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The micro-PIXE and RBS techniques are used to investigate the matrix as well as the trace elemental

composition of calcium-rich human tissues on a microscopic scale. This paper deals with the spatial

distribution of trace metals in hard human tissues such as kidney stone concretions, undertaken at the

nuclear microprobe (NMP) facility. Relevant information about ion beam techniques used for material

characterization will be discussed. Mapping correlation between different trace metals to extract

information related to micro-regions composition will be illustrated with an application using proton

energies of 1.5 and 3.0 MeV and applied to a comparative study for human kidney stone concretions

nucleation region analysis from two different population groups (Sudan and South Africa).

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Analysis by prompt X-ray excitation by protons of 1–3 MeV of
calcium-rich bio-medical tissues has been given a substantial
step forward with the improvements of the microanalysis mode
and development of sophisticated software for on/off line
deconvolution of X-ray and particle backscattered (p-BS) spectra
(Ryan and Cousens, 2002; Ryan et al., 2000). One of the areas
in which the nuclear microprobe (NMP) has been most active
is in the bio-medical field for which low levels of detection are
required. Combined with the availability of multi-techniques
and multivariate capabilities has proven to be an instrument of
choice in particular in applications related to the study of
elemental mapping and spatial distribution of trace metals in
calcium-rich human tissues (Llababor and Moretto, 1998; Pineda-
Vargas et al., 2001). In addition, complementary ion beam
techniques are used to provide information on the major and
minor components (Pineda-Vargas et al., 2001; Prozesky et al.,
2000).

Studies on the determination of trace elements (TE) in human
renal stones by NMP (Pineda and Peisach, 1994; Pineda et al.,
1996) have shown the strength of NMP to focus on determining
levels of variability in elemental concentration of Ca and TE
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throughout selected micro-regions of renal stones. A more recent
study has concentrate on the micro-analysis of two set of renal
stones from two distinct population groups from Sudan and South
Africa. The emphasis was on a statistical comparison of the two
groups in terms of their elemental profile content by country and
to establish if a general trend in terms of elemental variability
could be established based on data obtained from micro-PIXE and
p-BS.

This paper will describe the utilization of the NMP at the
Materials Research Group (MRG), iThemba LABS for the study of
calcium-rich human tissues and will present an example of a
project currently being investigated in relation to spatial distribu-
tion of trace metals in human renal concretions. Differences and/
or similarities based on the metal content of specimens from two
distinct populations will be discussed based on the information
obtained simultaneously by PIXE and p-BS as well as phase
determination by powder XRD spectrometry.
2. Experimental considerations

2.1. Sample preparation

An important step in the analysis by NMP of soft bio-medical
specimens in general is their adequate preparation for analysis
under high vacuum conditions. Typically this will involve strict
protocols for samples preparation at low temperature. In addition,
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a ‘‘true’’ representation of elemental concentrations is critical and
to a large extent this depends on the optimal protocol used
(Llababor and Moretto, 1998; Hayat, 2000). On the other hand,
biological hard tissues do not require, in general, the use of
cryogenics since the mobility of ions in such hard materials is
minimal. Therefore, this paper will concentrate on the advantages
of the NMP for the analysis of human hard tissues prepared at
room temperature.

Kidney concretions varied from small (�1–3 mm) to big
(�1–3 cm). Clinically removed concretions were embedded in
epoxy at room temperature. Cross-sections through the core were
cut with a diamond saw (Fig. 1). Renal cross-section surfaces were
carbon coated prior to NMP irradiation.
Fig. 1. Micrographs of some representative calculi for the South African and Sudanese

nucleation region, where analyses were performed.
2.2. Irradiation and measurement

The NMP facility at iThemba LABS is equipped with detection
instrumentation to be able to undertake simultaneous analysis
with PIXE, proton-BS and PIGE. In addition, a detector located at
00 to the beam line can be used to record the STIM spectrum on-
and off-axis of thin layers of bio-medical tissues to determine
areal density variation within tissues. For more details about the
NMP setup see Prozesky et al. (1995) or Przybylowicz et al. (2001).

