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Preface 

The handbook on lithiasis edited by Kurt Boshamer and originally 
brought out in 1961 was for more than two decades the standard work 
in this field for researchers and clinicians alike. However, our knowl
edge of urolithiasis has been increased so enormously - by worldwide 
interdisciplinary research into the genesis of urinary calculi, by the 
new treatment possibilities opened up principally by advances in tech
nology, and by the success achieved in prevention of recurrence - that 
it is almost impossible to take in all the relevant journal articles, books 
chapters, monographs, and proceedings. 

It was therefore our aim in this, the first of two independent vol
umes, to provide a concise but comprehensive summary of current 
knowledge concerning the morphology and composition of calculi, 
epidemiology, pathogenesis, and diagnostic techniques. The most re
cent developments are described, and nothing in the world literature is 
ignored. A second volume will cover medical therapy, operative, in
strumental and noninvasive treatment, and prophylaxis. 

To have any chance of success, treatment and prophylaxis must be 
based on knowledge of calculus formation. Study of the composition 
of calculi has yielded important information regarding the conditions 
for formation, and this underlines once again the great value of analy
sis of urinary concretions. Evaluation of epidemiological data has im
portant consequences for the individual patient. 

The authors of the central chapter on pathogenesis are probably 
the leading experts in this field, whose many research programs have 
made vital contributions to solving the problems encountered. The 
chapter on diagnosis of urolithiasis as a precondition for therapy 
comes from an experienced clinician whose symposia on urinary cal
culi have been invaluable in promoting cooperation between re
searchers and practicing urologists. My most heartfelt gratitude goes to 
these authors for the work they have put into this book. 

If the book spurs young colleagues to research into urinary calculi 
and is used as a work of reference, and if the dissemination of our 
knowledge concerning urolithiasis leads to reductions in the recurrence 
rate and in the numbers of new cases, we will have achieved our goal. 

I would like to take this opportunity to thank the many colleagues 
who offered constructive criticism and ideas, and to extend my grati
tude to Mr. W. Bergstedt of Springer-Verlag for his creative and pa
tient efforts in the preparation of the book. 

Giessen Hans-Joachim Schneider 
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Morphology of Urinary Tract Concretions 

H.-J. SCHNEIDER 

With Contributions by W. BERG 

I. Definitions 

Calculous disease of the urinary tract is probably as old as mankind itself. At
tempts at cure and prevention of this painful affliction may be traced back to 
the very beginning of the healing art. In the meantime there has been no alter
ation in the composition of calculi but a very considerable shift in their relative 
distribution within the urinary tract: bladder and other calculi related to in
fection are nowadays overshadowed by calcium oxalate calculi of the kidney 
and ureter. Despite our understanding of the tendency for such calculi to occur 
in showers and in the face of all the recent suc~esses in prophylaxis and treat
trent, most countries have seen a trend toward an increasing incidence of uri
nary calculi. The consequences represent a medical, social and an economic 
problem. The worldwide extent of the usually interdisciplinary research effort 
directed at urinary calculi is reflected both in the extensive literature, reviewed 
for the period to 1960 in the Handbook of Urology, Volume X (BOSHAMER et al. 
1961) and in the number of symposia on the topic in recent years. Such inter
national meetings have been held in Leeds (HODGKINSON and NORDIN 1969), 
Madrid (CIFUENTES DELATTE et al. 1973c), Davos (FLEISCH et al. 1976), Wil
liamsburg (SMITH et al. 1981), Garmisch-Partenkirchen (SCHWILLE et al. 1984) 
and indeed since 1970 symposia have been held on a regular basis in lena and 
in Bonn or Vienna. 

Yet the urinary calculus is only the final product and chief symptom of a 
many-facetted disease picture of multifactorial etiology. From the mineral
ogist's point of view it is merely a solid aggregate of complex composition, pre
cipitated from a supersaturated solution. 

The following definition of a urinary calculus has been arrived at by adding 
to that given by SCHULTHEIS (BOSHAMER 1961): 

"Uroliths are solid structures which arise from disturbances of the physico
chemical balance and/or of the hydrodynamic system of the urine and the uri
nary tract from the collecting system down to the urethra. These structures have 
a minimal size of 1000 microns, and consist mainly of crystalline and (to a 
lesser degree) of amorphous organic and/or inorganic. components, which may 
be mixed with a non-crystalline high molecular substance (matrix)." (SCHNEI
DER 1982). 

The term "secondary calculus" is frequently used (usually in relation to cal
culi arising in infected urine or around foreign bodies), yet is etiologically more 
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confusing than enlightening. The term should therefore be discarded, since any 
calculus is secondary in resulting fr.om a number of causal factors. 

The mean recurrence rate lies in the region of 50%, and it is these recurrent 
calculi which are the measure of our successes in the treatment and prevention 
of urolithiasis. 

Nevertheless a generally valid definition of calculus recurrence presents 
some difficulties, since there are no uniformly accepted terms of reference. One 
might consider the same organ, the same side, the same type of calculus or a 
limited period of time. Some authors completely reject such a concept and pre
fer to distinguish between active and sporadic calculus formers '(FINLAYSON 
and REID 1978). 

With due respect to all these restrictions the following comprehensive defi
nition has been suggested as a basis on which to compare the results of therapy: 

"Any occurrence of a second or any further urolith is referred to as recurrent 
stone disease, irrespective of its composition, localisation, or the time interval 
after the first stone episode. This term does not include continuous crystalluria 
without clinically manifest concrements" (SCHNEIDER 1982). 

If recurrence rates are to be discussed in terms of some other definition 
(same type of calculus, same location, limited time span), this should be ex
pressly stated. 

II. External Appearance of Urinary Calculi in Relation to Site 
of Recurrence and Type of Stone 

For the purpose .of clinical communication, it is important to refer to stones not 
only by their chemical or mineralogical name but also in terms of their current 
or permanent location (Table 1). Depending where they first occurred or sub
sequently enlarged, calculi may be of highly variable shape (SCHNEIDER 1973a, 
1983). As early as 1663 ROLFINK (Jena) had classified uroliths by size, shape, 
color and surface. He postulated that these characteristics depended on the site 
of occurrence and the type of stone. 

According to HODGKINSON et al. (1969) 50% of all calculi weigh less than 
0.1 g and 76% less than 0.5 g. MAURER (1969) presented similar results with 50% 
of ail calculi lighter than 25 mg. 

A variety of metabolic diseases, intoxications and intestinal bypass pro
cedures may lead to the occurrence of intracellular, intrabular or interstitial 
crystals, crystal aggregates or microliths. Where these consist of oxalates of cal
cium they are particularly clearly visualised by polarized light (Figs, 1, 2) 
(BOTHOR and BERG 1980; DAs et al. 1979; ERNEST et al. 1980; HIENZSCH et al. 
1979; LILIEN et al. 1981; SCHNEIDER et al. 1976, 1977b). In advanced cases the 
clinical presentation is that of nephrocalcinosis. 

ARNOLD and SEEMANN (1968) found among 60 stone-containing kidneys 40 
cases of oxalate crystals throughout the renal parenchyma. One frequently 
comes across papillary calcification, of typical swallowtail configuration when 
removed (Figs. 3, 32) (CIFUENTES DELATTE et al. 1984). If such calculi are un~ 
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Fig. l. Microlithic whewellite within the kidney of a glyoxylate poisoned rabbit (crossed 
polarizing filters) 

Fig. 2. Whewellite microlith in 
fan configuration within a tubule 
(SEM) 
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Table 1. Types of urolith and their frequency in terms of principle components and the sex 
ratio of patients in which they occur (X-ray diffraction and infra-red spectroscopy, n = 95,780) 

Mineral Chemical Name Abso- % Sex 
lute ratio 
fre-
quency 

Uric acid C.H.N.03 10,916 11.4 14 2.6 
Uric acid dihydrate C.H.~.03 . 2 H2O 2,534 2.6 1.7 

Ammonium dihydrogenurateC.H7N.03 369 0.4 1.6 
Sodium hydrogenurate NaC.H3N•0 3 . H.o 24 0.02 1.4 
monohydrate 

Cystine C.H12N2O,S2 180 0.2 1.0 
Xanthine C.H.N.02 2 
Protein 476 0.5 0.8 

Whewellite Calcium oxalate CaC20. ·H.o 56,056 58.6 2.1 
monohydrate 72.4 

WeddeIlite Calcium oxalate CaC20 •. 2 H2O 13,255 13.8 24 
dihydrate 

Whitlockite Tricalcium phosphate Ca3(PO')2 65 0.07 0.6 
Hydroxyapatite Pentacalcium Ca.(PO')30H 1,494 1.6 0.7 

hydroxyphosphate 
Carbonate apatite Basic calcium phosphate Ca •. 7.(PO .)2 .•• 3,320 3.5 0.7 

(DahIlite) with carbonate (OH)o .•• (C03)O~3' 
Octacalcium phosphate Ca.H2(PO.).· 5 H2O 2 

Newberyite Magnesium hydrogen- MgHPO.· 3 H2O 4 
phosphate trihydrate 

Struvite Magnesium ammonium MgNH.PO •. 6 H.o 4,875 5.1 1.2 
phosphate hexahydrate 

Magnesium ammonium MgNH.PO.· H.o 14 0.01 2.5 
phosphate monohydrate 

Brushite Calcium hydrogen- CaHPO.· 2 H20 242 0.2 1.9 
phosphate dihydrate 

Calcite, Vaterite, Calcium carbonate CaC03 94 0.1 0.7 
Aragonite 

Opal, Trydimite Silicon dioxide Si02 1,836 1.9 0.6 
Gypsum, etc. Calcium sulfate dihydrate CaSO.· 2H.o 
Bobierite a Trimagnesi umphosphate Mg3(pO.)2· 8 H.o 

octahydrate 
Hopeite a Zinc phosphate Zn.(PO.)2· 4 H2O 

hexahydrate 
Monetite a Calcium hydrogen CaHPO. (BECK et al. 1~74) 

phosphate 
Trimagnesium ortho- Mg3(PO.) . 5 H2O (CARMONA et al. 1980) 
phosphate pentahydrate 

Trimagnesium phosphate Mg3(pO.)2· 22 H2O (ARMBRUSTER 1978) 
22-hydratea 

Hannayite a Trimagnesium ammonium Mg3(NH')2 (GIBSON 1974) 
phoshate octahydrate H.(PO.) •. 8 H.o 
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Table 1. (continued) 

Mineral 

Monohydroxy
calcite" 

Humboldtine" 
Collophane" 

Chemical Name 

Calcium carbonate 
monohydrate 
Iron oxalate dihydrate 

2,8-dihydroxyadenine" 

CaC03' H.o 

Abso- % 
lute 
fre
quency 

(DOSCH 1981) 

FeC.o •. 2 H.o (GEBHARDT 1974) 

5 

Sex 
ratio 

(Ca3(PO.)2)3 (KOSLOWSKI et al. 1977) 
C03(OH)2F2 . NH20 
C5H5N20 2 (ASPER et al. 1982, 

JOOST et al. 1981) 
Potassium dihydrogenurate" KC5H3N.03 (CIFCUENTES DELATTE 

et al. 1981, 

Calcium hydrogenurate" 
Zinc, Lithium, 
Magnesium, Strontium 
(unknown stoichiometric 
composition) 

DOSCH 1981 a) 
(DOSCH 1981 a) 
(DOSCH 1981 a, DOSCH 
u. MOTZKE 1984) 

" These urolith components are mentioned in the literature but did not occur in our analytical 
material 

2mm 
Fig. 3. Whewellite papillary cast 

able to pass spontaneously they continue to enlarge within the individual calyx 
or the renal pelvis. Renal pelvic stones occur in sizes and shapes ranging from a 
pea-sized round oval or pyramidal concrement right up to casts of monstrous 
proportions and they may be single or multiple (Figs. 4, 5). Further growth by 
directional apposition frequently leads to bizarre shapes. 

Ureteric calculi are usually small stones which have succeeded in passing the 
pelviureteric junction, the first physiological narrowing. They frequently dis-
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Fig. 4. Whewellite mulber
ry stone with staghom pro
cesses, formed in the renal 
pelvis 

Fig. 5. Stellate renal pelvic calculus of black whe
wellite 

Fig. 6. Rough-surfaced weddell ite 
ureteric calculus 
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0,7 em 

Fig. 7. Whewellite calculus with rough warty excrescences, formed within a ureterocele 

Fig. 8. Large solitary bladder stone 
of uric acid 

2em 

7 

integrate within the ureter and pass in numerous small fragments, occasioning 
the patient severe pain out of all proportion to their size. If they come to rest at 
a stenosis or stricture these stones may increase in size and reach considerable 
proportions (Figs. 6, 7). 

Bladder calculi show great variability in shape and size. They may be single 
or multiple and range from poppy seed to fist size, occasionally filling the entire 
bladder and possessing interlocking facets (Figs. 8-10). Typical hourglass cal
culi occur after injury or surgery to the bladder neck and are waisted according 
to the configuration of the sphincter region (Fig. II). 

Urethral stones are usually arrested ureteric calculi which have subsequently 
enlarged at the site of an obstruction or diverticulum. 

