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Summary. 10 urinary calculi have been qualitatively and 
quantitatively analysed using X-ray diffraction, infra-red, 
scanning electron microscopy, X-ray fluorescence, atomic ab- 
sorption and density gradient procedures. Constituents and 
compositional features which often go undetected due to 
limitations in the particular analytical procedure being used, 
have been identified and a detailed picture of each stone's 
composition and structure has been obtained. In all cases at 
least two components were detected suggesting that the mul- 
tiple technique approach might cast some doubt as to the 
existence of "pure" stones. Evidence for a continuous, non- 
sequential deposition mechanism has been detected. In ad- 
dition, the usefulness of each technique in the analysis of 
urinary stones has been assessed and the multiple technique 
approach has been evaluated as a whole. 

Key words: Urinary calculi, Analysis, Physico-chemical tech- 
niques. 

Introduction 

Several techniques have been used for the routine analysis of 
human urinary calculi. These include chemical methods [6, 
25], infra-red spectroscopy [2, 12, 23], X-ray powder dif- 
fraction [4, 5, 8, 9], and more recently, scanning electron 
microscopy [18-20]. While each of these has a certain use- 
fulness, they all have significant inherent limitations and 
shortcomings. Chemical investigation in general is unsatis- 
factory because the method is destructive and confusion ex- 
ists as to the exact nature of the reactions which take place 
in qualitative tests and because only atoms or groups of atoms 
rather than compounds may be identified. Infra-red studies 
are limited to minute representative pieces of the stone and 
cannot easily distinguish between the various phosphates that 
occur in urinary calculi. Furthermore, the powdering of a 
stone sample for infra-red analysis is undesirable since certain 
constituents change composition when subjected to grind- 

ing [22]. Unlike infra-red, X-ray powder diffraction proce- 
dures can readily distinguish the different urates, oxalates 
and phosphates with a certainty that cannot be equalled or 
attempted by any other technique. Nevertheless, here too 
certain shortcomings have been described [21 ]. In calculi of 
mixed composition for example, one component may mask 
the presence of another if the latter's concentration is less 
than ~10%-20% of the sample. Apatite in general is awk- 
ward to identify by X-ray diffraction and no distinction be- 
tween the two commonly occurring types (hydroxyl and car- 
bonate) can be made using this technique. As with the pre- 
paration of samples for infra-red investigation, powdering is 
undesirable. Scanning electron microscopy coupled with X- 
ray micro-analysis, while being a most useful tool for the in- 
vestigation of urinary calculi, is limited in that micro-analy- 
sis of elements lighter than Na cannot be easily accomplished. 
For accurate quantitative determinations, ground and pol- 
ished surfaces are necessary, again introducing the risk of 
compositional changes during sample preparation. 

All of the above techniques are thus individually inade- 
quate for providing an intimate picture of stone composi- 
tion and structure. In an attempt to acquire such data we 
employed a multiple technique approach utilising several of 
the well-established routine procedures mentioned above. 
In addition we investigated and developed other techniques 
and incorporated these, where suitable, in the analyses. In 
such an approach, the effects of the inherent limitations and 
shortcomings of some procedures are minimised by the in- 
herent advantages of others, yielding structural and compo- 
sitional data which might prove useful for understanding the 
physico-chemical factors governing stone initiation and 
growth. 

This paper presents an evaluation of such an approach. 

Materials and Methods 

10 urinary calcufi were washed in distilled water, air dried, weighed, 
photographed and cut with a low speed cutting saw. Representative 
pieces for analysis were selected from each stone. 
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X-ray Powder Diffraction (XRD) 

Diffraction patterns were recorded on KODAK NS-392T film using 
a PHILIPS powder camera of radius 28.65 ram, mounted on a 
PHILIPS 1008 X-ray generator with nickel filtered CuK~ radiation. 
The procedure is described elsewhere [ 13 ]. 

