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Abstract This investigation highlights the use of
infrared microspectroscopy for the morphological
analysis of urinary stones. The research presented here
has utilized the reXectance mode of an infrared micro-
scope for use in creating chemically speciWc maps of
cross-sectioned renal calculi surfaces, precisely show-
ing the placement of renal stone components in a cal-
culus sample. The method has been applied to renal
stones of both single and multiple components consist-
ing primarily of hydroxyapatite, calcium oxalate mono-
hydrate and calcium oxalate dihydrate. Factors
discussed include the photometric accuracy of the spec-
tra obtained, a comparison of the surface reXectance
method with existing methods such as diVuse reXec-
tance infrared Fourier transform spectroscopy
(DRIFTS) and attenuated total internal reXection
(ATR) analysis, and the inXuence of specular reXec-
tance between polished and unpolished sample spec-
tra. Full spectral maps of cross-sectioned renal stones
provided positive localization of components using
qualitatively accurate spectra similar in appearance to
DRIFTS spectra. Unlike ATR and DRIFTS spectra,
surface reXectance spectra lack photometric accuracy
and are therefore not quantiWable; at present, however,
spectra are suitable for qualitative analysis. It was

found that specular reXectance increases minimally
with a highly polished stone cross-section surface,
though qualitative data is not aVected. Surface reXec-
tance imaging of sections of renal stones is useful for
determining the identity of stone components while
simultaneously providing precise locations of mineral
components within the stone using presently available
instruments.
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Introduction

The qualitative and quantitative analysis of intact uri-
nary calculi (stones) is challenging for several reasons,
including the size and fragility of the calculi and the
spatial domains of their sedimentary chemistry. Many
modern methods of analysis destroy the structure of
the calculi when the samples are prepared for introduc-
tion into the instrument. Maintaining the structural
integrity of the calculi is important for the elucidation
of the chemistry of formation and the etiology of the
calculi in the urinary system.

Understanding the etiology of urinary stones
requires analysis not only of their composition, but also
of the architectural arrangement of minerals and
organic materials in each stone, information that can
provide important indicators of the mechanisms of ini-
tial formation and subsequent growth of the stone [1–
3]. Recent studies have clearly shown that there is
more than one pathological pattern for the initiation of
calcium stones, [4] and the 3D architecture of early
stones will be important for understanding these
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diVerent pathological processes and how they result in
renal stones [5].

Twenty-four hour urine tests, often used to deter-
mine and track urine chemistry in a patient, are helpful
for the tracking and treatment of urine/renal system
ailments being suVered from at the time of collection
[6–8]. However, 24-h urine tests do not indicate past
urine chemistry, and are thus unfeasible for the use of
determining the chemical etiology or architecture of
the renal stones being produced. In order for 24-h
urine chemistries to be applied to the long-term deter-
mination of renal stone formation, urine chemistry
would have to be collected daily over a period of
months or years in order to track the changes occurring
in the renal system. Additionally, the practitioner
would have to possess preemptive knowledge that a
renal stone would be formed for that particular patient
within the time constraints the 24-h urine test was
being undertaken. Taking these facts into consider-
ation, the study of the architecture of renal stones col-
lected from idiopathic calcium stone formers remains
the best method for determining the chemistry of for-
mation occurring in the renal system.

Some of the best work on the architecture of stones
has utilized thin sections of stones, which are studied
by X-ray and/or optical methods [9, 10]. Such studies
have elegantly shown the nature of the progressive
addition of layers to stones, and have also attempted to
identify the nucleus, or initial nidus of the stones.
Related work has also been done using micro dissec-
tion of stones with analysis of samples by infrared (IR)
spectroscopic methods [3]. Additionally, several
reports have been published on the comparison of IR
techniques to wet chemical methods for renal stone
and other biological analysis, though these can be
somewhat outdated [11–13].

Recent IR imaging studies have focused on isolated
areas of calciWed tissue and bone sections. The major-
ity of these studies have employed transmission meth-
ods of analysis, which require the sample to be present
as thin sections approximately 6 �m thick [14–18]. Sev-
eral of these reports study thin sections of bone, which
are structurally more robust than thin sections of uri-
nary calculi [18, 19]. Thin sections of reproducible
thickness are diYcult to obtain with urinary stones
because of the fragile nature of the material [9, 10].