Foreign body calculi are found mainly in the urethra and bladder, encasing a 
wide variety of objects such as catheter tips, needles, wires, etc. as well as suture 
material and hair (Figs .. 12, 13). 
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Fig. 9. Polished cross-section of a layered bladder stone of uric acid with a calcium oxalate 
nucleus 

Fig. 10. Multiple struvite 
and carbonate apatite blad
der calculi with articulating 
facets 

Prostatic calculi are not really related to uroliths. They arise as encrustations 
of prostatic secretion and are frequently composed purely of apatite of hy
droxyapatite and a protein fraction (GACA and DOSCH 1981; JOOST et al. 1978; 
SPECTOR et al. 1981). Only when pathological change allows the entry of urine 
into the prostatic acini does urate deposition occur. The mineral involved is 
then chiefly struvite although whewellite, weddellite, ammonium dihydro
gemirate, cystine, uric acid and uric acid dihydrate have all been documented 
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Fig. ll. Struvite urethral stone 
(hour-glass calculus) 

9 

lcm 

Fig. 12. Struvite foreign-body calculus formed around non-absorbable suture material in an 
ileal conduit 

Fig. 13. Struvite bladder calculus formed around a tangle or rubber cable 
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(GACA and DOSCH 1981; RODGERS 1981 a; SANTOS et al. 1976; SUTOR and 
WOOLEY I 974 b). A distinction may therefore be made between endogenous 
(true) and exogenous prostatic calculi (RAMIREZ et al. 1980a). 

A greater effect on the appearance of calculi than that of the organ or or
gans of formation and .their interaction is exerted by the chemical composition 
and structure of the calculus itself (HINMAN 1979). 

Only approximately one-third of all uroliths is composed of a single crys
talline phase (so-called pure stones), the majority being of heterogeneous phase 
composition. Table 2 presents a synopsis of the more important combinations. 
This heterogeneousness may be quite marked, particularly where one type of 

Table 2. The commonest combinations of various components found among 105,303 uroliths 
analysed . 

Component Number % 

1. One component (monophasic calculi) 
Uric acid 5,865 5.56 
Uric acid dihydrate 827 0.78 
Cystine 194 0.18 
Whewellite 28,284 26.85 
Weddellite 2,926 2.77 
Carbonate apatite 956 0.90 
Struvite 1,720 1.63 
Silica 800 0.75 

Total 44,694 42.44 

2. Two components 
Uric acid/uric acid dihydrate 5,247 4.98 
Uric acid/Ammonium dihydrogenurate 375 0.35 
Uric acidlWheweIlite 2,662 2.52 
Ammonium dihydrogenurate/Struvite 293 0.27 
WhewellitelW eddellite 22,250 21.12 
Whewellite/Carbonate apatite 2,681 2.54 
Whewellitel Apatite 5,351 5.08 
-Weddellitel Apatite 1,132 1.07 
WeddelIite/Carbonate apatite 979 0.92 
Struvite/Carbonate apatite 3,310 3.14 

Total 47,192 44.81 

3. Three components 
Uric acid/Uric acid dihydratel Ammonium dihydrogenurate 87 0.08 
Uric acid/WhewellitelWeddellite 1,132 1.07 
Whewellite/Weddellitel Apatite 6,132 5.82 
WhewellitelW eddellite/Carbonate apatite 3,719 3.53 

Total 13,253 12.58 

4. Four components 
Total 164 0.15 
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Fig. 14. Fracture plane of a layered calculus with a carbonate apatite nucleus and struvite 
shell 

Fig. 15. Radiograph of a layered struvite 
calculus (same calculus as Fig. 19) 

crystal is capable of transmutation into another, e.g. weddellite to whewellite 
(see Section V, 4a). In other calculi the individual layers may be discerned by 
the naked eye (Fig. 14). Thus a calculus originating in the kidney, but arrested 
in the bladder by an outflow obstruction, may possess a mantle of uric acid and 
subsequently become encased in a layer of struvite in the wake of a urinary in
fection that lead to alkalinization of the urine. In order to reach valid con
clusions as to the mode of formation of these uroliths and thus to take effective 
therapeutic and pre venti ve measures, it is therefore of some importance to ana
lyse visibly different layers separately (see Section VI). 

At the same time, discoloration, variations in packing density and changes 
in aggregation behaviour may suggest a difference in composition where the 
basic crystal is unchanged (Figs. 15, 16). 

In any consideration of the primary site of calculus formation, particular 
importance attaches to the central portion, the so-called nucleus of the stone. 
One may safely assume that the phase composition and the type of aggregation 
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Fig. 16. X-ray contrast vari
ations within a monomineral cys
tine calculus 

found within the nucleus most accurately represent the physico-chemical con
ditions under which stone formation was initiated (KOLPAKOW and GUKI 
1965 a, b; SCHNEIDER and SEYFARTH 1980). 

By the nucleus is meant a defined, usually centrally placed section of the 
calculus. The term is thus a morphologic-topographic one and thin section 
studies in particular have revealed that a number of calculi possess multiple 
growth centers (Figs. 38, 39) (see Section V /2). Wherever there is recognizable 
layering, nucleus and shell(s) should therefore be analysed separately. The best 
method for differentiating nucleus and shell is thin section microscopy (BICK 
and BRIEN 1976; BRIEN et al. 1982; CIFUENTES DELATTE et al. 1973 b; KOL
PAKOW 1971; SCHUBERT et al. 1983). No definite relationship can be established 
between the phase composition of nucleus and shell (BASTIAN and GEBHARDT 
1974). Any combination of nucleus and shell is possible (GEBHARDT and BAS
TIAN 1976a, b), and an obvious nucleus is frequently of the same phase as the 
remainder of the stone ("pseudonucleus"). Approximately half of all nuclei are 
composed of a single mineral and 46% consist of whewellite (BICK et al. 1977; 
BRIEN 1982; BRIEN et al. 1978; HODGKINSON and MARSHALL 1975). Polyphasic 
nuclei consist of mixtures of oxalate and phosphate in the majority of cases, 
whilst the combination of uric acid and phosphate has never been documented 
(RAMIREZ et al. 1980b, c). 

On analysing the nucleus of 101 bladder and urethral stones HAZARIKA et al. 
(1974) found whewellite tobe the most common and ammonium dihydrogen 
urate to be the rarest substance. In the study of UNNI MOOPPAN et al. (1979) 
hydroxyapatite was the dominant component of the nucleus, yet 198 calcium 
oxalate calculi contained not a single uric acid nucleus. Not infrequently the 
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center of a stone is composed of non-crystalline or organic substances, a fact 
which may be related to the conditions of formation or to dissolution processes 
(SCHNEIDER and SEYFARTH 1979) (see Section V). On the other hand MEYER 
et al. (1976) found uric acid nuclei to occur more frequently in whewellite 
stones and consider this to be an influence of uric acid crystals on the epitaxial 
growth of calcium oxalate crystals. Our own polarizing microscopic studies con
firm these findings (SCHNEIDER et al. 1977 a). 

Brushite is a common nuclear component of phosphate calculi (HODG
KINSON and MARSHALL 1975), and phosphate micronuclei are occasionally ap
parent as minute spheres (GIESEK et al. 1982; SCHMANDT and BLASCHKE 1978). 
More rarely bone mineral or typical renal structures with calcified tubuli have 
been observed within the stone nucleus (CIFUENTES DELATTE et al. 1976; 
MEDINA and CIFUENTES DELATTE 1983). Differing distributions of major and 
trace elements were found by SCOTT et al. (1980) within the nucleus and shell of 
phosphate and oxalate stones. Magnesium was commoner in the nucleus than in 
the shell of either type and the reverse was true of calcium. There was a notably 
higher iron and yttrium content in oxalate than in phosphate stones. 

BRIEN (1978, 1981) has studied nucleus and shell of 10,000 calculi extensive
ly (Table 3). Whilst uric acid was fairly equally distributed between nucleus 
and shell, weddellite and uric acid dihydrate were noticeably commoner in pe
ripheral zones (BERENYI et al. 1972; ELLIOT 1968; REVEILLAUD et al. 1976; 
SCHNEIDER et al. 1977 a; SZABO et a1.l976 a). Whilst the thermogravimetric 
analysis of calcium oxalate stones by ROSE and WOODFINE (1976) was alone in 
showing more weddellite in the center than in the periphery, LEUSMANN and 
TOELLE (1984) have demonstrated that the bulk of uric acid dihydrate is found 
in the mantle. This distribution may reflect transformation of the dihydrate 
phase into whewellite or uric acid (BORNER et al. 1981; HESSE et al. 1976a, 1975, 
1972 b). The approximately equal distribution of struvite is all the more notice
able since it might have been suspected to prefer the outer zones. 

Table 3. Frequency of urolith phases among 10,000 calculi, tabulated according to complete 
stone, nucleus and shell (BRIEN 1981) 

Urolith phase Whole calculus Nucleus Shell 

Whewellite 8,265 7,933 7,645 
Weddellite 5,910 2,830 4,882 
Apatite 2,781 2,433 2,752 
Uric acid 1,227 1,028 1,161 
Struvite 901 773 843 
Uric acid dihydrate 660 521 645 
Ammonium dihydrogenurate 75 75 71 
Brushite 49 46 45 
Cystine 27 27 27 
WhitIockite 21 18 20 
Sodium dihydrogenurate monohydrate 8 8 7 
Octacalcium phosphate 8 8 8 
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To the extent of their independence of the environment or of adjacent 
stones, shape, surface, color and cross-section of individual types of calculus are 
characteristic and allow an approximate classification although this cannot re
place exact analysis (SCHNEIDER 1968b, c). Color is only partly conditioned by 
the innate composition of uroliths. Urinary pigments, hemoglobin, colored 
metabolites in the urine and drug-derived pigments exert a considerable influ
ence. 

There are numerous reports of truly pigmented stones, e.g. after the ad
ministration of anthraquinones (BERG et al. 1979c; HESSE et al. 1974a; LONS
DALE 1969; TSCHARNKE et al. 1972), of metylene blue, after certain urinary anti
septics, after ingestion of a variety of analgesics (phenazopyridine hydrochlo
ride) (MULVANEY et al. 1972) and in cases of alkaptonuria (KRIZEK 1971, 1984; 
PIRLICH and SCHWARZER 1966; SUTOR et al. 1970). 

Uric acid calculi are pale yellow to dark reddish-brown, of round or oval 
shape and possess a smooth surface, only occasionally covered in warty ex
crescences. Their size varies from that of a grain of sand to fist-sized casts of the 
urinary bladder or renal pelvis. Occasionally a quantity of spherical calculi the 
size of a lentil or cherry stone are clustered together. Cleavage planes and pol
ished surfaces reveal a number of regularly concentric layers, radially banded 
and of varying color (Figs. 8, 9, 17). 

Uric acid dihydrate stones are macroscopically indistinguishable from uric 
acid concretions. However they seldom exceed the size of a lentil, or maximally 
that of a bean, and generally present as"~and or semolina grains (BERENYI 1975). 

Urate stones (ammonium dihydrogenurate and sodium hydrogenurate 
monohydrate) contributed less than 1% in "our series. CIFUENTES DELATTE et al. 
(1978 a) were able by infra-red spectroscopy and thin section techniques to de
tect monosodium urate in 50 of 3000 calculi (1.66%). There was usually a 
combination with whewellite, only 6 calculi being pure. We have never docu
mented calcium urate. In a few cases (probable) potassium dihydrogenurate 
(CIFUENTES DELATTE et al. 1981; DOSCH 1981 a, b) and calcium hydrogenurate 
(DOSCH 1981 a) have been reported. Their significance as components of uric 
acid concrements has been suggested by DOSCH (1981 a, b). to lie in a structural 
chemical relationship to the cationic stabilization of otherwise thermodynami
cally unstable uric acid dihydrate. 

Utates occur relatively frequently in endemic areas and either as nuclear 
substance or in thin layers between other calculus components (ARMBRUSTER 
1979; CIFUENTES DELATTE et al. 1973b; SUTOR 1972). They are generally softer 
than uric acid stones, of more coarsely granular structure and of yellowish-grey 
coloration. 

Cystine stones have a pale to honey-yellow color and are waxy with oc
casionally somewhat greasy or shiny surface, granular only in zones of growth. 
They may occur in any size up to pelvicalyceal casts and are usually monomin
eral in composition (HAMBRAEUS and LAGERGREN 1962; KRIZEK et al. 1973). 

Xanthine stones are rare. They were first described by MARCET in 1818, and 
to date there are approximately 40 reports" in the literature (CASTRO-MENDOZA 
et al. 1972; CIFUENTES DELATTE and CASTRO-MENDOZA 1967; RAPADO 1973; 
SEEGMILLER 1968; TERHORST 1969). Occasionally they occur as a complication 



Morphology of Urinary Tract Concretions 15 

Fig. 17. A quantity of uric acid bladder calculi ranging from lentil to cherry stone size. 
Growth interactions between individual calculi give rise to the characteristic facets 

of allopurinol therapy (GREENE et al. 1968). The concretions are round or oval, 
yellow to brown, and soft with a laminated interior. A calculus which occurred 
in our own practice was reddish-brown, smooth, brittle and crumbly in struc
ture (SCHNEIDER et al. 1973 b). 

Proteinaceous and matrix stones, first described by MARCET in 1818 as fibrin 
stones, are dirty-white or clay-yellow and of highly variable shape. They range 
from millet seed-sized firm concrements right up to soft masses filling the entire 
renal pelvis. They contain urates in varying quantity and these determine the 
consistency (ASSLAMASOW 1974; BECKER and GASTEYER 1968; HAWOTTE 1972; 
HORN and HESSE 1972; KOIDE et al. 1977; WILLIAMS 1963). 

Calcium oxalate represents an important type of calculus, and in its two 
chief phases of whewellite and weddellite may give rise to a wide variety of 
forms. 

Whewellite forms hard, grey to blackish-brown concrements, usually with a 
smooth surface. A mulberry configuration is typical for this type of stone (Fig. 
18). Generally the calculi are small, but they may nevertheless achieve con
siderable size as renal pelvic casts. The somewhat paler planes of cleavage re
veal prominent layering and banding. Growth fronts correspond to the often bi
zarre excrescences and are usually of a paler color. 
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Fig. 18. Blackish renal pelvic whewellite stone 
of characteristic mulberry form 

The name of the mineral weddellite corresponds to its first site of discovery 
by BANNISTER in the Weddell Sea of the Antarctic. As early as 1884 HARTING 
had purified tetragonal crystals of calcium oxalate from guano (VON PHILlPS
BORN 1950). Such renal calculi are usually small, pale yellow to pale brown 
with an extremely irregular surface. Typically ureteric calculi present as aggre
gations of coarse, sharp-edged, individual crystals (Fig. 6). Weddellite fre
quently occurs in a strictly localized fashion on the surface of smooth darker 
whewellite stones. 