X-ray Fluorescence Spectrometry (XRF) 

Stone specimens were prepared by drying (100 °C) and ashing 
(1,000 °C) as described by Norrish and Hutton [11]. The sample 
(0.14 g) was added to 1.5 g Johnson Matthey Spectroflux 105 (lith- 
ium tetraborate, lithium carbonate and lanthanum oxide [11 ]), sodi- 
um nitrate (0.02 g) and silicon dioxide (0.14 g). This preparation was 
melted at 930 °C and a 30 mm diameter fusion disc was prepared. 
The disc was then positioned in a computer controlled SIEMENS 
SRS 1 automatic X-ray flucrescence spectrometer, the operating 
conditions for which have been described by Willis et al. [26]. Inter- 
national rock standards were used for calibration. 

Scanning Electron Microscopy (SEM) 

Stone or stone fragments were fractured with a sharp blade to expose 
a cleaved surface prior to examination in the scanning electron mi- 
croscope. Samples were mounted on aluminium stubs and were coated 
with approximately 80 nm of carbon at a pressure of about 1.3 mPa 
in a Balzer's vacuum coater equipped with a planetary sample rotator. 
Specimens tilted at 35 ° to the collector were examined using a Cam- 
bridge S180 Scanning Electron Microscope operating in the second- 
ary electron collection mode at a nominal beam potential of 20 kV 
and beam current of 500 t~A. Condenser lenses 1 and 2 were each 
excited at 0.9 A; lens 3 (the objective lens) was operated with a 200 
/~m final aperture and a working distance of approximately 13 ram. 
Typically, images were recorded on Ilford FP4 roll film at 120 second 
frame period and 800 lines per frame on a carefully focussed cam- 
era. The scanning electron microscope was equiped with an energy 
dispersive X-ray analyser system which was used for the qualitative 
determination of Ca, Mg and P. 

Density Gradient Analysis 

A detailed description of the application of this technique in the anal- 
ysis of urinary calculi appears elsewhere [14]. Initially a column of 
carbon tetrachloride (p = 1.60) and methylene iodide (p = 3.32 kg/ 
dm 3) was constructed as this covers the entire density range of com- 
monly occurring urinary calculus constituents. Subsequently a col- 
umn of carbon tetrachloride and tetrabromoethane (p = 2.96 kg/dm 3) 
was used for more sensitive determinations. The columns were cali- 
brated by allowing immiscible solutions or crystals of known density 
to descend through the gradient until their equilibrium positions were 
reached. A small quantity of dried stone sample was ground to afine 
powder and introduced into the column. By reference to the calibra- 
tion curve the sample density was determined and the percentage 
composition calculated using the appropriate equation [ 14]. 

Infra-red Spectroscopy (IR) 

Mull preparation of samples using nujol and hexachlorobutadiene 
proved to be undesirable due to solvent absorption bands obscuring 
sample bands. The KBr disc method was used instead: 10 mg of sample 
were added to 90 mg of spectroscopic grade KBr and placed in a 12 
mm diameter die (Perkin Elmer) in which a disc was pressed at 10.0 
kg]cm - 2  pressure. The disc was placed in a holder and spectra were 
recorded on a Perkin Elmer 180 grating infra-red spectrophotometer. 

All samples were scanned from 4,000 cm -1  - 250 cm -1 .  Pure 
samples of anaiar grade uric acid, hydroxyapatite and L-cystine (Sig- 
ma Corp.) and struvite, whewellite, sodium urate and ammonium 
urate (Merck Co.), were all first identified by X-ray diffraction and 
were then used for the recording of standard infra-red spectra. 