In a report previously published by this laboratory,
[20] we demonstrated the feasibility of using reXection/
absorption infrared (RAIR) and attenuated total inter-
nal reXection (ATR) microspectroscopy as a technique
for the qualitative analysis of tissue sections containing
embedded mineral deposits. In addition to the qualita-
tive analysis of these mineral deposits, reXectance IR

microspectroscopic techniques can also be used to
determine the composition of cross-sectioned urinary
calculi—more durable than thin sections—which is the
topic of this report.

ReXectance spectroscopy includes both specular and
diVuse measurements; however, each method requires
that the sample have speciWc properties. For specular
reXectance, the surface of the sample must be similar
to that of a dielectric material (e.g., polycarbonate)
[21]. The spectra collected typically exhibit absorptions
resembling the Wrst-derivative of a normal absorption
band. These spectra can be corrected for such asym-
metric features using the well-known Kramers–Kronig
transformation. Therefore, a specular reXectance spec-
trum can be transformed into an apparent transmission
spectrum [22]. Although specular reXectance IR micro-
spectroscopy could be employed, this method also
requires signiWcant sample preparation [23].

DiVuse reXectance spectroscopy requires that the
sample be a highly scattering powder with individual
particle sizes that approach the wavelength of radiation
being employed in the analysis. Radiation enters the
sample and re-emerges after traveling a complex path
through the sample. During the residence time in the
sample, the radiant energy experiences a myriad of phe-
nomena which can include diVraction, reXection, refrac-
tion, scattering, and absorption [24]. Theoretically, as
the particle size increases relative to the wavelength of
light, the sample surface appears more mirror-like,
increasing the amount of specular reXection.

Currently, diVuse reXectance Fourier transform infra-
red spectroscopy (DRIFTS) is widely used in urological
analysis. Unfortunately, this method requires the sample
to be ground to a Wne powder and diluted with potas-
sium bromide thereby destroying the stone. Although
DRIFTS can yield qualitative and quantitative results,
the preparation of the calculi samples is time consuming
and diYcult. For the analysis of a renal stone, each indi-
vidual layer must be physically separated from the main
body of the stone. This method has the potential to
introduce signiWcant error since the layers are often not
uniform with respect to composition or their coverage of
the calculus and can often be quite thin [9].

With these considerations in mind, we present a facile
method of analysis for isolated cross-sectioned urinary
calculi, either unmounted or stabilized in resin. A cross-
sectioned stone, regardless of thickness, can be analyzed
using the reXectance mode of an IR microscope, yielding
spectra that are qualitatively accurate and are similar in
appearance to DRIFTS spectra. In addition to the quali-
tative IR microspectroscopic analysis of urinary calculi
components, we also present a study of the eVects of sur-
face roughness on IR reXectance spectra.
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Materials and instrumentation

Intact human urinary calculi were obtained as discards
from a stone analysis laboratory, and were embedded
in methyl methacrylate. Calculi cross-sections 1–2 mm
thick were cut using a diamond wire saw (Well Saw,
Delaware Diamond Knives, DE) and were mounted
onto low-E glass slides for subsequent analysis.

Rabbit femur cross-sections were obtained as dis-
cards from appropriately approved animal work done
by other laboratories. Serial cross sections were alter-
nately embedded in methyl methacrylate or left
unmounted. Both embedded and loose bone sections
were polished using a series of silicon carbide abrasive
media possessing a grit size from 16 to 0.05 �m. This
procedure yielded samples ranging from unpolished
wire-cut surfaces to highly polished surfaces.

The DRIFTS spectra of ground reference materials
presented in this report were collected using the Per-
kin-Elmer Spectrum Spotlight 300 IR imaging micro-
scope equipped with a single point HgCdTe (MCT)
detector, and represent the average of 32 individual
scans collected at a spectral resolution of 4 cm¡1. A
25 £ 25 �m confocal aperture was employed to isolate
the sample region of interest for both the DRIFTS and
reXectance experiments when single point detection
was used. Background spectra were collected using
ground potassium bromide (KBr) as the reference
material.