Phosphate calculi occur in at least 10 different phases, of which only hy
droxyapatite, carbonate-apatite and struvite occur in significant quantities. 

Struvite stones may be found throughout the urinary tract, occur in any size 
and are the typical representatives of foreign body stones (SUTOR 1975). They 
are usually dirty grey, although in their pure form they may be almost white 
(Fig. 19). The surface is rough and jagged, the consistency rather soft, and 
cleavage planes reveal a loose conchoidal arrangement (Fig. 14). Aging and 
warming may lead to the formation of magnesium-ammonium phosphate 
monohydrate (HESSE et al. 1973c). The relationship between infected urine and 
calculus formation was recognized by HIPPOCRATES, and the mineral was given 
its name in 1845 in honor of the Russian scientist H. C. G. VON STRUVE (GRIF
FITH 1978). 

TOGGENBURG and BANDHAUER (1980) found urinary tract infection among 
84% of patients presenting with struvite calculi and 93% of struvit stones them
selves contained bacteria. 

Carbonate apatite occurs naturally as dahllite and is usually combined in 
uroliths with struvite. It is of similar appearance (Fig. 20). . 

Brushite generally occurs as a contaminant of phosphate and oxalate calculi. 
We know of one case in which it occurred as a very pure cast. The color was 
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Fig. 19. Polished section across a pure white struvite stone of layered structure 

Fig. 20. Bladder calculus 
resembling pumice and mainly 
composed of carbonate apatite 
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greyish-brown and the surface rough. Fracture planes reveal a radiate structure 
(CIFUENTES DELATTE 1978; JONES and SMITH 1962). The remainder of phos
phate calculi strongly resemble each other in external appearance (BECK et al. 
1974; MURPHY and PYRAH 1962; NORDIN et al. 1965). The phosphates of mag
nesium, newberyite (MIN-ON CIFUENTES and SANTOS 1981; LONSDALE and SUTOR 

1966; SUTOR 1968), hannayite (GIBSON 1974), bobierite (CARMONA et al. 1980; 
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CIFUENTES DELATTE et al. 1977) occur fairly rarely, as does the iron oxalate 
mineral humboldtine (GEBHARDT 1974). KOSLOWSKI (1977) has documented the 
occurrence of the mineral collophane in uroliths. 

The <;liagnosis of calcium carbonate calculi has generally been an analytical 
error, particularly in chemical analysis. The mineral is in fact -nearly always car
bonate apatite. Aragonite and vaterite have occasionally been described in hu
man bladder stones (BECK and BENDER 1969; KOIDE et al. 1982; SUTOR and 
O'FLYNN 1973), and DOSCH (1981) describes a case of a monohydroxycalcite 
ureteric stone. 

Silicates make up the main bulk of so-called artefacts (in our series as much 
as 2% of all calculi!). These are calculi which the patient brings his physician, 
claiming them for a variety of reasons to be uroliths, although they probably 
are of some other origin. Silicate calculi are a typical occurrence in animals and 
some well-documented human cases have been reported, occasionally related to 
years of silicate-rich medication (CIFUENTES DELATTE et al. 1978c; JOKES et al. 
1973 h; LAGERGREN 1962; MEDINA et al. 1978; LEVISON et al. 1982; MEDINA 
1981; PRIEN and PRIEN 1968; PYRAH 1979). Analytical distinction between such 
artefacts and true uroliths may only be possible on a clinical basis or in cases of 
typical mixed calculi (BERG et al. 1983). 

By infrared spectroscopy and by electron microscopy CIFUENTES et al. 
(1983) have been able to demonstrate calcium sulfate dihydrate crystals in a 
series of apatite stones from the same female patient. Electron microprobe 
analysis detected calcium and sulfur. This is only the sixth case of sulfate crys
tals recorded in the world urolith literature. 

Calculi composed of sulfonamides and other drugs are cQnsiderably rarer 
than they used to be. SCHOLZ and WALcH (1970) described sulfonamide, BUH
LOW et al. (1977) bactrim and ETTINGER et al. (1979, 1980) as well as RE
VEILLAUD and DAVIDOU (1984) triamterene and its metabolites as a urolith ma
terial (181 among 50,000 calculi = 0.4% and 7 among 2200 = 0.3% respectively). 
SUTTON et al. (1984) report renal calculi in 28 of a series of about 350 patients 
treated for glaucoma with acetazolamide. 

m. Physical Properties 

Hardness, density and X-ray absorption provide important data for the identifi
cation of uroliths (HESSE and BACH 1982; GEBHARDT et al. 1977; GOTZ 1973; 
RODGERS et al. 1981). 

1. Hardness 

Hardness is measured either on the Mohs hardness scale (talcum = 1, diamond 
= 10) or in Knoop values (BURNS et al. 1984). Because of the sometimes highly 
inhomogeneous composition of uroliths and since the individual components 
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often differ only slightly in hardness, the smallest possible grains should be 
studied. 

For this reason WACHTER and MATOUSCHECK (1977) studied the microscop
ic hardness of ground surfaces by measuring the impression made at 400x 
magnification under polarized light. Their results are in good agreement with 
ours of 1973 (SCHNEIDER et al. 1973 b) (Table 4). The former authors arrive at 
the following conclusion: 
1. There is no uniformity of hardness among uroliths. 
2. For equal chemical composition there remain zones of varying hardness, cor

responding to different crystal structures. 
3. Different types of crystal have different hardness values. 

The hardness of calculi may be of therapeutic significance. Thus urate 
stones have been noted to be more resistant to electrohydraulic litholapaxy than 
are by comparison oxalate or phosphate calculi (BRUNDIG and SCHNEIDER 
1980). 

2. Density 

The density of uroliths is most. easily determined by the hydrostatic balance 
method. This involves weighing them in air (a) and in water (b) so as to de
termine their buoyancy. Density may be calculated according to the following 
formula: 

a 
D = -- (g/cm3) . 

a-b 

Because of the frequency with which mixed calculi occur, the pyknometric 
method of ASPER and SCHMUCKI (1980) seems inadequate for determining the 
density of uroliths. 

3. X-Ray Absorption 

A plain X-ray film is often used to display some types of calculi in vivo, or at 
least for a differentiation between calcium-containing "radio-opaque" and or
ganic "non-opaque" calculi. For the following reasons however such a dis
tinction is not truly possible: 
1. varying thickness of the calculus in the plane of exposure 
2. varying composition of mixed calculi 
3. varying porosity of the stone. 

There is thus a high margin of error (GEBHARDT et al. 1977). A whewellite 
crystal will need to be twice as thick and a uric acid crystal even 15 times as 
thick as an apatite crystal to achieve the same density of shadow (GEBHARDT 
1980a). A mixed calcium oxalate-uric acid stone cannot be distinguished ra
diographically from a pure struvite calculus. The same is true of other mixed 
stones. The various X-ray absorption values (Table 4) depend not on the 
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Table 4. Hardness, density and X-ray absorption of various calculi 

Type of Hardness 
calculus 

Moh's Knoop 
scale values 

Uric acid 2.5 47.8 
Cystine 2.0 25.7 
Whewellite ~:~-3.0}99.6 
Weddellite 
Apatite 5.0 21.3 
Brushite 2.0 90.9 
Struvite 2.0 39.6 

Density Mass X-ray Absorption 
(g/cm3) absorption absorption capacity 

coefficient (after (greater 
(after SCHLECHT) than water) 
DALICHO (BOSHAMER 
1967) 1961) 

1.89 0.019 0.97 1.38 
2.06 0.07 1.18 3.7 
2.23 

} 0.15 
1.36 

10.8 
1.99 1.36 
3.16-3.22 0.16 1.33 22 
2.32 
1.71 0.09 1.20 4.1 

Fig. 21. Radiographic contrast density of varying 
types of calculus. From above downwards: uric acid, 
cystine, calcium oxalate, struvite, carbonate apatite 
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molecular weight of various calculous phases but on density and crystal struc
ture (BOSHAMER 1961) (Figs. 15, 16). Layered strucutre may be visible on radio
graphs (Fig. 21). Radio-opacity decreases for the series brushite, whitlockite, 
apatite, struvite, cystine, uric acid (DALICHO 1967). Cystine is only 0.45x as 
radio-opaque as calcium oxalate, yet 40x as radiodense as uric acid (ROTH and 
FINLAYSON 1973). Of all inorganic calculi brushite is the most and struvite-the 
least easily demonstrable on X-ray. 

IV. Chemical Composition ofUroliths 

Following a suggestion by HELLER (1860) uroliths may be classified according 
to the predominant anion into oxalate, phosphate, uric acid, urate, xanthine, 
cystine and carbonate calculi. BOSHAMER (1961) suggested a distinction between 
inorganic stones, of which calcium is the predominant feature, and organic 
crystalline forms, for which the dominant anion is of principal importance. 
ELLIOT (1968) thinks the term calcium stone inadvisable and prefers to distin
guish between oxalate and phosphate stones. 

To date 25 crystalline components of uroliths have been described (DOSCH 
1980), and a wide variety of major and trace elements are involved in the 
composition of calculi (SCHNEIDER 1973 b). 

Urine is the environment within which stones occur, and thus all com
ponents of urine may be expected to occur in uroliths. 

1. Compounds 

Components of calculi occur chiefly as compounds corresponding to various 
crystalline phases into which individual elements may be incorporated. The 
chief groups of compound are uric acid and its salts, cystine, xanthine, the vari
ous calcium, magnesium and zinc phosphates, calcium oxalate and the rarer 
iron oxalate, calcium carbonate, silica, calcium sulfate and also (in animals) 
citrates. CIFUENTES DELATTE et al. (1978a) detected citrate ions on the surface 
of human apatite stones. These may substitute either for POi-- on the surface 
of the apatite crystal or they may be chemically bound to hydroxyapatite. 

In contrast to herbivorous mammals such as horses, cattle, sheep and goats, 
in which calcium carbonate as calcite or aragonite is the principle type of cal
culus, calcium carbonate occurs in man chiefly as carbonate apatite. It is not yet 
entirely clear whether carbonate is incorporated as an integral part of the crys
tal lattice, mixed in as amorphous CaCOa or adsorbed onto the surface. Pure 
calcium carbonate calculi are certainly a great rarity in man. (KOIDE et al. 1982) 

Besides inorganic or organic crystalline and amorphous components, most 
calculi also contain amorphous organic substances, making up 2-3% of the dry 
weight (matrix). Cystine stones contain as much as 9-11 % (BOYCE 1969). Stru
vite stones may contain even greater proportions and the rare, so-called protein 
calculi consist almost purely of such substances (KOIDE et al. 1977). This matrix 
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probably has the function of a ground substance (ISMAIL and TAWAsm 1980), 
binding individual crystals and preventing pH-dependent dissolution (OGBUJI 
et al. 1984; RESNICK 1984). 

According to CARMONA et al. (1973) there is a process of chemical ad
sorption on the ionic surface involving interactions of apatite hydroxyl groups 
and carboxylate anions of organic substances. 

Variations in the composition and morphology of matrix (7 different mor
phologic types have been identified, RAo et al. 1978) for individual types of 
stone suggest that this adsorption is not haphazard but an active process in
volved in calculus formation (BABA et al. 1983). Analysis of matrix by element 
leads to values similar to those for protein calculi and largely independent of 
mineral structure (Table 5). Two-thirds of matrix consists of protein, one-third 
of carbohydrates (PEREZ CASTRO 1967; SZABO and MODIS 1980). 

Electrophoretic studies of the matrix of phosphate and oxalate stones reveal 
the fractions in Table 6. 

Variations in the composition of matrix were also found by KRAMPITZ and 
GOETZ (1984); SHAKER et al. (1983); SZEDERKENYI and JOZSA (1968); WHITE
SIDE et al. (1983). Oxalate stones contained on average more protein, glucose, 
fucose and hexosamine than phosphate calculi, the same quantity of galactose 
and less hexuronic acid. Calcite and calcite aragonite calculi from horses and 
cows revealed no species-related variations in the quantities of protein, hexos
amine, hexoses and uronic acids (GRUNBERG 1971). Similar differences oc
curred in the amino acid patterns of various types of calculus (Table 7). 

Glutamic and aspartic acids were predominant in calcium oxalate and stru
vite calculi whilst the high glutamic acid content of whewellite stones is par
ticularly remarkable (FLACH et al. 1978). The total amino acid content of whe
wellite calculi was 5.79 JlmolllOO mg and of struvite stones 2.89 Jlmol/lOO mg, 
the corresponding glutamic acid content being 0.85 and 0.43 Jlmol/IOO mg re
spectively. FLACH et al. (1978) were unable to demonstrate hydroxyproline and 
hydroxylysine in urolithsand conclude from this that the mucoprotein of uri
nary calculi is collagen-free. 