Atomic Absorption Spectrophotometry (AA) 

A search for possible interference effects showed that while Ca ab- 
sorbances were unaffected by the presence of struvite and phosphate, 
Mg absorbance values were enhanced by the presence of calcium ox- 
alate. A "standard additions" method was thus used for the determi- 
nation of Ca and Mg in the stones: 10 mg stone sample were dissolved 
in 10% HC1 and made up to 20 ml in a volumetric flask. For the de- 
termination of the calcium content, a 10 ml aliquot was diluted by a 
factor of 20 and divided into five equal portions. To these were added 
0, 25, 50, 75 and 100 ppm calcium as calcium oxalate, from a stock 
solution, and the volume in each case made up to 20 ml. These solu- 
tions were then analysed and a "standard additions" calibration curve 
was plotted. Similarly, for magnesium determinations, a 5 ml aliquot 
was diluted by a factor of 80 and divided into six equal portions. To 
these were added 0, 2, 4, 6, 8, and 10 ppm Mg, as struvite. The solu- 
tion was then made up to volume (20 ml) and analysed. 

All analyses were carried out on a Varian Techtron Model 1000 
atomic absorption spectrophotometer using an air acetylene burner 
and calcium/magnesium hollow cathode lamp. 

Results 

X-ray Powder Diffraction 

The  c o n s t i t u e n t s  p re sen t  in t he  var ious  r ep resen ta t ive  re- 

g ions  o f  e ach  s tone  were iden t i f i ed  b y  c o m p a r i n g  the  mea-  

sured  " d "  and  " I "  values w i t h  t he  pub l i shed  re fe rence  stan- 

dards  o f  S u t o r  and  Sche id t  [22] .  In all cases, at  least  two  com-  

p o n e n t s  were  de t ec t ed  (Tab le  1). 

X-ray Fluorescence Spectrometry 

Values  for  t he  pe rcen tage  o f  Mg, Ca and  P were d e t e r m i n e d  

and  these  were used  in s imple s t o i ch iome t r i c  ca lcu la t ions  to  

give t he  relat ive mass  o f  each  c o m p o n e n t  p r e sen t  (Tab le  1). 

The  t e c h n i q u e  was appl ied  to  o n l y  t hose  s tones  in  w h i c h  

suf f i c ien t  ma te r i a l  was  available for  analysis.  

Scanning Electron Microscopy 

All SEM studies  were u n d e r t a k e n  o n l y  af te r  the  c o m p o n e n t s  

in  each  s tone  had  b e e n  iden t i f i ed  b y  X-ray  d i f f r ac t ion  anal- 

ysis. Qual i ta t ive  ass ignments  were based  o n  charac te r i s t i c  

m o r p h o l o g i e s  and  energy  dispersive X-ray analysis.  

Apa t i t e ,  iden t i f i ed  b y  X R D  in seven s tones ,  was f r equen t -  

ly obse rved  as spheru la r  c lusters  o f  d i a m e t e r  less t h a n  10/am 

similar  to  those  r e p o r t e d  b y  Spec to r  [18,  19]. In some  cases 

t he  apa t i t e  appea red  to  be  growing  o n  a subs t ra t e  (wedde l i t e  

in  Fig. 1), whi le  in  o the r s  i t  c o m p l e t e l y  engu l fed  a crys ta l  
o f  a n o t h e r  c o m p o n e n t  (whewhe l l i t e  in  Fig. 2). 
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Fig. 1. Apatite crystals growing on weddellite substrate Fig. 4. Fan-like array of whewhellite crystals 

Fig. 2. Apatite deposits engulfing a crystal of whewheUite 

Fig. 3. Bipyramidal crystals of weddeUite on exterior of stone 

The characteristic bipyramidal morphology of calcium 
oxalate dihydrate [15] was a frequent observation, particu- 
larly on the exterior of the stones (Fig. 3). The coffin-shape 
(Fig. 2) and fan-like array (Fig. 4) of the monohydrate crys- 
tals [15] were easily recognised. 