As in any other instrumental analytical technique, the
optimization of experimental parameters in micro-PIXE to obtain
the best minimum limits of detection (MDL) play a major role in
the determination of TE present in hard tissue. Particularly, since
groups. The size is indicated by the scale bar. The white arrow is pointing to the
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most of such tissues are rich in calcium and phosphorus. For TE
such as Mg, Na, Al, Si and Al present in a calcium-rich matrix an
absorber must be chosen to minimize the high background due to
secondary electrons as well as to reduce the high-intensity X-ray
signal from Ca and P. However, this is not an easy task when
considering the proton energy for X-ray excitation as well as the
detector exposure to scattered protons through the absorber. On
the other hand this high-intensity background can also be
generated due to a high target current. Therefore, a compromise
has to be reached between these three parameters in order
to be able to maximise the MDLs. The problem is rather less
complicated when higher proton energies (2.5oEpo3.0 MeV) are
Fig. 2. Comparison of p-BS spectra for a calcium oxalate South African (2240A) and

a uricite Sudanese (S5) calculi analysed at the core. Notice the presence of N in the

Sudanese stone.

Table 1
Trace elemental concentrations as determined by micro-PIXE in mg g�1 for the two Sou

Sample Micro-PIXE

Fe Cu Zn Se Br

Sudan

A

1 3973.2 3.071.8 6771.5 1.671.0 n.d.

2 20072.7 5.571.0 14571.3 1.170.9 10.3

3 7375.4 4.072.4 6172.5 3.072.5 6.0

4 7371.3 8.770.51 4.270.37 0.970.3 1.8

6 18572.6 3.371.2 5070.95 1.470.7 4.8

B

S1 53276.2 10.073.3 5172.7 n.d. 13.0

S2 1774.3 4.072.6 18272.2 n.d. 4.0

S3 20572.6 2.671.6 75571.4 3.171.1 22.8

S4 2374.2 4.072.7 21472.4 2.272.1 11.0

S5 31270.96 2.670.4 73.570.33 0.775.6 7.0

South Africa

2117B n.d. n.d. 1.671.0 1.571.3 2.8

2240B 4176 8.074.6 8174.2 7.075.6 9.0

2243B 6174.5 n.d. 5572.9 n.d. 5.0

2260B 4574.3 4.072.4 2772.4 n.d. 3.8

2387A 10374.5 n.d. 2472.2 n.d. 3.2

2302A 2572.3 n.d. 57271.3 1.371.1 4.5

2336A 6371.4 1.470.9 2170.6 n.d. 0.8

UWE B 3876.5 n.d. 6374.2 4.073.3 5.0

A set of sub-groups from Sudan (A and B) collected from population leaving in differe

components levels are given as atomic ratios determined by proton-BS. Qualitative ide

n.d. ¼ value is below the minimum dectection limit.
a Most likely matrix as determined by RBS analysis.
used for determination of heavier elements such as Ca, Ti, Mn, Fe,
Ni, Cu, Zn and Br, since the insertion of a thicker absorber will
control both the background and the high matrix signal. By
experience, we have found that for low-energy protons
(1.0oEpo1.5 MeV), a Be absorber 25mm thick works well; and
for high-energy protons bombardment (2.5oEpo3.0 MeV), an Al
absorber 102mm thick is most suitable. As far as the beam current
is used for the analysis of hard tissue, it all depends on the type of
material. As a general rule we irradiate the samples in such
a way to prevent evaporation of elements to maintain the true
composition of materials stable while under bombardment.
Typically a current between 50 and 300 pA is required depending
on the type of hard tissue and the size of the micro-region
irradiated. This level of intensity will ensure that a true non-
destructive analysis is performed in most samples. Total charge
integrated will depend on the levels of TE of interest. PIXE two
critical parameters—solid angle subtended by the Si(Li) detector
and thickness of absorber positioned between the specimen and
the detector—are routinely calibrated using standard reference
materials of pure metals and minerals supplied by Astimexs. The
PIXE spectra was evaluated off-line by the software package Geo-
PIXE (Ryan and Cousens, 2002) and the p-BS spectra was
simulated by the program RUMP (Doolittle, 1986).
3. Results