Following the demonstration in 1971 of Gm(a)-substance in gallstones 
KERDE et al. (1980) have reported its occurrence in renal calculi. The serum 

Table S. Elementary composition of matrix 
(HORN and HESSE 1972) 

Element Proportion (in %) 

Carbon 48 - 57 
Hydrogen 4- 7.5 
Nitrogen 10 
Oxygen 24-33 
Sulfur 0.53 - 0.98 

Table 6. The composition of matrix (KIMURA 
et al. 1976) 

Substance Proportion (in %) 

Protein 57.5 
Hexose 17.5 
Hexosamine 6.6 
Uronic acid 4.5 
Fucose 3.0 
Pentose 1.0 
Sialic acid Trace 
Others 9.7 
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Table 7. Amino acid composition of the ECTA-soluble, nondialyzable proteins.ofrenal calculi 
(LIAN et al. 1977) 

Amino Calcium Hydroxy- Struvite Apatite Uric Cystine 
acids oxalate apatite struvite acid 

residues/I ,000 amino acids 
Hyp 
Asp 307 212 237 171 165 103 127 
Thr 50 50 55 61 54 50 55 
Ser 78 76 63 109 78 61 97 
Glu 202 179 172 152 150 110 155 
Pro 39 26 45 57 32 53 43 
Gly 60 82 55 111 107 217 96 
Ala 53 66 56 89 71 105 75 
HalfCys 4 9 15 3 11 14 
Val 26 40 49 45 42 40 46 
Met 7 7 2 I 7 I 
lie 19 19 28 21 29 24 36 
Leu 53 56 71 49 69 56 92 
Tyr 20 27 20 16 33 35 23 
Phe 13 33 33 28 27 25 43 
Lys 20 41 50 61 47 47 42 
His 22 34 26 9 31 25 27 
Arg 25 37 31 16 23 31 38 
Gla 25 23 25 0.9 14 0.7 0.6 

Gm-factors as well as Inv (1) factor were also present in all the calculi studied, 
independent of type. Immunoglobulins, or at least their Gm and Inv marker 
bearing moieties are apparently always detectable in matrix. A quantitative dif
ference between inflammatory and aseptic calculi is suggested but unproven. 

2. Ash and Mass Elements 

The ash content is an important feature distinguishing uric acid, urate and cys
tine stones on the one hand and oxalate and phosphate calculi on the other. 
Oxalate and phosphate stones contain more than 50% ash with calcium at 18.5% 
and phosphate at 17.6% representing the major components. All other elements 
are far less frequent than these two. 

There is no significant correlation between ash and calcium content of cal
culi (SCHNEIDER 1968 a). This is not surprising, since calcium oxalate (without 
water of crystallization), carbonate apatite, hydroxyapatite and whitlockite all 
contain a similar proportion of calcium at 31-39% by formula. Ash content is 
thus more suitable for the characterization of inorganic stones than is the cal
cium content. 

There is a definite correlation between the ash and phosphate content of 
stones (Fig. 22). This confirms the dependence of ash content on phosphate. 
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Fig. 22. Relationship between ash and phosphate content of renal calculi 
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For mixed calcium oxalate-phosphate stones there was a continous frequen
cy distribution from pure oxalate to pure phosphate with a limiting value at 
79% ash. 

Five groups of calculus may be more closely defined by means of ash and 
phosphate concentration: 
1. Organic crystalline stones with an ash content of 0.1 to maximally 10% and a 

phosphate content of less than 1 g/kg dry weight. 
2. Stones with an ash content of 10-55% are mixed organic-inorganic calculi. 

The phosphate content distinguishes between admixture of calcium oxalate 
and phosphate. 

3. Calcium oxalate stones contain 55-70% ash. 
4. Calculi with more than 70% ash and 50 g phosphorus/kg are mixed stones of 

calcium oxalate and phosphate. 
5. Phosphate calculi contain more than 80% ash and 130 g phosphorus/kg. 

Major or principal elements are arbitrarily defined as those present at > 1 g/ 
kg dry weight in inorganic calculi, trace elements generally being limited to 
mg/kg concentrations. Ash and major element contents are summarized in 
Table 8. 
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Table 8. Ash-, calcium-, magnesium-, phosphorus-, potassium- and sodium content of a varie-
ty of kidney stones (SCHNEIDER 1968a) 

Organic Mixed organic/ Oxalate stones Phosphate 
crystalline inorganic calculi 
calculi calculi Oxalates Pseudo-

phosphates 

Ash % x 1.61 44 65 74 85 
s 2.06 9 3 3 3 

Ca g/kg x 5.7 152 200 200 184 
13.3 49 41 62 77 

Mgg/kg x 0.26 7.1 5.0 16 56 
s 0.25 14.3 11.9 19 42 

P g/kg x 0.24 15.3 12.9 69 176 
s 0.21 25.3 16.6 43 25 

Kg/kg x 1.1 2.6 1.6 2.8 3.2 
s 1.3 2.9 2.2 4.5 .1.1 

Na g/kg x 1.46 4.76 5.12 9.25 9.35 
1.82 3.09 1.85 6.34 3.74 

The lower calcium content of phosphate stones by comparison to calcium 
oxalate calculi is explained by the presence of struvite and other magnesium 
phosphates in which calcium is substituted by magnesium and ammonium. 
Phosphate stones thus have the highest magnesium content. 

Phosphate concentration increases with ash content. There are only small 
variations in calcium content while sodium concentration rises in proportion to 
the ash content. 

Certain interesting correlations emerge between the various elements in
volved in calculus formation. 

There is an inverse relationship between phosphorus and calcium, calcium 
content decreasing as that of phosphorus increases (Fig. 23). 

HODGKINSON et al. (1969) were able to observe that with increasing total 
stone weight there was an increase in phosphate content at the expense of oxa
late. Hydroxyapatite, carbonate apatite and brushite contain approximately 
.18% phosphorus by formula. This is exactly the mean value we found for phos
phate calculi. The greater the struvite content the less calcium would be expect
ed. A roentgenologically pure struvite stone contained, e.g. only 2% calcium, yet 
24% phosphorus. A corresponding proportional relationship may be expected 
between phosphorus and magnesium content (Fig. 24) and if one disregards 
rare magnesium-phosphate minerals such as newberyite and bobierite the mag
nesium concentration in phosphate calculi may be used to estimate their stru
vite content. The considerably higher magnesium content of weddellite stones 
compared with that of whewellite may possibly be explained by the stabilizing 
function of magnesium in this type of crystal (BERG et al. 1976a; HESSE et al. 
1977; SCHAFER and DOSCH 1975; SZABO et al. 1976a). On the other hand in the 
clinical material of LEWIN SON et al. (1978) twice the quantity of magnesium 
was found in whewellite stones. 
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Magnesium also has a decisive influence on the polymorphic modifications 
of calcium carbonate. In the presence of low urinary magnesium concentrations, 
calcite precipitates out, with an increasing proportion of aragonite, and finally 
pure aragonite, as the magnesium content rises (GRUNBERG 1971). Magnesium 
carbonate is also said to be regularly incorporated in an isomorphic fashion in
to the crystal lattice of urolith calcites (GRUNBERG and PREISINGER 1969). For 
horses the concentration is 12 mol% magnesium carbonate, for cattle 21 mol%. 

The relationship between phosphorus and sodium content only became ap
parent after separate computation for phosphate and other types of calculi (Fig. 
25). Sodium occurs in ionic association with apatite, and its concentration in 
oxalate stones thus increases with the phosphate content. In phosphate calculi 
its concentration decreases with the struvite content, struvite being sodium
poor. 

HODGKINSON et al. (1969) also found a positive correlation between phos
phorus and sodium in mixed stones. The stone nucleus is frequently of a dif
ferent composition to that of the other layers and often contains more organic 
substances. MARTI et al. (1969) recorded 14 elements in the nuclear region, in 
the following order of frequency: Calcium = magnesium> lead> sodium = 

iron = strontium> copper> aluminium> potassium> chromium> sulfur 
> lead> magnesium = nickel. 
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3. Trace Elements 

Over the last 20 years the presence of trace elements in uroliths and their influ
ence on stone formation has been studied with increasing intensity correspond
ing to the advent of improved analytical methods. Nevertheless the data of in
dividual authors varies markedly, depending on the methods employed. There 
are at present still many gaps in our understanding of the role of trace elements 
in urolithogenesis. As yet there is no evidence of a direct influence of trace el
ements on stone formation in man (ANKE and SCHNEIDER 1973). It has, how
ever, been suggested that trace elements are more likely to accumulate in cer
tain types of crystal and that they influence crystallization and stability (BERG 
et al. 1976a; HESSE et al. 1976a, b, 1978a; HOOFT et al. 1964; SCOTT et al. 1980). 
On the basis of his spectroscopic analyses FORNlTSCHEW 0971) suspects an ac
tive role in urolithogenesis for silicon, aluminium, copper and lead, zinc being a 
passive participant. A finding of considerable note was the high concentration 
of rubidium in bladder calculi from children in endemic areas, far exceeding 
that of zinc (POPELIER et al. 1976). 

Table 9 gives the mean trace element concentration in relation to ash con
tent. NAGY et al. (1963) found the majority of trace elements in phosphate cal
culi, silicon, copper, lead, strontium, zinc, manganese, barium, aluminium, sil
ver, cadmium and bismuth occurring in order of decreasing frequency. By 
means of plasma emission spectrography LEVINSON et al. (1978) were able to 
demonstrate 20 trace elements in 186 calculi. Only the lead, silicon, strontium 
and zinc concentrations varied from one type of calculus to another. The same 
is true for other bivalent cations, e.g. Mg++. By means of wave lenght dispersive 
electron probe microanalysis, iron, copper, aluminium and silicon have been 
demonstrated in phosphate stones in concentrations of over 0.1 % (HESSE et al. 
1979b). Zinc was generally present in even greater concentration, yet never in a 
self-sufficient zinc phosphate phase. There were significant differences between 
whewellite and weddellite stones for chlorine, silicon, iron, fluorine, aluminium 
and bromine (HESSE et al. 1977). SCHAFER and DOSCH (1975) found the same 
variation for strontium and were able to demonstrate certain relationships be-

Table 9. Mean trace element content (in ppm)" divided up according to ash content of the cal
culus (n = 512) (ANKE and SCHNEIDER 1973) 

Ash % 10 10-55 55-70 70-79 79 

Zn 53 210 321 525 568 
Fe 65 146 127 83 59 
Cu 13 23 27 28 23 
Mn 4.0 I3 18 13 12 
Mo 2.5 1.3 1.1 0.4 0.4 
Cd 0.2 3.3 5.1 4.1 4.1 
Lib 3.3 31.5 17.7 4.9 3.0 

" ppm = mg/kg dry weight 
b (SCHNEIDER and HESSE 1971) 
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Table 10. Mean fluorine content of various types of urolith (in 
ppm) occurring in regions without (A) and with (B) fluori
nation of drinking water (HESSE et al. 1978 c) 

Type of calculus A B 

Whewellite 801 2,005 
(n=40) 

Weddellite 959 2,100 
(n =40) 

Carbonate apatite 405 451 
(n = 20) 

Struvite 358 406 
(n = 20) 

Uric acid 345 529 
(n = 20) 
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tween trace element content and stone structure (SCHAFER and BAUCH 1979). 
High iron and. strontium content generally coexists with stabilized weddellite 
whilst lower proportions'of iron and strontium are found in relation to radiate 
whewellite crystals. 

As a rule the same elements were found in uroliths as were present in drink
ing water (HAZARIKA and RAo 1974). 

SCHULZ et al. (1980a) subjected uric acid and calcium oxalate stones to 
laser microspectroscopy, measuring 15 individual points on each calculus. At 
each point calcium, phosphorus, magnesium, sodium, silicon, iron and alu
minium could be demonstrated in oxalate calculi, with silver, copper, manga
nese, nickel, lead and titanium occurring in certain statistically distributed 
regions. 

In uric acid calculi phosphorus, silver, copper and iron could be found at 
each point. The microprobe also revealed iron, copper, aluminium and silicon 
in a minimum concentration greater than 0.1% in phosphate calculi (HESSE 
et al. 1980). Zinc was generally present in greater concentrations but never in an 
independent zinc phosphate phase. 

In view of drinking water fluorination for the prophylaxis of dental caries, 
fluorine content ofuroliths has also been studied (AUERMANN and KUHN 1969). 
The fluorine concentration varies from one type of stone to another (HERING 
et al. 1984). The highest fluorine values, at 2 mg fluorine per g stone were found 
in calcium oxalate stones from areas with fluorinated drinking water (Table 
10). 

The data did not, however, allow of any conclusion in relation to the overall 
frequency of urolithiasis in these regions. 

There was, on the other hand, a relationship between the degree of crystalli
zation within the calculi and their fluorine content. The highest crystallinity 
correlated with a high fluorine content and suggested contraction of coherent 
lattice regions, i.e. there were decreased angle values in the elementary cell. 
This may relate to the formation of well-crystallized fluoro-apatite. A similar 
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Fig. 26. Relationship between phosphate and zinc content of renal calculi 

influence to that of fluoride ions may be exerted by strontium and zinc ions on 
the crystallization of carbonate apatite (FEATHERSTONE et a1. 1981). 

An analogous phenomenon to that in regions with fluorinated drinking wa
ter may be observed for areas with heavy metal pollution: these elements are all 
taken up into the structure of uroliths in a similar way, studied in detail for cad
mium (SCHNEIDER et a1. 1979). The toxic element cadmium is accumulated 
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Table 11. The cadmium concentration in different types of urinary stones from areas without 
and with non-ferrous metal smelting industries, in ppm (SCHNEIDER et al. 1979) 

Type of stone 

Uric acid 
Weddellite 
Whewellite 
Struvite 

Without 

n 

26 
9 

45 
22 

s x 

0.11 0.05 
0.20 0.16 
0.14 0.19 
0.13 0.30 

With 

x S IX 

0.58 1.0 <0.05 
0.48 0.34 > 
0.63 0.34 > 
1.83 2.4 <0.01 

chiefly in the kidney, leading to hypercalciuria and its immediate consequence 
urolithiasis (KASANTzIS 1979; ADAMS et aI. 1969). Pari passu with an increase 
in urinary calcium concentration there is an increased cadmium content of 
uroliths in affected areas. Uric acid and struvite calculi are more affected than 
calcium oxalate stones (Table 11). 

Whether or not cadmium has a direct influence on crystallization and stone 
structure cannot at present be stated with certainty. 