Fig. 5. Needle-like crystals of uric acid (cross-sections ~ 0.4 /~m) 

In stone 7 both sodium acid urate monohydrate and uric 
acid were observed and characterised on the basis of energy 
dispersive analysis with respect to sodium. Uric acid was 
present as fine, minute, needle-like crystals of approximate- 
ly 0.3 - 0.5/~m in cross.section (Fig. 5). Sodium urate, how- 
ever, was observed as oblong rod-like crystals approximate- 
ly 1 pm in cross-section (Fig. 6). In addition, other crystals 
of different morphology were observed within this stone 
(Fig. 7). Microaualysis revealed the presence of Mg and P 
only, thereby suggesting struvite. Similar crystals were ob- 
served in stone 9. 

Density Gradient Analysis 

In this investigation complete separation of components did 
not occur. Samples from all 10 stones were introduced into 
density columns and their densities determined. Using these 
together with the density values of pure constituents [14] 
the percentage composition for each stone was calculated. 
For the 2-component stone systems (stones 1, 2, 7, 8 and 
10) the equation 
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Fig. 6. Oblong rod-like crystals of sodium acid urate nonohydrate 
(cross-section ~1 ~,m) 

~ = ~  - 

1 20KV IQPH 14. 101 

Fig. 7. Struvite crystal observed in stone 7 
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Fig. 8. Schematic representation of major infra-red absorption 
bands recorded for the standard substances 

(x) (100 x/ 
1 ~  '01 + ~ - - / P 2  = P m  

was used [14]. For the 3- (stone 6) and 4-component sys- 
tems (stones 5 and 9), quantitative data from the XRF anal- 
ysis were incorporated into the calculations and the system 
in each case was reduced to a 2-component one. In stone 5 
for example, where struvite, hydroxyapatite, whewhellite 
and weddelite were known to be present, the above equation 
was modified to read: 

( x )  ( 1 0 0 - 2 6 . 5 - x ) 3 . 1 5 +  2.25 100 1.71 + (11"541 
100 ~ l O f f /  

+ ( 14.96 
\ 1--O-6-] 1.94 = 2.19 

(x = unknown percentage struvite; 26.5 = combined percent- 
age calcium oxalate mono- and dihydrate (from XRF); den- 
sity struvite = 1.71 ; density hydroxyapatite = 3.15; density 
whewhellite = 2.25; density weddelite = 1.94; density sam- 
ple = 2.19 g cm-3). 

For stones 3 and 4 (both three component systems), quan- 
titative data from another source were not available. How- 
ever, by considering the extreme cases 0% whewhellite (100% 
weddellite) and 0% weddellite (100% whewhellite) the limits 
of hydroxyapatite/calcium oxalate composition were calcu- 
lated. These values, together with those for the other calculi 
are presented in Table 1. 

Infra-red Spectroscopy 

The major infra-red absorption bands of the standards are 
schematically presented in Fig. 8. These were used in con- 
junction with the stepwise system of analysis devised by 
Oliver and Sweet [12] for the assignment of the major bands 
recorded for the samples. The infra-red spectra of some of 
the stones are shown in Fig. 9 while Table 2 summarises the 
data obtained from one of these (stone 7) and indicates the 
various assignments. The spectra of all the other samples 
were interpreted in similar fashion and assigned as shown in 
Table 1. 
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Table 2. Assignment of major Ir bands of stone 7 

Major Bands Intensity Assignment 
(cm- 1) 

3730 medium NAUM 
2930 medium NAUM/uric acid 
2660 medium uric acid 
1780 medium NAUM 

1680 strong NAUM/urlc acid 
1640 strong NAUM/uric acid 
1592 strong NAUM/uric acid 

1020 medium uric acid 

994 strong NAUM/unc acid 

785 medium uric acid 

478 medium uric acid 

J. Scale 
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Fig. 9. Major inffa red bands of some of the calculi 

Atomic A b sorption Spectropho tometry 

Standard additions absorption data were collected for sam- 
ples from 9 calculi and calibration curves were constructed 
(Figs. 10 and 11). These were used to determine the masses 
o f  Mg and Ca (and Na in stone 7) when present. In stones 3, 
4, 6 and 10, in which only Ca containing constituents are 
present, no differentiation between these can be made using 
AA. 
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Fig. 10. Ca atomic absorbance for stone 2 
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Fig. 11. Mg atomic absorbance for stone 2 

