initial analysis of this stone
as urates and struvite.1” Thus, the findings of the laboratories of various mixtures of
ammonium acid urate, uric acid, and struvite is consistent with the micro CT findings,
combined with some variation in sampling of the stone sample by the laboratories. However,
micro CT is sensitive for detecting the presence of apatite,17~1° and no apatite was visible in
the scan of the original stone nor in the scan of the fragments sent out to the laboratories, so
the report of 25% apatite from Lab C is definitely incorrect.

The stone shown in the last row of Figure 4 is a drug stone. This stone was known to contain
the antiviral drug, atazanavir, and the fragment retained by us showed on FT-IR the unusual,
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tapered peaks that are characteristic of that compound.2% None of the 5 laboratories
identified this drug as being part of this mixed stone.

Some methods of reporting were consistently different among laboratories. Lab C reported
protein in every stone, previously noted by other investigators,2! but which was not reported
by other laboratories. Lab D was the only lab to report data on inner and outer portions of
stones (as in row 7 of Figure 2). Finally, the nomenclature used for ‘apatite’ differed among
laboratories. One laboratory reported all apatite as carbonate apatite, while another
laboratory reported only ‘calcium phosphate (apatite).” Two laboratories reported both
carbonate apatite and hydroxyapatite, although neither gave a description of what level of
carbonation?2 was low enough to be called ‘hydroxyapatite.” The fifth laboratory reported
carbapatite as percentages of apatite and calcium carbonate.

Discussion

Medical prophylaxis to prevent recurrence is still at the core of the treatment of urinary
stone disease.23-25 Stone analysis complements but does not replace urine and serum studies
to assess for metabolic stone disease.28 However, the stone analysis can present useful
information, as it represents a biochemical patient history, documenting the urinary
environment over time through type and conformation of crystal deposition. Unfortunately,
there is no uniform procedure for conducting stone analysis, which can result in significant
inaccuracies.}4 Thus, we sought to test the reliability of stone analysis reporting by major
commercial laboratories using samples of human stones.

In general, the laboratories in our study accurately reported the composition for relatively
pure stones. However, results were concerning for the reporting of struvite and mixed
stones. Only 2 stones known to contain struvite were reported as struvite by all laboratories,
while struvite was reported as a component for 4 stones determined to contain no struvite
pre-submission. A report of struvite in stones can often guide postoperative treatment. If
struvite is noted without metabolic components the patient will be treated primarily for the
infection post stone extraction with limited further stone evaluation.13 It is generally
recommended that the patient receive a prolonged course of antibiotic therapy if they had
struvite containing stones, even after complete stone clearance is achieved.2’ However, if
metabolic components are identified then further metabolic evaluation is generally
warranted.12: 13. 27 |n the current study struvite was inconsistently reported in over one
fourth of the cohort.

The variability in the reporting of mixed stones is represented in the numerical analysis for
COM and apatite. For COM, reports for stones containing less than 90% COM differed
dramatically in their reported values, with an average coefficient of variation close to 50%.
For apatite, the results were worse, with values for apatite as a minor component having a
coefficient of variation exceeding 100%. The data also show specific instances in which a
component, apatite, was known to be present in the samples, and yet was completely missed
by 1 or more laboratories.

Further reporting errors were noted with the atazanavir stone, which was not identified by
any of the 5 laboratories. For a laboratory to detect rare stone components, reference spectra
must be available and the technician reading the spectrum needs a high index of suspicion.1®
In the current study the only laboratory to identify the atazanavir stone was the research
laboratory, which was alerted to the possibility of a drug stone present in the study. Thus, to
accurately detect rare stone components clinicians should communicate with the laboratory
performing the analysis and alert them to the possibility of a rare component stone when
appropriate.
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In prior studies utilizing artificial samples, similar variability in reporting has been identified
and was attributed to differences in analysis technique. Quality control studies conducted in
Europe from 1980 to 2001 demonstrated that overall accuracy of stone analyses was
improving with time and experience.1® The authors noted that FT-IR and x-ray diffraction
methods were most reliable for artificial stone substances, but wet chemical methods
produced an error rate from 6.5-94%. Kasidas and colleagues also noted that wet chemical
analysis of stones was the least accurate method.14 With the utilization of artificial samples
they were able to quantify a 30% error rate in laboratory reporting of stone analyses. Such
studies give us an indication that there are inherent errors in stone analyses, but they do not
reflect the real clinical environment where most patients have mixed stones!® and
laboratories must deal with real stone specimens. The present study suggests that the error
rates are indeed high when real, mixed stones are analyzed.