An interesting relationship has also been detected between mass and trace 
elements in uroliths. Phosphorus and zinc are more strongly correlated with cal
culi of greater than 10% ash content (SCHNEIPER 1969; SCHNEIDER et al. 1970c, 
Fig. 26). Since the rare zinc phosphate mineral hopeite is of no quantitative sig
nificance, zinc is probably taken up into the apatite lattice. The zinc content of 
phosphate calculi decreases with increasing magnesium content. For this reason 
it may be assumed that struvite will contain barely any zinc. 

The manganese content of renal stones decreases with rising phosphorus 
concentration. 

Although calcium is the chief component of renal calculi by weight, phos
phate must nevertheless assume the central role for the formation of inorganic 
renal stones. It has a highly precise influence on the ash content of calculi, and 
from it may be derived relationships to the occurrence of magnesium, zinc, 
sodium and manganese. 

v. Structural Composition of Uroliths 

The complexities of etiology and pathology in urolithogenesis in situ is mir
rored in the structure of a representative cross-section through a stone, just as it 
is in the multiplicity of various possible phase combinations. The alternating 
phase sequences which may be observed in urolith structure result from control 
by qualitative and quantitative variations in the concentration of lithogenic 
substances. There are variations in the degree of crystallinity, a multiplicity of 
crystallization and growth centers, numerous phenotypes of phase adsorption 
and metamorphosis as well as processes of growth stagnation, phase dissolution 



32 H.-J. SCHNEIDER 

and transformation, all of which testify to a complexity in urolithogenesis 
which is characteristic of biomineralization processes and which is impressively 
demonstrated by polarising microscopic studies of uroliths in thin section 
(BAUSCH and SORGER 1975; BERG et al. 1978a, b; BRIEN et al. 1980; CAVERO 
1972, 1973; CIFUENTES DELATTE et al. 1973b; KOLPAKOW and GLIKI 1965a, b; 
PINTO 1976; SEYFARTH et al. 1974; SUTOR and WOOLEY 1972b; SZABO 1973). A 
historical review of thin section studies in the 19th Century has .been given by 
CIFUENTES DELATTE (1981). 

Additional high resolution structural detail, morphologic peculiarities and 
detailed understanding of the processes involved have resulted from scanning 
electron microscopy of submicroscopic phase samples (ALONSO and So
MACARRERA 1973; BASTIAN 1979; BERG et al. 1979a, b; BLOMEN 1981; DOSCH 
and KOESTEL 1975; GARCIA-RAMOS et al. 1984; HESSE et al. 1981 a; LEUSMANN 
1981; PINTO 1976; SCHUBERT et al. 1983). The polymorphic aggregation behav
iour of urinary calculi may easily be classified into a few aggregation types hav
ing a number of features in common and allowing conclusions as to their for
mation processes in temporal sequence, as well as a classification of the various 
changes that occur in their aggregate structure. As early as 1879 ARNO KRUCHE 
applied the method of mineralogical thin section to urate stones for their struc
tural classification. He was thus able to derive fundamental rules governing the 
possible structural forms. 

1. Aggregate Structural Description 

SEYFARTH et al. (1974) consider the predominant configurational feature to be 
the clear discontinuity between aggregation in the central nucleus and in the pe
ripheral shells of a urolith, a distinction to which A. KRUCHE (1879) had al
ready drawn attention. These parts may be distinguished both in calculi of uni
form chemical structure and in those of differing phase composition. Whatever 
their relative sizes they will be more or less sharply separated by a hiatus. 

This state of affairs is emphasized by the multitude of studies concerned 
with separate analytical descriptions of nucleus and shell (BASTIAN and GEB
HARDT 1974; BICK et al. 1977; BRIEN et al. 1978; ELLIOT 1973 a, b; HINMAN 1979; 
KOLPAKOW 1971; UNNI MOOPPAN et al. 1979). 

Note that any phase involved in the structure of uroliths may represent the 
starting point of lithogenesis. No urolith component shows a typical preference 
for any particular region of the calculus, although whewellite is the commonest 
substance in the nucleus. 

The nucleus may be interpreted as the center of growth but is not neces
sarily the geometric center of the stone. It merely represents a morphologic
topographic function of thin sections, characterized by a more or less concentric 
arrangement of all subsequently arising calculous phases around it in a shell. 
Thin section studies by SEYFARTH et al. (1974), as well as scanning electron 
microscopic studies by LEUSMANN (1981), suggest that uroliths tend to possess 
but one or two primary centers of growth, frequently coexisting with a number 
of secondary growth centers of irregular distribution. The latter are then re-
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sponsible for the frequently irregular form and surface of uroliths (Figs. 38, 39) 
(KOLPAKOW 1971; DOSCH 1980b). 

a) Central Region 

According to SEYFARTH et al. (1974), SCHNEIDER and SEYFARTH (1980) and 
HAHNE and EISMANN (1979) growth centers may be divided into a few basic 
types. 
- The central region is completely isotropic and without recognizable texture 

(Fig. 27). 
- Beside isotropic material crystals are irregularly aggregated in a cobble-stone 

configuration. 
- The crystalline moiety predominates in a nucleus consisting of irregularly ar

ranged fine and coarse-grained crystal aggregates (Fig. 28). Spheroliths occur 
more rarely, aggregated into a dense conglomerate. 

- The center is characterized by cavity formation (Figs. 29). 
Studies of the nucleus by SCHNEIDER and SEYFARTH (1980) suggest the con

clusion that adsorption of material to individual crystals plays a subordinate 
role in the formation mechanism of uroliths. Aggregation behaviour in the cen
tral region is characterized to a varying degree by intermicellary crystallization 
or by the presence of matrix proper, the latter partly permeated by colloidal or 
cryptocrystalline inorganic excretions (SEYFARTH and SCHNEIDER 1978). The 

Fig. 27. Optically isotropic central zone and layered concentric texture in peripheral zones, al
so chiefly of optically isotropic material (apatite). The whole configuration is permeated dis
cordantly by radially arranged, finely crystalline, secondary whewellite formations (crossed 
polarizing filters) 
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Fig. 28. Growth nucleus of randomly arranged, coarse grained whewellite. The peripheral 
zones consist of layers of fine grained uric acid (dark) and whewellite in an alternating se
quence (crossed polarizing filters) 

Fig. 29. In the center is a cavity. The periphery consists of alternating concentric layers of 
whewellite and apatite (extinguished). Two subsidiary whewellite nuclei and obvious features 
of dissolution aggregation (in discordant section) (crossed polarizers) (see Section V /3) 
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findings thus suggest subsequent spherolithic crystallization with the formation 
of thin layers of concentration of inorganic and/or organic substances (new ma
terial) within a pre-existing gel matrix (old substance). 

There is good agreement between this hypothesis and the observations of 
BUTHLIASCHWILI (1979), KOLPAKOW (1971), LEUSMANN (1981) and SCHUBERT 
and BICK (1978). According to SEYFARTH and SCHNEIDER (1980) the precursor 
of such an isotropic matrix gel could be a "macroflake" arising from a sol-gel 
transformation. Damaged cellular elements and blood coagula might equally 
represent the starting point of lithogenesis (BERENYI 1981; KOLPAKOW 1971). 
On the other hand other authors follow the crystallization theory, considering 
the formation of crystal seedlings or crystal aggregates to be urolith precursors 
which then become fixed, mechanically, epitaxially or hydrodynamically 
within a gel somewhere in the urinary tract. These entities would then sub
sequently grow to become the starting point of clinical calculus formation 
(ARMBRUSTER 1978; BLOMEN 1981; BOTHOR and BERG 1980; CAVERO 1972; 
DOSCH 1975a; GEBHARDT 1974, 1978; HINMAN 1979; MANDEL and MANDEL 
1981). 

b) Peripheral Region 

This region represents a record of the originally adsorbed materials and of sub
sequent change. According to characferistic internal configurational features 
the following aggregate types may be discenied (SCHUBERT and BRIEN 1980; 
HAHNE and EISMANN 1979 and SEYFARTH et al. 1974). 
- Concentric shell structure. Individual small crystals are arranged in a pal
lisade perpendicular to the direction of layering and result in a structure of a 
high degree of organization (whewellite, uric acid, brushite). This type typi
cally contains alternative layers of different phase sequences and varying grain 
sizes (Figs. 30, 31,47). 
- Filamentous aggregates with a strictly radial arrangement of fine sub
microscopic filaments « 0.2 !lm) orientated around a nuclear center. Such 
structures often mimic large crystals and may be marked by a large number of 
very fine concentric, parallel curved lines around the nucleus. These lines may 
be explained as growth fronts or as the intermittent incorporation of fine de
posits of apatite or organic substances (Figs. 31, 32, cf. also Fig. 47). 

Both laminar and radial aggregate configurations are primary participants 
in stone formation, giving rise to a "year ring" arrangement. They may be in
terpreted as crystal apposition and/or subsequent crystallization of a primary 
gel deposit. 

One impressive aspect of urolith aggregation behaviour, documented by 
SUTOR and WOOLEY (1972b), is the property of directional growth. There 
would appear to be a strict relationship between crystal axis and the radial ar
rangement of crystallites, the latter showing a marked preference for per
pendicular arrangement within an individual layer (year ring structure). 

This directional principle may be applied to the structural emergence of 
virtually all urolith phases, indeed it relates to the epitaxial growth of one 
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Fig. 30. Whewellite calculus of year-ring configuration. Marked radiate texture and concentri
cally-layered zonal structure. Pronounced banding with densely pigmented, isotropic material 
- an appositional and stagnation aggregate. Note also discordant transection of a region dis
playing dissolution features (arrow). Random arrangement of whewellite crystals in the 
nucleus (crossed polarizers) 

phase upon another. The fact that a stone of uniform material may nevertheless 
on cross-section reveal a layered series of phases and modulations of grain size 
suggests some variability in the conditions of deposition. The unfettered radial 
growth of large crystals (e.g. whewellite) denotes a metastable supersaturation, 
whilst the deposition of layers of small crystallites is more in favor of higher 
degrees of supersaturation. 
- The grains are generally arranged in an irregular fashion. Regions near the 
center of a calculus reveal a more or less dense cobble-stone configuration of 
coarse grain whilst crystal aggregation in outer zones tends to be radiate 
(characteristic of whew ell it e) (Fig. 33). 
- Complete irregularity of idiomorphic crystals (typical of weddellite) em
bedded in an isotropic or pseudoisotropic substance (apatite). Processes of 
metamorphosis are still visible as relics of primary crystal structure (cf. trans
formation ofweddellite to whewellite) (Fig. 34). 
- Generally large xenomorphous grains are embedded in bands within a gel 
matrix (apatite) and result in a string of beads crystallite arrangement. Such 
structures tend to be disorderly and of little mechanical strength. They are typi
cal of struvite and apatite. 



Fig. 31. Whewellite calculus (detail). Year-ring structure, alternating sequential layers of 
coarse and fine-grained texture 

Fig. 32. Papillary cast of whewellite. Nucleus permeated with organic substance. A filamen
tous aggregate simulating the appearance of large crystals and pervaded with minute concen
tric lines parallel to the nucleus (crossed polarizers) 



38 H.-J. SCHNEIDER 

435#Jm 
I I 

Fig. 33. Periphery of a calculus showing whewellite grains in cobble-stone configuration; 
adjacent whewellite of radiate texture (polarizers uncrossed) 

Fig. 34. Random arrangement of idiomorphous, lanceolate whewellite crystals (with some 
new formations) bedded in apatite and loosely interlocking (polarizers uncrossed) 
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This description of aggregate configuration may be applied to virtually 
all urolith phases, although the fundamental arrangement is naturally often 
blurred by the change and interplay of a large number of variables during 
urolithogenesis. Any understanding of postgenetic change and its precipitating 
factors must be in terms of the size, fusion and degree of order of grains. 

2. Urolithogenesis as the Basis of Aggregate Configuration 

Like its descriptive counterpart a genetically based nomenclature of aggregate 
configuration is subject to observer interpretation. Nevertheless such a no
menclature represents an attempt to categorize descriptively defined calculi in 
terms of the chief primary and secondary processes of crystallization involved 
in urolithogenesis (SCHNEIDER and. SEYFARTH 1980). 

An individual configuration is frequently the result of a number of genetic 
events and thus represents the aggregation over time of a series of formation 
stages and processes. 

Appositional Aggregation 

Crystalline substance from the surrounding solution is laid down on the surface 
of a pre-existing nucleus by a process involving both the incorporation of film
forming organic substances and the emergence of layered structure· under the 
control of cyclic concentration changes (Figs. 28-31). 

Stagnational Aggregation 

This aggregation pattern is characterized by clear evidence for periodic in
terruption of calculous growth. There is a concomitant increase in the incorpor
ation of isotropic inorganic or organic substance, resulting in prominent pig
ment banding within the aggregate (Fig. 30). 

Dissolutional Configuration 

Depending on their degree of organization and on concentration vanatIOns 
within the urinary environment, pre-existing calculous zones and layers may 
dissolve, either concordantly, i.e. corresponding to their pre-existing layered 
structure) or discordantly (transecting layer boundaries). Subsequent re
sumption of calculous growth results in aggregate structures with regularities of 
their own, not apparently related to and frequently abruptly transecting ele
ments of the primary aggregate (Figs. 29, 30). 

MetamOJphic Configuration 

This type of aggregate results from subsequent change within primary appo
sitional aggregates. There may be deposition of aggregates with fine elongated 
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Fig. 35. Calcium oxalate calculus showing the configuration of a displacement aggregate 
(metamorphic aggregation). Whewellite covered in a growth of coarse weddellite crystals, 
their bases in a state of advanced metamorphosis to whewellite - crossed polarizers 

crystals in definite layers of pronounced radial arrangement. They are thus ren
dered as discordant to the nucleus as large individual crystals (Fig. 27). Either 
of these details of aggregation behaviour may demonstrate subsequent infilling 
of radial clefts and layered secondary crystallization concentric to the growth 
center. They thus point to phenomena perhaps related to the previously dis
cussed processes of aging and shrinkage in primary gel deposits. 