Images of sectioned calculi and bone were collected
on the Perkin-Elmer Spectrum Spotlight 300 IR imag-
ing microscope using the linear array MCT detector.
Spectra collected and extracted from false-color
images using this detector represent the average of
eight scans at a spectral resolution of 8 cm¡1. Each spa-
tial element on this detector represents 6.25 £ 6.25 �m2

area on the sample. Background spectra were collected
using the reXective side of a low-E slide.

ATR spectra were collected on the Perkin-Elmer
Spectrum Spotlight 300 IR imaging microscope using
the drop-down Ge internal reXection element (IRE)
and the single point MCT detector. Spectra collected
represent the average of 32 scans with a spectral reso-
lution of 4 cm¡1. Background spectra were collected
using a KCl pellet as the reference material.

Results and discussion

A renal stone sample, encased in resin and sliced to a
thickness of several millimeters, is utilized by medical
researchers due to the fact that this sample conWgura-
tion retains its physical features for analysis. By

studying the radial projection of cross-sectioned uri-
nary calculi, it is possible to determine the chemistry
from nucleation to some arbitrary point in time. The
nucleation and growth process of urinary calculi are
similar to the geochemistry of sedimentary layers asso-
ciated with the earth, but with the time and distance
scales being highly compressed. IR imaging of cross
sectioned urinary calculi allows one to precisely obtain
molecular information as a function of position and
therefore time enabling one to determine the chemis-
try of calculi formation.

Due to their importance and relative abundance,
renal stones containing calcium oxalate and/or calcium
hydroxyapatite are the focus of this investigation.
Figure 1 illustrates a 6.5 £ 9.0 mm cross-sectioned
calculus composed of calcium oxalate and hydroxyap-
atite. The physical features of the stone include the
radial distribution of the component layers in irregu-
lar patterns and varying colors. The varying colors in
the radial distribution are not necessarily indicative
of component diVerences, though quite often this is
the case [25]. The outlined box in Fig. 1 contains sev-
eral bands of varying color as well as a portion of an
innermost region. This sampling of the renal stone
appears to be representative of a radial projection of
the entire stone. Figure 2 illustrates false color images
of the selected area, generated from »130,000 spectra
collected over a nearly 7 h time frame. The spectra
were collected using a linear array detector with a
pixel size corresponding to a 6.25 £ 6.25 �m spatial
element on the sample. Background spectra were

Fig. 1 Visible image of a cross-sectioned renal stone containing
radial projections of diVering components. The area of interest is
outlined by a box containing a varied sampling of the components
present in the section
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collected every Wve points to maintain good atmo-
spheric compensation during the course of the nearly
7 h analysis period. To reduce the time period
required for analysis, spectral resolution can be low-
ered slightly, or the area selected for analysis dimin-
ished in size. The slight lowering of the spectral
resolution is acceptable due to the purely qualitative
nature of the method.

Each spatial element in the mapped region is associ-
ated with a complete IR spectrum ranging from 4,000
to 700 cm¡1 that can be viewed separately or combined
as a molecular (component) speciWc image. For exam-
ple, the spectra illustrated in Fig. 2 were used to create
false color images using total absorbance of speciWed
spectral features. The top panel shows a spectrum
characteristic for hydroxyapatite; the main feature
located near 1,020 cm¡1 is due to the asymmetric
stretch (vas) of the orthophosphate group in apatite.
The false color map in the top panel shows the compo-
nent speciWc image obtained using the integrated band
intensity near 1,020 cm¡1. Areas with a greater abun-
dance of hydroxyapatite are indicated by the blue/
green colors corresponding to a higher integrated
intensity; areas shaded red/yellow indicate the absence

of hydroxyapatite and/or the presence of another
material. The image demonstrates that the innermost
layer of this section of the stone is composed of
hydroxyapatite.