Their matrix composition as determined by proton-BS, was in
general calcium oxalate monohydrate CaC2O4 �H2O (COM) and/or
dehydrated CaC2O4 �2H2O (COD). The Sudanese group had
matrices, which exhibit a combiation of both COD and COM, but
in addition some of the stones areas were rich in other type of
phases such as uricite (C5H4N4O3) rich in nitrogen (Fig. 2).

Major components C, O, N and Ca were determined by p-BS and
phase identification with a Bruker powder XRD system (Table 1)
th African and Sudanese groups

Proton-BS XRD

Sr C O N Ca

15171.6 2 4 1 COM

71.1 4371.4 16 4 9 1 COM/uricitea

72.0 5972.5 2 4 1 COM

70.4 0.670.4 7 4 46 Uricite

70.73 9.170.9 3 4 3 COMa

72.6 5272.6 6 4 1 1 COM

72.1 37772.7 4 3 2 COM

71.4 14371.9 5 4 1 1 Uricite

72.4 10873.1 3 4 1 COM/COD

75.6 10.270.5 7 4 60 COM

71.6 772.0 5 4 1 1 COMa

75.6 2976.0 3 4 1 COM/COD

74.2 3275.5 2 4 1 COM

71.8 1672.0 8 4 46 COM/CODa

72.0 3672.1 2 4 1 1 COM

71.1 18571.4 4 4 2 COMa

70.6 15.270.6 20 4 5 COMa

72.7 3773.3 2 4 2 1 COM/COD

nt regions of the Khartoum area are indicated in the left side of the table. Major

ntification of the kidney stones matrix phases were determined by powder XRD.
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Stone Proton-BS XRD
  C O N Ca  

1 2 4   1 COM 
2 16 4 9 1 COM/Uricite * 
3 2 4   1 COM 
4 7 4 46   Uricite 
6 3 4 3   COM 

S1 6 4 1 1 COM * 
S2   4 3 2 COM 
S3 5 4 1 1 Uricite 
S4 3 4   1 COM/COD 
S5 7 4 60   COM 
2117B 5 4 1 1 COM * 
2240B 3 4   1 COM/COD 
2243B 2 4 1   COM 
2260B 8 4 46   COM/COD * 
2287A 2 4 1 1 COM 
2302A 4 4   2 COM * 
2336A 20 4 5   COM * 
UWE B 2 4 2 1 COM/COD 

* Most likely matrix as determined by BS analysis

Core

Outer Core

10 mm

# XRD - Total stone area 
X-ray beam size ~3 mmSouth

Africa

Sudan

+ Epoxy substracted as background

Fig. 3. Atomic ratio and phase composition as determined by p-BS and powder XRD, respectively, for the whole series of renal stones. The atomic ratios for stone S6 (Sudan)

found by p-BS (at the core) point out to a N-rich type matrix. For comparison the COM phase found by the XRD analysis at the outer core is shown. The opposite occurred for

the stone S3.
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Fig. 4. XRD spectrum of a Whewellite-type sample (S5 from Sudan) showing the

presence of two different monoclinic phases: Type A and B in the figure. Diffraction

lines in the region around 501 are also type A.
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using the 1998 ICDD release data. Of interest was the fact that
some of the stone phase identification by XRD did not correspond
to the p-BS ratio evaluation.

Since the size of the micro-region irradiated in and around the
stones core by micro-PIXE was a few hundred mm2, the actual
elemental results by PIXE are focused exclusively to this micro-
area. In contrast, the analytical area in XRD determinations was
�1.0�1.5 cm2.