A third metamorphic type is represented by the displacement configuration 
of calcium oxalate crystals. In this case weddellite is displaced by whewellite 
(Fig. 35). Such a transformation process may result in the formation of 
pseudomorphoses. 

For a detailed description of the morphology and formation of a large vari
ety of urolith phases along with their optical data the reader should refer to 
PRIEN and PRIEN (1968). 

The existence of such a variety in aggregation behaviour requires that we 
scrutinize possible relationships between urinary pathology and configurational 
features within an individual phase (BRIEN et al. 1980; CIFUENTES DELATTE 

1978; PRIEN 1949, 1955). 
Qualitative and quantitative variations in urine composition might be ex

pected to result in the deposition of differing urolith phases. Nevertheless the 
grain structure of such individual phases may be closely similar despite vari
ations in urine composition, if only the conditions of deposition and growth re
main closely matched. The reverse is true for similar phase composition with 
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variations in urine supersaturation, when a variety of structures will result. This 
situation will indeed be underlined by the following description of typical 
urolith phases and their texture. For crystallographic data see Section VI, 8., 
Table 20. 

3. Urolith Phases 

a) Calcium Oxalate 

Whewellite 

As suggested in the preceding Chapters 2 and 3 it is the grain configuration of 
calcium oxalate monohydrate which may give rise to the widest variety of 
aggregation types. Virtually all the patterns previously discussed are repre
sented. 

Whewellite thus frequently crystallises as fine layers of radial columns and 
in concentric lamellae, giving rise to the typical dense arrangement of "year 
ring" structure with a high degree of organization (Figs. 30-32) (BAUSCH and 
SORGER 1975; BRIEN et al. 1980; CAVERO 1972, 1973, 1981, 1982; CIFUENTES DE
LATTE et al. 1973 b; KOLPAKOW and GUKl 1965 a; MEDINA et al. 1977; SCHAFER 
and DOSCH 1978; SEYFARTH et al. 1974, 1975; SUTOR and WOOLEY 1972b; 
SZABO 1973-, 1974). 

Thin section studies have also revealed transitions in the regular arrange
ment of crystallites in individual layers with a tendency to radiate structure. 
The same may occur within an irregular cobble-stone configuration (Fig. 36) 
(SEYFARTH et al. 1975). 

Scanning electron microscopic studies by DOSCH and KOESTEL (1975) and 
by HESSE et al. (1979a) have confirmed that the grains represent a dense struc
ture of columns and foliate sequences of minute monocline plates (Figs. 40, 41). 
The latter frequently fan out from a common growth center. 

Studies by KOLPAKOW (1971), SCHUBERT and BICK (1978), and SEYFARTH 
et al. (1975) suggest this year ring structure may arise by crystallization from 
the colloid or gel state, which not infrequently also leads to the formation of 
spheroliths (Fig. 37). The concentric banding visible in Figs. 30 and 31 within 
the finely laminated radiate zone structure may mean successive variations in 
oxalate availability and cyclic incorporation of pigments, apatite and organic 
substances (SCHAFER and DOSCH 1978; SEYFARTH et al. 1974; WARPEHOSKI et al. 
1981 ). 

Crystallographic studies confirm both a primary and a secondary route of 
formation for whewellite (SCHUBERT et al. 1981). 

Whereas the year ring structure of whewellite may be interpreted as a 
consequence of primary monohydrate crystallization, all other textures are fre
quently subject to individual observer interpretation. It seems not unreasonable 
and indeed logical to postulate their secondary formation from weddellite (or 
calcium oxalate trihydrate) and by subsequent recrystallization processes (see 
weddellite ). 



Fig. 36. Whewellite in thin section. Varying degrees of regularity among the crystallites, fine 
grained layering near the surface, tending towards a radial arrangement (crossed polarizers) 

Fig. 37. Whewellite spheroliths in pseudoisotropic apatite (crossed polarizers) 
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Fig. 38. Whewellite calculus containing multiple secondary growth centers of fine grained uric 
acid (crossed polarizers) 

Fig. 39. Enlarged detail from Fig. 38; note the finely radiate concentric texture ofwhewellite 
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Fig. 40. Whewellite showing columnar texture (SEM) 

Fig.41. Micaceous layers of whewellite plates stacked up and fused into radial columns 
(SEM) 

As well as a series of whewellite pervasion twins fused in a rosette configu
ration and large individual idiomorphous crystals (Fig. 42), fine grain aggre
gations of polycrystalline whewellite may also be encountered, the latter con
joined throughout a considerable volume (Fig. 43). In the absence of weddellite 
relics these crystallisates can be regarded as primary precipitates of whewellite, 
probably from urine of high oxalic acid concentration (BRIEN et al. 1980). Thin 
sections of whewellite reveal dissolutional and metamorphic configurations as 
an impressively recurrent structural principle of this urolith phase (Figs. 30, 
46). Violation by whewellite of the usual lamellar structure typically seen in 
thin sections is considered by BAUSCH and SORGER (1975) to represent a sec
ondary recrystallization of fine grain crystals into large idiomorphous whe
wellite crystals (Fig. 33). 

A typical feature of whewellite is its frequent occurrence as a nuclear com
ponent (upto 70%) (BASTIAN and GEBHARDT 1974; BICK et al. 1977; ELLIOT 
1973 a, b) considers this the extent to which it acts as an initiator substance 
in urolithogenesis. Other urolith phases are frequently associated with 
calcium oxalate monohydrate, the layered structure consisting of an alter
nating phase sequence of whewellite and uric acid or urate, whewellite and 
apatite or variously whewellite, and brushite in concentric laminations 
(Figs. 28, 29). In this connection there continues to be discussion of the influ
ence of apatite and uric acid crystals as well as high molecular weight organic 
substances on the crystallization of whewellite, as documented by crys
tallographic studies of growth centers; see also Section V, 4 b, c, and i (BERG 
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Fig. 42. Coarse, idiomorphous whewellite crystals, partially fused by pervasion twins (SEM) 

Fig. 43. Fine grain aggregation of poly crystalline whewellite (SEM) 

et al. 1978a, b; BLASCHKE and SCHMANDT 1978; ELLIOT 1973b; MEYER et al. 
1975, 1976; SMITH et al. 1984; ZAREMSKI and GRIEVE 1976). In such centers whe
wellite may be seen with its characteristic radial structure spreading out into 
the phase volume (Figs. 32, 38, 39). 

Weddellite 

Calcium oxalate dihydrate represents a metastable form of calcium oxalate 
and generally gives rise to interlocking or ameboid aggregates of irregularly ar
ranged lanceolate individual crystals (Fig. 34), characteristically tetragonal 
bipyramidal in habit (Fig. 44), frequently already in the process of metamor
phosis to whewellite. The extent to which the metastable phase is preserved de
pends on the varying frequency of incorporation of stabilizing cations - es
pecially magnesium ions - into the weddellite lattice (HEIDE et al. 1978). 

As a result of observations made by SZABO (1978) on the uroliths of chil
dren, the development ofweddellite stones is generally held to result from rapid 
crystallization. 

An impressive b,ulk of literature testifies to the dominance of dehydration 
processes acting on primary weddellite crystals as a route of formation for whe
wellite stones, and this mechanism would thus appear well-established (BAUSCH 
and SORGER 1975; BERG et al. 1978 b, 1979 a; HEIDE et al. 1978; HESSE et al. 
1976a, b; LEPAGE and TAWASHI 1982; SCHAFER and BAUSCH 1979; SCHNEIDER 
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Fig. 44. Typical tetragonal
bipyramidal habit ofwhe
wellite crystals (SEM) 

et al. 1977 a; SCHUBERT and BRIEN 1978; SEYFARTH and HAHNE 1978; SZABO 
et al. 1976a). 

Fundamental features of the weddellite (STERLING 1965) and whewellite 
(Cocco 1961) crystal structure suggest the formation of whewellite from wed
dellite by crystal structure transformation (SCHUBERT et al. 1980). Relationships 
between the crystal structures and comparison of their lattice constants imply 
partial preservation of weddellite structural elements during dehydration. 

Whereas only ROSE and WOOD FINE (1976) have described weddellite crys
tals as a typical nuclear substance in oxalate stones, all other communications 
report preferential crystallization on the surface of whewellite calculi (BERG 
et al. 1978 b, BRIEN et al. 1978; ELLIOT 1973 a, b; HELMAN 1979; SCHNEIDER 
et al. 1977 a; SZABO 1973). The "Jackstone" configuration is a particularly 
impressive example. Fig. 35 is a thin section through a calcium oxalate 
calculus demonstrating primary whewellite crystallization in the center. Wed
dellite crystals are apposed to the exterior of this, their bases revealing a state of 
advanced erosion into fine grain whewellite. According to observations by 
BERG et al. (1979 a, b), HAHNE and EISMANN (1979), SCHUBERT and BRIEN 
(1978) and SEYFARTH et al. (1974) the transformation ofweddellite (phase B) to 
whewellite (phase A) may take place both on the surface of idiomorphic wed
dellite crystals and in the interior of the crystals themselves. Thin section stud
ies allow displacement structures of A to be distinguished within B. Phase 
metamorphosis from without would appear inevitably associated with a degree 
of solvation attack, and in this respect there seems to be a thermodynamic 
preference for the lattice energies occurring along the edges and at the corners 
of tetragonal bipyramids (BERG et al. 1979b, 1980). Where the transformation 
is initiated within a weddellite grain, monocrystalline whewellite inclusions 
may be observed in one or several areas within the crystal. On the other hand 
metamorphosis involving the entire weddellite crystal leads mainly to the ap
pearance of polycrystalline whewellite without the alternative of provisional re-
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Fig. 45. Growth layers (V-banding) in weddellite crystals (crossed polarizers) 

crystallization (SCHUBERT and BRIEN 1978). In special cases this phase meta
morphosis occurs with preservation of the original weddellite crystal habit, thus 
giving an impressive example of pseudomorphosis, as described by BERG et al. 
(1979 a, b), CIFUENTES DELATTE et al. (1973b), SCHAFER and DOSCH (1978), 
SCHUBERT et al. (1981) and SZABO (1973) in some detail. The scanning electron 
microscope reveals this metamorphosis ofweddellite to whewellite as involving 
the more or less pronounced formation of square scars on the pyramid surfaces 
of weddellite crystals, with strict orientation within the lattice geometry. The 
first transformation products to appear are gel forms of whewellite crystallisate 
which then undergo subsequent recrystallization to individual idiomorphous 
crystals. These coarse crystals frequently fill empty spaces and are thus not the 
originators of urolithogenesis. Within the overall structure of a stone such 
transformation processes are generally revealed by the presence of weddellite 
relics (HAHNE and EISMANN 1979; SCHUBERT and BICK 1978) and by a low 
packing density of grains (GEBHARDT et al. 1977; SEYFARTH et al. 1975). 

Thin section frequently reveal V-shaped growth bands across weddellite 
crystals giving rise to an obvious stratification (Fig. 45, see also Fig. 55) 
(CAVERO 1981; CIFUENTES DELATTE et al. 1973b; KOLPAKOW and GUKI 1965a; 
SZABO 1967). The scanning electron microscope gives a particularly impressive 
demonstration of these elements if the crystals were previously incubated with 



48 H.-J. SCHNEIDER 

Fig.46. Pseudomorphosis of whewellite crystals to weddellite, explaining the mulberry sur
face of whewellite calculi - see Fig. 18 (polarizers uncrossed) 

urine of low magnesium content. It then appears that a sequence of more and 
less solvation-resistant strata constitutes the cyclically recurrent structural prin
ciple of weddellite crystals (BERG et al. 1979a, 1980; GEBHARDT 1980b). Such 
zonal structure is compatible with biorhythmic control of the excretion of litho
genic substances, stabilizing ions and/or of organic substances (BERG et al. 
1982a; KOLPAKowI965a). 

Beside calcium oxalate dihydrate GARDNER (1975), SCHAFER and BAUSCH 
(1979) and TOMAZIC and NONCALLAS (1979) ascribe a key role in calcium oxa
late calculus formation to the thermodynamically unstable trihydrate, a sub
stance also discussed in connection with the dense shell structure of whewellite 
concretions (SCHAFER and DOSCH 1978). Crystallographic data on the lattice 
structure of the trihydrate may be found in DEGANELLO et al. (1981). 

The fact that previously idiomorphic weddellite crystals are able to de
termine the external habit of whewellite stones, e.g. mulberry stones (Fig. 18) is 
frequently apparent in the very macroscopic external appearance of the stone. 
Thin section studies by DOSCH (l980a) and SCHUBERT and BRIEN (l978a) have 
given a vivid illustration of this interesting aspect of stone architecture, fused 
radiate spheroliths of whewellite being loosely aggregated with whewellite 
pseudomorphosed to weddellite. The spherolithic hemispheres shown in Fig. 
46 may be interpreted as whewellite growing in a perpendicular direction on 
the weddellite surface and thus finally giving rise to the mulberry bumps on the 
surface of the whewellite stone. Many other macroscopic types of calcium oxa
late stone owe their existence to the presence of such discontinuities within the 
aggregate structure (see Figs. 4, 5) (DOSCH 1980a; KRUCHE 1879; KOLPAKOW 
1971 ). 
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KIM (1983) has observed mulberry particles around red blood cells incor
porated into weddelJite stones. The red cells appeared to aid crystal growth by 
acting as foci for surface nucleation or by forming an encrusting layer on the 
surface of the native bipyramids. An additional layer of calcium oxalate would 
then be deposited on this coating. 

HINMAN (1979) derives the multiplicity of surface structures occurring in 
whewellite stones from the pronounced aggregation tendency of whewellite 
crystallites and particularly from local influences within the urinary tract. In so 
doing he draws attention to a point of some interest. The degree of mobility or 
fixation of the growing calculus provides an explanation for the spectrum of 
surfaces ranging from smoothly rounded through bosselated to bizarre morning 
star morphology, and also enables a relationship to be established between di
rectional growth of the calculus and fine intermittent secondary deposits of apa
tite and mucoid materials. 