Discussion 

The techniques used in this study may be divided into two 
groups - those yielding qualitative results on the one hand 
(XRD, IR and SEN) and those yielding quantitative data on 
the other (XRF, density gradient and AA). Application of  
the three former procedures collectively permitted the iden- 
tification of  several constituents, some of  which would other- 
wise have gone undetected. For example, minor components 
not detected by XRD because of  their low concentrations 
were identified by Ir (stones 3, 5, 9 and 10) and SEN (stones 
7 and 9). 

SEM studies yielded much useful data. In the first instance 
the presence of  components detected by XRD and IR was 
confirmed on the basis of  characteristic morphologies and 
energy dispersive X-ray analysis. In the second instance, in- 
terconstituent relationships were clearly observed. This is 
evident in stone 1 for example where stmvite and hydroxy- 
apatite were observed freely interspersed with one another 
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Fig. 12. Struvite and hydroxyapatite deposits in stonel. Arrows 

indicate struvite deposits 

(Fig. 12), suggesting that sequential deposition of pure com- 
ponents from the urine was not the major means of crystal 
aggregation. 

Although XRF has long been used for the analysis of geo- 
logical specimens [26], it has not been widely reported as a 
tool for urinary stone analysis. We however found it to be 
very useful, its only limitation being the large sample size 
required (1.0 g). Four stone systems - struvite/apatite 
(stones 1 and 2), whewhellite/weddellite (stone 10), apatite/ 
whewhellite/weddellite (stone 6) and stmvite/apatite/whe- 
wheUite/weddellite (stones 5 and 9) were analysed success- 
fully. Sodium can of course also be determined by this tech- 
nique thus permitting a component mixture of the type iden- 
tified in stone 7 to be analysed as well. A pure organic stone, 
however, cannot be routinely determined by XRF. 

The low concentrations measured for whewhellite (11%) 
and weddellite (15%) in stone 5 are worthy of comment. 
Sutor [21 ] has shown that in a struvite-oxalate mixture ~nch 
concentration ratios are only "just detectable" by XRD 
when a sophisticated X-ray camera system is used. Our X- 
ray analysis, with equipment inferior to that used by Sutor, 
failed to detect the presence of oxalate in this stone, there- 
by confirming Sutor's prediction and lending confidence to 
our XRD and XRF measurements. 

While providing useful quantitative data, XRF cannot be 
applied independently of other procedures. Only elements, 
amongst them Ca, P and Mg (as well as H20 content) are 
determined. Qualitative data from another source are thus 
necessary to determine the origin of each element andhence 
to complete the quantitative analysis. This is illustrated in 
stones 5 and 9 where IR identification of calcium oxalate and 
struvite respectively was required before the XRF data could 
be properly interpreted. 

Besides the elements mentioned above, other major and 
trace elements such as A1, Fe, Mn, K, Cr, Ni and Ti can be 
detected by XRF. Since trace elements are considered by 
some workers to play a significant role in urolithiasis [7, 10], 
the technique could prove most useful in this regard as it 
offers a complete quantitative analysis on a routine basis 

while requiring only one sample preparation for the entire 
analysis. 

The use of a density gradient column in the analysis of 
urinary calculi has recently been reported [14]. As in that 
study, none of the present samples separated into discrete 
bands lending support to the conclusion that sequential de- 
position of pure components within these stones was not the 
major means of crystal aggregation. For the 2-component 
stone systems (stones 1,2, 7 and 8) the calculated composi- 
tional figures show good agreement with the XRF and AA 
data where these were available. Similarly, the composition 
of the 3- and 4-component systems show good agreement 
with those XRF values not incorporated into the density cal- 
culations, lending confidence to the determinations. The 
sample from stone 10 was treated as a two-component sys- 
tem since the presence of apatite (detected by IR) was not 
confirmed by any of the other procedures, including XRF, 
thus suggesting a very low concentration grain in the IR 
sample. 