Since the XRD analysis performed with the XRD powder
machine at iThemba LABS use a Cu X-ray beam with a lateral size
of 1.5 cm as compared with that of the NMP beam (size of
�2–3mm), the total area analysed in XRD covered the whole stone
surface. From the above we can deduce that C5H4N4O3 matrix in
the core of the 2260 stone did precipitate the formation of COD
matrix in the outer core of the stone. This was found from a
second irradiation of the stone in the outer core. A reverse process
occurred in the case of the S3 stone from Sudan (Fig. 3).

On the other hand some Sudanese samples exhibited two
phases of COM monoclinic shown in Fig. 4 for stone S5. The
occurrence of the two COM monoclinic phases may suggest that a
similar combination could also appear in the case of other
crystallographic groups such C5H4N4O3. However, this hypothesis
was not explored in this work.

TE were determined by micro-PIXE with 3.0 MeV protons. The
analyses were directed primarily to the core of the concretions
where the initiation of the concretion nucleation supposes to start
(Fig. 1). Therefore, the concentrations by PIXE are related to the
particular phase found within the core of each renal stone. In
general, the spatial distribution of Ca in most stones was non-
uniform. Micro-PIXE results shown in Fig. 5 and Table 1 were
aimed at the average spatial distribution of Fe, Ni, Cu, Zn and Sr for
both groups.

The mean values of the concentration levels for each TE in each
renal stone country group were plotted to determine the level of
correlation between the mean trace elemental profiles of each
group. This relationship showed a type of linear correlation
between mean profiles. In particular it was observed that two
kinds of distributions governed in one hand by Zn, Fe, Sr and Ni,
Cu, Br on the other hand. Therefore, the data matrix for elemental
concentrations by PIXE of all stones as determined by was
submitted to correspondence analysis (CA) (Greenacre, 1984,
2003). Fig. 6 shows the plot of the CA for the first two axes,
which contains approximately 80% of all the statistical informa-
tion. The South African stones were tight grouped near the origin
of the CA plot and are mostly defined by Cu, Br and Sn, with a high
correlation between Cu and Br. Two stones were found to be
outliers with one sample correlated with the Sudanese renal
stones. The Sudanese stones were separated into two sub-groups,
characterised by high levels of Sr (sub-group 1) and Fe (sub-group
2). Two stones from Sudan in particular were found to be
correlated with the South African group. Although the 2 sub-
groups of stones from Sudan originated from two different regions
within Sudan, the grouping as shown in Fig. 5 does not appear to
be associated to the geographical location. On the contrary,
Sudanese stones were grouped according to sub-groups 1 and 2.
These two sub-groups contain Sudanese stones from both
locations.
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4. Discussion and conclusions

In the micro-analysis of small areas of hard human tissues such
as renal concretions, it is of extreme importance, the optimization
of experimental parameters, which will determine the accuracy
and minimisation of the minimum detection limits. Two groups of
human kidney concretions from South Africa and Sudan are
compared in terms of their matrix-phases as determined by XRD
and proton-BS. The concentration values of the TE analysed by
micro-PIXE (Fe, Cu, Zn, Se, Br and Sr) showed a linear trend when
their mean was plotted for both groups of stones. Statistical
analysis of micro-PIXE data evaluated by CA showed that the two-
dimensional plot of axes 1 and 2 (holding up to 85% of the data
information) could explain the formation of two clusters,
corresponding to each of the South African and the Sudanese
stone groups (po0.05). Moreover, the Sudanese group was
clustered as two separated sub-groups which were not related
to geographical conditions. The core of most stones was COM, COD
or mixtures. Simulations of p-BS spectra for thick kidney stone
targets help as a guide for quantitative phase identification of Ca
oxalate phases. Differences in the ratio of certain elements such as
Fe, Zn and Sr can be used to characterise possible role of TE in the
development and growth of stones. The combination of XRD,
proton-BS and micro-PIXE provided a powerful set of techniques
to characterise the composition of kidney stones in the core
region.
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