There has been no shortage of attemps to classify the multiplicity of calcium 
oxalate aggregates by aggregation behaviour or to correlate these with forma
tion in urine of various composition (BRIEN et al. 1980; CIFUENTES DELATTE 
1978; HESSE et al. 1984; SCHAFER and DOSCH 1978; SCHUBERT et al. 1981). 

b) Uric Acid - Uric Acid Dihydrate 

Two modifications of uric acid have been described - a monocline pseudo
rhombic (I) and a monocline (II) form (DOSCH 1981 b; SHIRLEY and SUTOR 
1967). The latter may occur during the dehydration of uric acid dihydrate as a 
metastable intermediate phase within urinary calculi. 

Uric acid stones are characterized by a high degree of mineralization and by 
a concentrically conchoidal structure of characteristically radial texture, compa
rable to that of whewellite. Within this structure growth fronts may be promi
nent and be made even more pronounced by the incorporation of pigments and 
organic substances (Fig. 47) (BAUSCH and SORGER 1975; BERG et al. 1978b; 
BRIEN et al. 1980; HAHNE and EISMANN 1979; SZABO 1974). 

Within the nucleus of uric acid stones HESSE et al. (1979a) generally found 
irregularly arranged monocline crystals (Figs. 48, 49), the stratified arrange
ment of peripheral zones being chiefly characterized by filamentous aggre
gation sequences of varying coarseness. Scanning electron microscopic studies 
reveal morphologic compatibility with crystallization of metastable uric acid 
dihydrate (YONG Go et al. 1980; HESSE et al. 1979a). Cracks and fissures per
pendicular to the long axis of uric acid dihydrate columns testify to extensive 
phase metamorphosis into uric acid, thus illustrating processes of metamor
phosis analogous to those pertaining in calcium oxalate (Fig. 50). Apart from 
the typical form with monocentrically packed fine crystals, multigrain uric acid 
stones are also described, and not infrequently "seams" within their structure 
testify to transitory dissolution processes followed by renewed apposition of 
material (cf. whewellite). 

Uric acid calculi are generally rounded structures with a smooth external 
surface, and oviod growth is therefore likely (BAUSCH and SORGER 1975; DOSCH 



50 H.-J. SCHNEIDER 

Fig. 47. Detail of a uric acid calculus showing sequential concentric layers of predominantly 
radiate texture. The nucleus is of fine grain monocline uric acid, the periphery showing a 
preference for uric acid dihydrate 

and KOESTEL 1975). In addition there are warty excrescences on the surface 
similar to the polymorphic appearance of whewellite, explained by DOSCH 
(1980a) on the basis of thin section studies as dense radiate overgrowths at 
points of discontinuity within the stone structure. 

In common with whewellite fine grained uric acid often occurs within an 
alternating sequence of other urolith phases (Fig. 28). Furthermore its oc
currence within small finely crystalline growth centers suggests a function as an 
initiator substance for whewellite deposition (Figs. 38, 39), although it is con
siderably rarer than whewellite as a nuclear component (7 -14%) (BICK et al. 
1977; BRIEN et al. 1978 and ELLIOT 1973a, b). By the same token sodium di
hydrogenurate deposition has been documented in central zones of stratified 
whewellite concretions by CIFUENTES DELATTE et al. (1978b). It crystallizes as 
elongated prisms with radial or fan texture, and is deposited in neutral or faint-
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Figs. 48 and 49. Monocline uric acid crystals, some of them columnar (SEM) 

Fig. 50. Tall columnar crystals of uric 
acid dihydrate, massive cleft formation 
indicating early transition to anhydrous 
uric acid (SEM) 
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Iy alkaline urine with a high concentration of uric acid and sodium. Sodium, 
potassium and potassium urates may playa role in the stabilization of uric acid 
dihydrate (DOSCH 1981 b). 

It may be significant that weddellite and uric acid have hardly been de
scribed in immediate sequence. 

c) Apatite 

Apatite is precipitated from the urinary environment mainly in cryptocrystal
line radio-amorphous form, appearing pseudoisotropic under the polarizing 
microscope (ARMBRUSTER 1978, 1979; BERG et al. 1978b; DOSCH and KOESTEL 
1974; GEBHARDT 1975). 

Polarizing and scanning electron microscope studies by HESSE et al. (1979a), 
SORGER and BAUSCH (1971) and SZABO (1967, 1974) have led to the description 
of . flow aggregates of gel-derived lamellar structure occurring within apatite 
concretions (Fig. 51). This phenomenon is highlighted by the inclusion of stru
vite, whewellite, weddellite and occasionally ammonium dihydrogenurate 
grains in a "string of beads" configuration, accompanied by imprints of micro
organisms, usually bacteria and colonies of cocci, underlining the causal role of 
urinary infection (CIFUENTES DELATTE and SANTOS 1977; DOSCH and KOESTEL 
1975; HIENZSCH et al. 1975; MINAMI 1961; RODGERS 1981 a). HESSE et al. 
(1978 b, 1979 b) have used the scanning electron microscope and the electron 
microprobe to demonstrate a uniform distribution of incorporated magnesium 
ions within apatite calculi, a phenomenon suggesting the substitution of cal
cium by magnesium. Furthermore, they were able to document sulfur accumu
lation within calcium-rich phosphate phases, probably due to the inclusion of 
proteins. 

Observations by ARMBRUSTER (1978), DOSCH and KOESTEL (1975), and SEY
FARTH and SCHNEIDER (1980) suggest that the characteristic configuration of 

Fig. 51. Typical gel precipi
tation of apatite (SEM) 
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Fig. 52. Spheroliths of minute apatite spicules and surrounded by smaller, smooth surfaced 
apatide globules (SEM) 

apatite concretions arises from the primary precipitation of voluminous flakes 
of water-rich colloidal material. Aging processes within this "jelly" lead to par
tial crystallization going hand-in-hand with the appearance of shrinkage fis
sures and folds, as well as with secondary new formations. Such a mechanism of 
formation would go some way toward explaining the lack of mechanical 
strength typical for apatite concretions. 

Spherolithic phenotypes of concentrically spiculate or smooth-surfaced 
structure may also be observed (Fig. 52) (ARMBRUSTER 1978; BERG et al. 1979a; 
LEUSMANN 1981; SPECTOR et al. 1976, 1978). 

It would appear that apatite plays a highly controversial role in any inter
pretation of urolithogenesis. It occurs as approximately 15% of nuclear sub
stance and in varying propertions as a component of virtually all uroliths (Fig. 
29) (BRIEN et al. 1978; ELLIOT 1973 a, b; GARCIA-RAMOS et al. 1984; SMITH et al. 
1984; UNNI MOOPPAN et al. 1979), a fact which has led various workers to pro
pose an initiator role in urolithogenesis for the deposition of an apatite gel 
matrix (LESKOVAR and ALLGAYER 1979; MALEK and BOYCE 1977; SEYFARTH 
et al. 1974). Thus BLASCHKE and SCHMANDT (1978) found a densely matted 
conglomerate of apatite spheroliths of concentrically conchoidal structure 
within nuclear zones of calcium oxalate calculi. Like LEUSMANN (1981), MEYER 
et al. (1975) and ZAREMSKI and GRIEVE (1976), these workers considered this 
phenomenon to have led to secondary calcium oxalate crystallization. At ap
proximately 1 I.l the diameters of these spheroliths correspond to that typical of 
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protein precipitates. Similar structures have been detected by GUSEK et al. 1982 
and MEYER-JORGENS et al. (1981) in biopsied renal tubuli from actively stone
forming· patients. In their structure these spheroliths are however said to differ 
from those found as deposits on the surface of idiomorphous calcium oxalate 
crystals (Fig. 52) or as alternating strata within mixed stones. 

Because of its viscous nature apatite gel could also conceivably form a 
mantle around crystal aggregates of foreign mineralogic composition, a circum
stance which DOSCH and KOESTEL (1975) believe to favor idiomorphous crys
tallization. 

Observations by GEBHARDT (1975) have tended to confirm the hypothesis 
that apatite is rhythmically deposited as a gel coating of varying viscosity across 
growth fronts, where it acts as a diffusion barrier and leads to rhythmic precipi
tation of crystallites of varying size. Such a process would be a plausible expla
nation for the coarsely concentric stratification in the year ring structure of 
many urinary calculi. . 

Other types of apatite nuclear substance have been described as "calcium 
phosphate milk" or aggregates of spherolithic ellipsoidal "shot" of oolithic 
structure and a grain size of 0.5-2 mm (CAVERO 1972; CIFUENTES DELATTE 
et al. 1979; CIFUENTES DELATTE and MEDINA 1981; SOMACARRERA and ALONSO 
1977). The center of such aggregates may contain apatite spheroliths alongside 
finely granular whewellite, whilst submicroscopic calcium phosphate deposits 
may occur within the narrow confines of the mantle. According to CIFUENTES 
DELATTE et al. (1973a, 1976) this material is embedded in organic ground sub
stance in a fashion similar to that occurring in bone and other calcified tissue. 
The phenomenon of osseous tissue occurring within urolith nuclei may indicate 
a relationship with the widely debated role of organic matrix in the center of 
urinary calculi. The hypothesis has variously been advanced that calcium phos
phate mineralization of organic macromolecules might generate "host ma
terial". The latter would in turn initiate epitaxial crystallization of calcium ox
alate (see Section V., 3i). 

In a few exceptional cases CIFUENTES et al. (1978) were able to demonstrate 
the presence of citrate-apatite on the surface of apatite cohcretions, citrate ions 
being bound to hydroxyapatite by substitution. By way of contrast WILLIAMS 
and SALLIS (1981) have described phosphocitrates as native crystallization in
hibitors. 

Scanning electron microscopy confirms the characteristic ability of carbon
ate apatite to infill clefts and blank spaces between the individual crystals of an 
aggregate (see Fig. 57-60) (ARMBRUSTER 1979; DOSCH and KOESTEL 1975; 
HESSE et al. 1978b, 1979b). This deposition may occur syngenetically during 
the growth of a concretion or, alternatively, by subsequent postgenetic diffusion 
of apatite sol into the interstices of the calculus. From a genetic point of view 
this latter variant may be of special significance. If primary urolith crystalli
zation were followed by a period of selective phase dissolution, the ensuing 
possibility of apatite sol diffusing into the spaces thus created might offer an 
explanation for the presence of apatite within urolith nuclei. 

BASTIAN and GEBHARDT (1975a, b), BERG et al. (1979a), GEBHARDT et al. 
(1978) and ZECHNER et al. (1984) have conducted in vitro experiments on 
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uroliths using both synthetic and natural urine in an impressive reconstruction 
of such processes of growth, dissolution and subsequent apatite deposition. 

d) Struvite 

In the majority of studies magnesiumammoniumphosphate hexahydrate pre
sents as an aggregate of irregular and variably interdigitated cobble-stone con
figuration (Fig. 53). More rarely a concentric conchoidal arrangement has been 
described (BERG et al. 1978b; SCHUBERT and BRIEN 1980; CIFUENTES DELATTE 
et al. 1973 b; GEBHARDT 1975), usually said to be pervaded by discordant radi
ally arranged, coarsely crystalline struvite of later date. By the incorporation of 
urea-splitting bacteria the grains acquire an obvious dark pigmentation (Fig. 
54) (BICK and BRIEN 1975; KOLPAKOW and GUKI 1965b). The grain appear-

Figs. 53 and 54. Cobbe-stone aggregate of struvite giving a mosaic texture. Incorporation of 
bacteria is responsible for the dark pigmentation of grains in Fig. 54 (crossed polarizers) 



56 H.-J. SCHNEIDER 

Fig. 55. The growth bands of 
struvite grains, see Fig. 45 
(polarizers uncrossed). 

Fig. 56. Coarse struvite pave
ment surrounding "coffin-lid" 
crystals of triple phosphate 
(SEM) 

Fig. 57. Ground surface of a 
struvite calculus showing apatite 
deposition along grain margins 
and in fissures; scanning electron 
micrograph under composition 
contrast 
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ance may include a similarity to the chevron banding which gives a form of 
zonal structure to weddellite crystals. This phenomenon has been traced back to 
the inclusion of organic substances (Fig. 55, see also Fig. 45). Individual grains 
may even have such an orderly concentric conchoidal arrangement as to give 
rise to banded struvite inclusions within an apatite gel matrix. By analogy to the 
carbonate apatite model this behaviour may be considered to be further evi
dence for the causal role of infection in the process of precipitation. The degree 
of organization within an aggregate may be quite variable, usually resulting in 
calculi of no more than moderate mechanical strength. 

Scanning electron microscopy seldom reveals any microcrystalline habit 
which would be absolutely typical of struvite (DOSCH and KOESTEL 1975; GEB
HARDT 1974, 1975; HE et al. 1984; HESSE et al. 1979a). Nevertheless a coarsely 
crystalline struvite pavement may occur in broad sheets representing a mosaic 
configuration, within the framework of which are occasionally fixed the "coffin 
lid" forms so typical of triplephosphate crystals i~ urinary sediment (Fig. 56). 
Besides large crystal aggregates one frequently encounters deposits which may 
be finely crystalline, take the form of a gel or occasionally present in an el
lipsoidal habit, fissured by shrinkage and variably permeated by apatite (Figs. 
57 - 60), bacteria and colonies of cocci (CIFUENTES DELATTE and SANTOS 1977; 
DOSCH 1975b; HESSE et al. 1978b, 1979b). Struvite deposits are often found in 
association with ammonium dihydrogenurate in the peripheral zones of aseptic 
urolith phases, suggesting subsequent infective events. SZABO and MODIS (1980, 
1981) demonstrated a high content of organic ground substance by topooptical 
analysis of reactions within thin sections of struvite (see Section V., 3 i). 

e) Ammonium Dihydrogenurate . 