As with XRF studies, prior identification of constituents 
present in the sample is necessary before density calculations 
can be undertaken. This can be achieved by either XRD or 
IR analysis. Although density gradient analysis can provide 
information concerning the matrix content of stone samples 
[14], this aspect was ignored in the present study. In gener- 
al, the technique is quick, easy to apply and, when combined 
with XRD (or IR) and XRF (say), yields accurate quantita- 
tive information. 

AA has been reported in but few cases of urinary stone 
analysis and does not appear to have been widely used for 
this type of study [3, 24]. Since the technique yields infor- 
mation concerning metal content only, the elements of in- 
terest in urinary calculi are Ca, Mg and Na. No distinction 
between whewhellite, weddellite and/or apatite can be made 
when these are present in the same sample [stones 3, 4, 5, 
6, 9 and 10]. On the other hand, in those samples where 
there is only one Ca containing component and hence no 
confusion as to its origin, quantitative compositional values 
can be obtained. Because AA is limited to the determination 
of metals, it does not appear to have as wide an application 
as the previously described techniques in routine stone anal- 
ysis. However, it may prove extremely useful in the deter- 
mination of trace metals in urinary calculi. 

In this study a multiple technique approach has been ap- 
plied and has yielded a very detailed picture of stone com- 
position and structure. Perhaps just as important however 
is the clinical significance of such data. Effective treatment 
must be based on a thorough understanding of the chemical 
conditions prevailing at the time of stone nucleation. Iden- 
tification of all the constituents present in a urinary calculus 
is thus essential. In stone 5 for example, the deposition of 
the minor constituent, calcium oxalate, might well have been 
the primary event in this stone's formation with the subse- 
quent deposition of struvite and hydroxyapatite occurring 
in secondary processes. Treatment of this patient for a uri- 
nary infection, as indicated by the presence of struvite in 
the calculus, is obviously an inadequate procedure. 
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The quantitative data deserve comment.  For any one 

stone the data obtained fromthe different procedures showed 
excellent agreement lending confidence to their accuracy 
and reliability. As far as stone composition itself is concerned 
the data is remarkable in that different samples from within 
a given calculus yielded closely agreeing concentration values. 

in stone 2 for example the apatite : struvite ratio was found 
to be 41 :59  by all three quantitative procedures despite the 
fact that fresh samples were used in each case. Although as 

noted earlier, sequential deposition probably does not  occur, 
the constant average composition throughout the stone in- 
dicates that the deposition mechanism of constituents in 

such calculi is uniform and continuous. 
It is interesting to note that of the stones analysed, all 

consisted of at least two components.  Indeed, multiple tech- 
nique analyses might very well cast some doubt  as to the 

existence of the so-called "pure" stone. 
Approaches similar to that outlined in this paper have 

been reported in only a few cases. In some instances a mul- 

tiple technique approach was adopted to characterise and 

identify new components in urinary calculi [3, 17], while 
in other instances routine analyses were being conducted 

[1, 16]. The present study has shown that a multiple tech- 
nique approach can yield not  only a detailed picture of stone 

composition with respect to major and minor constituents 
but  can provide accurate quantitative data as well. Both "fin- 
gerprint" methods, XRD and IR, have their merits, each com- 

plementing the other with respect to their advantages and 

limitations. Coupled with SEM they provide a wealth of in- 

formation concerning stone composition and structure. 

Where XRF facilities are available, investigators should seri- 

ously consider utilising this technique with density gradient 
procedures. AA, however, has been shown to be useful in the 
analysis of certain types of stone only and is not  recom- 

mended as a routine analytical method. 
It is by adoption of a multiple technique approach that 

true insight into stone initiation and growth may be obtained. 
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