The composition in the outer extremity of the stone
can be determined by extracting a spectrum from this
region, and was found to correspond to calcium oxa-
late. The lower panel of Fig. 2 illustrates a spectrum
characteristic of calcium oxalate. Features observed in
this spectrum are due to the asymmetric stretch of the
oxalate anion (vas) located near 1,624 cm¡1, the sym-
metric stretch of the oxalate anion at 1,321 cm¡1 and
the C–O bend located near 785 cm¡1. A map of the cal-
cium oxalate content of this section is shown in the
right of the lower panel, based on the intensity of the
peak near 1,624 cm¡1. Again, blue/green indicates a
high prevalence of the calcium oxalate material, while
red/yellow indicates its absence.

A closer inspection of calcium oxalate spectra
reveals that two diVerent hydrates are present in this
stone. These two hydrates consist of calcium oxalate
monohydrate (COM) and calcium oxalate dihydrate
(COD). The two materials are readily distinguished by
the position of the asymmetric oxalate anion stretch.
For COM this band is located at 1,624 cm¡1, and for
the COD, it is located near 1,680 cm¡1. The 1,321 and
785 cm¡1 bands remain the same for both oxalate spe-
cies. Figure 3 displays false color maps of COM (top
panel) and COD (bottom panel) for this region of the
stone section, indicating the variability in hydrate con-
tent in diVerent layers of the stone. These diVerences
are detected using a 56 cm¡1 wavenumber diVerence
between COM and COD and demonstrate the chemi-
cal speciWcity of IR spectroscopy.

The compositional complexity of the stone section
shown in Figs. 1, 2, and 3 is quite a common Wnding in
renal stones, [3, 9] and the general lack of recognition
of such complexity is a possible reason for the gener-
ally poor performance of stone analysis facilities. A
standardized test system in the UK has shown an aver-
age error rate of 30–40% in standard samples analyzed
by commercial laboratories [26]. Looking at the maps
of composition in Figs. 2 and 3, it can be seen how the
portion of the stone taken for analysis could easily
imply a result of hydroxyapatite or COM or dihydrate,
dependant upon the portion analyzed. Or, a single
sampling could imply a result that would indicate a
mixture of all three minerals. Therefore it is imperative
that multiple sites be analyzed throughout the sample
stone, thereby providing a full understanding of the
stones chemistry.

A concern appropriate to renal stone analysis may
be the inclusion of proteinaceous material in the

Fig. 2 Infrared image maps of the outlined area in Fig. 1 and
associated spectra of a cross-sectioned renal calculus. Top cal-
cium hydroxyapatite. Bottom calcium oxalate. Blue/green indi-
cates the presence of the component, while red/yellow indicates a
lack of the speciWed component
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sample. Though dehydration and embedding process is
undergone, protein residue may remain in the body of
the calculus. Unfortunately, the quantitation of COM
in the presence of protein is diYcult due to the close
proximity of the 1,633 cm¡1 amide I band of protein to
the 1,624 cm¡1 vas C=O stretching band of oxalate. Due
to this encroachment, molecular image maps obtained
of the sample often lack qualitative and quantitative
properties when the 1,624 cm¡1 absorbance band of
COM is used if protein is present. Therefore, the
absorption band of oxalate at 778 cm¡1, the O–C–O
bend, and the vs C=O stretch at 1,318 cm¡1 are used for
most qualitative and semi-quantitative measurements.
Additionally, though they are not overlapping, the
amide III band from protein lies in close proximity to
the oxalate 1,318 cm¡1 vs C=O band, and should be
taken into consideration in quantitative measurements
concerning the 1,318 cm¡1 oxalate band. However, the
presence of protein does not interfere with the identiW-
cation or quantitation of calcium hydroxyapatite.

Figures 2 and 3 demonstrate that the composition of
consecutive layers of mineral in a renal stone can be
determined using IR reXectance imaging. Two impor-
tant questions concerning these results are: (1) would
better sample preparation help and (2) would another

measurement mode be preferable? It is known that
polished surfaces, such as those of a dielectric sample,
often result in greater surface reXectance than unpol-
ished surfaces [27]. To attempt to determine if specular
reXectance increases with a more highly polished renal
stone sample, individual renal stones were gently hand
polished using sandpaper varying from 16 to 0.05 � in
grit size. However, polishing the surface of the fragile
renal calculi frequently led to their disintegration. As
an alternative, bone cross sections were polished to
varying degrees utilizing the same range of abrasive
media in order to test this Wrst question. Bone was cho-
sen as an acceptable substitute since, spectroscopically,
the intensity and band shape of the main hydroxyapa-
tite band at 1,020 cm¡1 for bone and renal calculi were
observed to be nearly identical, as shown in Fig. 4.