Most likely the errors detected in this study were the result of incomplete sampling by the
commercial laboratories. If the stone is not carefully examined by fine microscopic
dissection then different areas of crystallization within the stone will be missed and not
analyzed for composition. We have noted through micro CT that stones can have different
cores, shells, eccentric foci and layering.1’” Thus, if the stone is not properly dissected and
only a portion is examined with IR or x-ray diffraction the true mixed composition will not
be reported.

The use of micro CT is a unique aspect of the present study. Micro CT can reveal great
detail in stone structure, and it is possible for mineral components to be identified by a
combination of x-ray attenuation values and morphological appearance.1’ 28. 29 |ts use in
commercial stone analysis has not yet been exploited, probably because of cost, with micro
CT systems costing about 10 times more than systems for FT-IR. Micro CT was used in the
present study to verify the compositional similarity of the specimens sent out to the
commercial laboratories, and also to guide the dissection of the retained specimen to
maximize the detection of minor mineral components. Micro CT is especially sensitive to
the presence of apatitel’~19 and so the presence or absence of that substance can be stated
with great confidence. However, for minerals with lower x-ray attenuation, such as struvite,
it is not always possible to identify a minor inclusion as being a particular mineral. This is a
weakness of the present study; coherent x-ray scatter,39 which can visualize even small
regions of struvite in stones, would be useful for future studies on the ability of commercial
laboratories to correctly identify struvite in stone specimens.

With existing technology, several steps could increase the reliability of stone analysis.
Because incomplete sampling leads to errors, all stones obtained by the patient or surgeon
should be submitted for analysis; this gives the analysis laboratory the best chance to detect
all components that are present. Also, procedures in stone analysis laboratories need to be
capable of accurately assessing mixed stones. This is a potentially complex problem that
deserves in depth consideration beyond the scope of the present study. However, our
experience points to utilization of micro CT as a possible means to provide sensitive and
unambiguous detection of mixed mineral components, while preserving the original
structure of the stone. The interpretation of stone analysis reports would also benefit from
standardization of the nomenclature for stone composition. Specifically, terminology for the
different forms of apatite should be defined and standardized for use by all laboratories.

Conclusions

Commercial laboratories can reliably diagnose pure calculi; however, there is enough
variability in both qualitative and quantitative results of mixed calculi to suggest a problem
with reproducibility of stone analysis results. We noted a tremendous variability in analysis
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infection stones, with the struvite component not agreed upon by the laboratories in over

a fourth of the cohort. The presence of a metabolic component mixed with struvite was also
variably reported. Furthermore, there is a lack of standardization of nomenclature used by
laboratories. These findings call for further investigation of stone analysis procedures and
reporting, and for the development of a standardized analysis/reporting protocol.
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Figure 1.

Example of fragmented stone, showing the samples sent to the 5 laboratories. Images of
samples shown on left, on mm grid paper, with representative micro CT slice on right. This
stone was mixed uric acid and calcium oxalate monohydrate (COM), which are easily
distinguished by micro CT, so that it is certain that each laboratory received a sample
containing both materials. Bright white regions (arrowheads) on the micro CT images—seen
within the COM—mark areas of apatite, which was present in minor amount in these
samples.
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Figure 2.

Results of stone analysis from 5 laboratories (labeled A-E) for 9 calcium oxalate (CaOx)
stones. Each row represents a stone that was fragmented into similar samples, one of which
was sent to each laboratory. Labels to left indicate composition of stone as determined by
micro CT of the original stone and by micro CT-guided dissection and infrared spectroscopy
of a sixth sample. Each circle shows composition report by the laboratory; for example, the
top left circle shows that Lab A reported the stone as containing 90% COD (CaOx
dihydrate) and 10% COM. Nested circles (under Lab D) indicate that report gave details on
inner and outer portions of specimen. AP: apatite.
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Figure 3.

Results of stone analysis for non-CaOx metabolic stones. Arrangement of data is as in
Figure 2. UA: uric acid; BRU: brushite; AAU: ammonium acid urate. Labels to left indicate
composition of stone as in Figure 2.
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Figure 4.

Results of stone analysis for stones related to infection. STR: struvite; NaUrate: sodium
urate; AZ: atazanavir. CaOx in this figure combines reports of either COM or COD. Circles
marked with a minus (-) show reports that miss struvite that was previously determined to be
in the sample. Circles marked with a plus (+) show reports that listed struvite when none
was detected in the original stone. Labels to left indicate composition of stone as in Figure 2.
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