Figure 4 displays spectra corresponding to hydroxy-
apatite from both bone (solid) and a cross-sectioned
renal stone (dashed). As can be seen, the spectra are
qualitatively similar, and both spectra show low peak-
to-peak noise. Spectra of bone, polished using 0.05 �
grit sanding paper and embedded in resin, exhibited a
peak-to-peak noise of 0.66 whereas that of the wire-cut
stone was 0.53. Polished and unpolished bone sections
were imaged using the reXectance mode of the IR
microscope in a manner identical to that of the renal
calculi samples. Spectra of highly polished (0.05 �m
surface roughness) bone sections and unpolished, wire-
cut bone sections are compared in Fig. 5. The results
show minimal diVerences between the spectra with
respect to reXected intensity and peak-to-peak noise.
The absorption band intensity of the polished cross
section (dashed) is slightly larger than that of the
unpolished section (solid) by approximately Wve units.
This slight intensity diVerence is probably due to the
lack of scattering from the polished surface compared
to the more diVuse nature of the surface of the wire-cut
bone sample. The data suggest that improvements with
additional polishing are negligible and that the surface
characteristics of the calculi and bone do not aVect the
reXectance process greatly.

To answer the second question, a comparison of
COM spectra obtained with ATR, surface reXectance
and diVuse reXectance IR microspectroscopy using iden-
tical conditions other than measurement mode is shown
in Fig. 6. The spectra show minimal diVerences with
regard to both band shape and positioning, though sig-
nal to noise ratio is much higher for DRIFTS (top) and
ATR (middle) than for the surface reXectance (bottom)
method. Upon close inspection of the surface reXec-
tance spectrum in Fig. 6, it can be seen that the group of
bands from 3,400 to 3,000 cm¡1 attributed to the sym-
metric and asymmetric OH stretch of crystallized water

Fig. 3 Full spectral infrared image maps and associated spectra
of the two hydrates of calcium oxalate. Top calcium oxalate
monohydrate. Bottom calcium oxalate dihydrate
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[28], the shoulder at 1,375 cm¡1 attributed to the sym-
metric stretch of the oxalate anion [29], and two weaker
bands at 884 and 945 cm¡1 attributed to OH deforma-
tion [29] of COM are absent. Additionally, these bands
are greatly diminished in the ATR spectrum of COM
oxalate monohydrate. The absence of these bands in the
surface reXectance spectrum are due to a combination
of factors, including the crystalline structure of the stone
but most importantly the optical characteristics (e.g.,
refractive index) of the material. The low absorbance
observed in the surface reXectance spectrum is an indi-
cator that the probe beam penetrates the surface only
slightly resulting in a reduced optical path length. On

the other hand, the high absorbance associated with the
bands in the diVuse reXectance spectrum result from a
greater optical path length. For diVuse reXectance, a
small amount of sample is mixed with an IR transparent
sample like KBr. Due to the nature of the sample, multi-
ple scattering events take place, which increase the opti-
cal path length for a given sample. ATR on the other
hand is intermediate, and the optical path length
increases from the high-energy end of the spectrum to
the low-energy end. At the high-energy end the optical
path length is less than 0.39 �m and increases to 2.14 �m
toward the low-energy end. This change is why the
features located near 3,200 cm¡1 have reduced intensity

Fig. 4 Comparison between 
spectra taken from a bone 
cross-section (solid line) and a 
renal stone cross-section 
(dashed line). Observed and 
collected under identical sur-
face reXectance conditions

Fig. 5 Comparison between 
highly polished (dashed line) 
and unpolished/wire-saw cut 
(solid line) bone cross-sec-
tions. Observed and collected 
under identical surface 
reXectance conditions. Polish-
ing occurred using 0.05 �m 
grit sand paper
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in the ATR spectrum but those at 945 and 884 cm¡1 are
clearly visible.

With regard to photometric accuracy, that is, the lin-
ear relationship between band absorbance and optical
path length, both DRIFTS and ATR spectra can be
photometrically accurate. As a result these methods
can be used in a semi-quantitative capacity. However,
it has yet to be determined whether surface reXectance
spectroscopy can be used in a quantitative capacity
(photometrically correct). Surface reXectance and
ATR methods are complementary reXectance tech-
niques, each possessing certain strengths. Analysis uti-
lizing the surface reXectance microspectroscopic
technique is fast and requires limited sample prepara-
tion allowing a diversity of samples to be analyzed.
However, due to scattering, reXection, refraction, and
sample topography, quantitative information may be
diYcult to extract. Under most conditions, ATR pro-
duces photometrically accurate bands capable of yield-
ing quantitative data with a high signal to noise ratio
[30]. Unfortunately, this method requires sample con-
tact with the IRE. This contact could potentially dam-
age the sample, and in the case of unstable samples, the
IRE may need to be cleansed in between successive
sample points. Therefore the process of creating a
spectral map of a sample using ATR is time consuming
and requires constant involvement by the operator.
The method most applicable and successful for sample
analysis is to use the two techniques in conjunction
with one another. A full spectral map can quickly be
made of the sample, highlighting features of interest and
determining general homogeneity. Earlier research by

this laboratory has conWrmed that subsequent analysis
using ATR microspectroscopy yields photometrically
accurate data suitable for the extraction of quantitative
information [20].

Though the data provided in this research pertains
to a single stone cross-section, similar successful data
has been accumulated for over 30 renal stone cross-sec-
tions in this laboratory. The majority of renal stones
examined contain calcium oxalates and/or hydroxyapa-
tite, with many exhibiting the concentric ring structure
displayed here. Other compounds investigated in the
course of this research include struvite, brushite and
cystine. Future research will include diVerent morpho-
logies and additional varieties of renal stones.

Attempts to improve the quantitative analysis will be
attempted using oV-axis ATR imaging [31], which com-
bines the ease of molecular imaging via surface reXec-
tance with the photometric accuracy achievable by ATR
methods. Using this method, the renal stone sample will
retain its original form for the elucidation of stone for-
mation data with minimal preparation identical to that
of the surface reXectance method presented in this
research. The time taken for total analysis would be
greatly reduced since the molecular image map would
be quantitative in character, making subsequent follow-
up analysis via conventional ATR unnecessary.

Conclusion

We have presented here a facile method for qualitative,
spatial analysis of the mineral layers in a section of

Fig. 6 Comparison between 
DRIFTS (top), ATR (middle) 
and surface reXectance 
(bottom) spectra of calcium 
oxalate monohydrate
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urinary stone using instrumentation and software that
are easy to use. This method is less susceptible to error
or misdiagnosis than common methods of stone analysis,
and bypasses the sectioning and grinding steps that have
been required for analysis of sections of urinary calculi
in the past. In addition, we have provided evidence that
an unpolished sample yields similarly informative spec-
tra to that of polished sections, supporting our assertion
that no extensive sample preparation is needed to obtain
high quality qualitative spectra and molecular maps
using the IR microspectroscopic reXection technique.

Unfortunately, the above research is not quantita-
tively valid due to the lack of photometrically accurate
absorption bands. It may be a regretful fact that sur-
face reXectance proves thus far to be solely qualitative
in nature without the aid of subsequent ATR analysis.
However, current research in our laboratory is focus-
ing on quantitative methods of cross-sectioned stone
analysis utilizing oV-axis ATR methods that will yield
photometrically accurate spectra with the ease and full
spectral map capabilities of surface reXectance. In
future research, a large hemispherical IRE in direct
contact with a cross-sectioned renal stone will be used
in an attempt to achieve timely, resolved, and photo-
metrically accurate IR maps capable of yielding quali-
tative as well as quantitative data.
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