Ammonium dihydrogenurate is frequently found in the presence of carbonate 
apatite and struvite and so is yet another substance associated with the infective 
causation of urinary calculi (ARMBRUSTER 1979; CIFUENTES DELATTE 1978; 
HIENZSCH et al. 1975; GARCIA DE LA PEtilA and CIFUENTES DELATTE 1981; 
RODRIGUEZ-MItilON 1976). CIFUENTES DELATTE et al. (1973b) demonstrated 
by polarizing microscopy the occurrence of this mineral as deeply stained, yel
lowish, luminescent spheroliths of fine spicules. Under the scanning electron 
microscope these may be seen to embody "lawns" of densely matted material 
(Figs. 61, 62) sometimes occurring intermittently between layers of whewellite 
(GEBHARDT 1975). Such clinging together of spheroliths at the micron level of 
magnitude has been described both by DOSCH and KOESTEL (1975) and by 
HESSE et al. (1979a) and may represent mechanisms of stone formation in their 
own right. Thin section studies of coherent urate deposits usually appear as a 
deeply stained gel, although interference at fracture margins (see .Section VI., 8, 
Grain preparations) gives rise to intensive yellow luminescence. 

In addition ammonium dihydrogenurate has been. characterized by CI
FUENTES DELATTE (1978) and GARCIA DE LA PEtilA and CIFUENTES DELATTE 
(1981) as a finely granular material occurring in sterile urine and displaying 
brilliant interference coloration. This habit of ammonium dihydrogenurate 
may be demonstrated as an inclusion in a variety of calculous phases. 
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Fig. 58. Magnesium distribu
tion from Fig. 57. Mg-~ radia
tion; 100 sec (RAP crystal) 

Fig. 59. Calcium distribution 
from Fig. 57. Ca-Ka radiation, 
50 sec (PET crystal) 

Fig. 60. Phosphorus distri
bution from Fig. 57. P-K radi
ation, 100 sec (RAP crystal) 
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Figs. 61 and 62. Spheroliths of ammonium dihydrogenurate needles matted into dense ag
gregates (SEM) 

t) Brushite 

A fan configuration is characteristic of the texture of brushite (Figs. 63, 64) 
(ARMBRUSTER 1978; BERG et al. 1978b; CIFUENTES DELATTE et al. 1978a; GEB
HARDT 1980; SZABO 1974). 

The overall crystal configuration may consist of a loose aggregate of fine 
spicules or plates arranged in spherolithic rosettes. 

ARMBRUSTER (1978), BERG et al. (1978 b), CIFUENTES DELATTE (1978), 
DOSCH and KOESTEL (1975), HESSE et al. (1979a) and SZABO (1974) have all 
given detailed morphologic descriptions. 

Columns of fused crystals are sometimes to be found either radiating out 
from the center of the calculus or in parallel bands with their long axis arranged 
along the direction of storie growth (Figs. 63, 65). Rhythmic increase coupled 
with inclusions of whewellite and apatite may impose upon the overall struc
ture a concentric year-ring character. Crystal aggregates fan out from the center 
and may even reach the outermost limit of a concretion. Communications by 
ARMBRUSTER (1978), BERG et al. (1976d) and by CIFUENTES DELATTE (1978) all 
demonstrate that the formation and eventual magnitude of brushite granules 
crystallizing out of weakly acid hypercalciuric and hyperphosphaturic urine is 
chiefly determined by the urinary magnesium concentration. According to CI
FUENTES DELATTE (1978) layers of octacalcium phosphate sporadically en
countered at the base of brushite crystals are to be regarded as transformation 
products of brushite. 

62 
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Fig. 63. Coarse fan texture of radiating brushite crystals (crossed polarizers) 

g) Cystine 

Fig. 64. Brushite spheroliths in 
fan configuration (SEM) 

Cystine calculi are usually of high purity. However, DOSCH (1975 a) has drawn 
attention to substantial proportions of macromolecular organic substances, 
HESSE et al. (1979a) have repeatedly observed inclusions of calcium oxalate 
monohydrate and DIMOPOULUS et al. (1983) sodium urate. Cystine has been 
characterised by BERG et al. (1978 b), by CIFUENTES DELATTE et al. (1973b) and 
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by SZABO (1974) as consisting of fine hexagomtl crystal plates which may be 
seen in thin section to assume either a coarsely radial texture or to lie in a 
mosaic configuration without any obvious nucleus. The scanning electron 
microscope reveals a degree of directionally orientated fusion between some 
crystals as well as a staggered staircase layering of others in all gradations right 
up to hexagonal columns (Fig. 66a, b). 

Fig. 65. Brushite columns in 
parallel arrangement (SEM) 

Fig. 66 a, b. Hexagonal crystals of cystine in overlapping stacks and colums 

___ b 
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h) Xanthine 

Xanthine has rarely been demonstrated to be a urolith phase, and as a conse
quence there are scanty data for its microscopic characterization. BERG et al. 
(1978b) and SZABO (1974) have reported polarizing microscopic studies on thin 
sections of xanthine. The substance was markedly birefringent with a deep 
brownish-yellow pigmentation analogous to that of uric acid and the urates. Its 
aggregation behaviour is characterized by a fine grain densely-packed texture. 
Xanthine is without characteristic crystal habit under the scanning electron 
microscope and is strongly reminiscent of apatite gel deposits (Fig. 67) (HESSE 
et al. 1979a; PINTO 1976). 

i) Organic Matrix 

According to BOYCE (1973) organic macromolecules make up approximately 
2- 3% w/w of the phase composition of uroliths. Topooptic scrutiny by SZABO
FOLDVARY and MODIS (1980, 1981, 1984) of chemical reactions, and scanning 
electron microscopic studies by DOSCH and KOESTEL (1975), GEBHARDT (1975), 
KRAMPITZ and GOETZ (1984), PINTO (1976) and RAo and ARGAVAL (1979) 
have confirmed these macromolecular organic substances (glycoproteins and 
glucose aminoglycans) as consisting of a three-dimensional filamentous net
work or honeycombed structure of variable regularity. This system may per
meate several structural layers of a urolith, frequently forming broad fibrous 
sheets parallel to the mineral layers, or giving rise to amorphous sheaths around 
crystal aggregates (Fig. 68). The role of this film formation in the production of 
uroliths is liable to varying interpretation. Thus BERG et al. (1978a), CAVERO 
(1972), V. PHILIPSBORN (1958) and WARPEHOSKI et al. (1980) speak of coinci
dental adsorption of organic substances without any recognizable influence on 
overall events. This statement is substantiated by a variety of work including 
electron microscopic studies in which organic filaments are found in a com
pletely irregular arrangement, pervading idiomorphous weddellite crystals, and 
organic films may be found in a gel ensheathing whole sequences of crystal ag
gregates (Fig. 69). On the other hand these macromolecules possess character
istic functional groups in their chemical structure (MALEK and BOYCE 1977; 
PINTO 1980) which render them capable of mineralization. This in tum leads to 
the assumption that organic substances might represent the starting point of 
urolithogenesis. Thin section studies by KOLPAKOW (1971) and SEYFARTH et al. 
(1974) provide some evidence for such an alternative role of organic substances 
in urolith formation (Fig. 32). Color reaction studies by HILMAN (1979) and 
SZABO and MODIS (1980, 1981) are in agreement with this concept, to the extent 
that organic matrix occurred preferentially in apatite and with marked pre
ponderance in struvite calculi. An originating role of reactive moieties within 
the matrix may therefore be important in the formation of infective calculi. The 
topooptically most intensive reactions took place on the surface of struvite 
stones. Analysis of the optical phenomena in demineralized thin sections leads 
to the conclusion that in the matrix of such calculi both glucose aminoglycan 
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Fig. 67. Xanthine, deposited 
mainly but uncharacteristically 
as a gel (SEM) 

Fig. 68. Three-dimensional net
work structure of high molecular 
weight organic matrix clearly 
demonstrating mineralisation. In 
the center a hexagonal cystine 
crystal (SEM) 

Fig.69. Weddellite crystals 
coated in organic tissue (SEM) 
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b 

Fig. 70a, b. Topooptic stammg of organic matrix with dimethylmethylene blue and 
pseudoisocyanine in a decalcified thin section of whewellite. a Uncrossed polarizers. b Crossed 
polarizers. Birefringence (pale zones) within the matrix corresponds to the orderly extensively 
lamellar structure of glucose aminoglycans. (Photographs kindly provided by Dr. SZABO

FOLDVARI, Debrecen) 

chains and the oligosaccharide side-chains of glycoproteins are arranged paral
lel to the filamentous structure of calculi as seen in the optical microscope (see 
Fig. 70a, b). 

The EDTA insoluble fraction may be studied by conventional microscopy 
to yield information on the nature and precise location of matrix in the interior 
of stones (KHAN et al. 1983,1984). 

The question raised by BORGNO and PEROLINO (1962) of crystallization in 
obstructive and non-obstructive urine may be important in any discussion of 
the role of organic macromolecules. The most important criterion by which this 
urolithogenic initiator function is postulated remains the capacity for mineral
ization by calcium phosphate. This property would allow directional growth of 
urolith phases with an influence on architecture and aggregation behaviour of 
the emergent stone (BERNSHTAM and PINTO 1976; EL-SAYED and COSSLETT 
1977; KOIDE et al. 1977; PINTO 1973, 1976, 1980; SPECTOR et al. 1976). RAo and 
ARGAVAL (1979) have described such directional crystallization around fila
mentous matrix moieties, although these authors consider crystallization with
out the influence of matrix equally possible. 

Studies by MALEK and BOYCE (1977) suggest that primary mineralization 
may occur even at the mitochondrial level within the nephron. Their studies al
so confirm a relationship between apatite and matrix. In the same connection 
RESNICK (1984) and RESNICK and BOYCE (1978) have dicussed the role ofsphe-



Morphology of Urinary Tract Concretions 65 

roidal corpuscles of calcium-polysaccharide-protein complexes as primary 
matrix components in actively stone-forming urines, and they draw a compari
son to calcification products of the proximal and distal renal tubule. 

The interaction between matrix and nucleation has been ably demonstrated 
in matrix calculi by KOIDE et al. (1977). A coarsely fibrous reticule beset with 
submicroscopic deposits of calcium phosphate and struvite appears to form a 
supporting arch work throughout the calculus. By acting as a crystal "captor" 
such a network structure could conceivably have a urolithogenic function. 

SEM studies of calcium oxalate stones by OGBUIn and FINLAYSON (1981) 
suggest that matrix ensures cohesion between individual crystallites. RODGERS 
(1981 a) also discusses organic substances acting as cements during the forma
tion and aggregation of uroliths. 

The finding _ of osseous tissue within growth nuclei also underlines the 
initiator role of macromolecular organic substances (CIFUENTES DELATTE-et al. 
1973a, 1976). 

Such a role is however contradicted by the concentric integration of organic 
substance within the layered structure of a variety of aggregate configurations, 
as discussed by WARPEHOSKI et al. (1980) and HAHNE and EISMANN (1979). 
These appearances suggest deposition across growth fronts leading to rhythmic 
precipitation of crystallites and are strictly similar to the inclusion of apatite 
within calculi of concentrically conchoidal structure. Such a model also goes 
some way to explaining external morphological details and contours of calculi 
(BUSCEMI et al. 1981). According to studies by WARPEHOSKI et al. (1981) certain 
surface domains of whewellite calculi contain a mean of 5.7% proteins and 
carbohydrates whereas nuclear zones contain only 2.7%. 

It may thus be seen that there may never be a simple positive or negative 
answer to the question of the role of organic macromolecules in urolithogenesis. 
Two mechanisms of formation - involving either primary crystallization or a 
specific role for ground substance (see also Apatite), and a variety of interme
diate phenomena - are equally possible. Depending on the pathologic state of 
the urine and urinary tract these two mechanisms would vary in their relative 
causal significance (cf. Section V, 2a). 

VI. Urolith Analysis 

"I cannot forgo this opportunity to stress how undesirable it is for surgeons to 
seal up calculi in glass phials without investigating their chemical properties." 
(MARCET 1818). 

This demand remains of equal importance today. Happily surgeons and pa
tients alike increasingly appreciate the need to analyse every spontaneously 
passed or surgically removed stone. 

The chemical analysis of uroliths must form the basis for any effective treat
ment or measures to prevent recurrence-(BASTIAN and GEBHARDT 1976; SCHNEI
DER and HESSE 1977; SCHNEIDER and HIENZSCH 1970). Amongst a multiplicity 
of clinical presentations the only factor common to all urolithiasis remains the 
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Table 12. Etiological classification of renal lithiasis in a series 
of 1936 patients (RAPADO et al. 1976) 

Of known cause No. of % 
cases 

Uric acid 250 13.0 
Hypercalciuria 213 11.1 
Urinary infections 191 9.9 
Urologic malformation 87 4.4 
Alkali abuse 57 2.9 
Hyperparathyroidism 54 2.7 
Cystinuria 21 1.1 
Metabolic bone disease 19 1.0 
Hyperoxaluria 8 0.4 
Renal tubular acidosis 6 0.3 
Xanthinuria I 
Idiopathic lithiasis 1029 53.2 

H.-J. SCHNEIDER 

Table 13. Methods of urolith analysis compared (ASPER and SCHMUCKI 1980) 

Method 

Chemical Polarizing Thermo- IR-spectro- X-ray 
analysis microscopy analysis scopy diffrac-

tion 

Specificity Ions Substance Substance Substance Substance 
structure group structure 

Identification of 
unknown substances ? ? ? ? + 

Point analysis ? + ? + + 
Average analysis + + + + 
Semiquantitative analysis ? + + 
Limiting sensitivity (%) ~I ? 10 10 < 10 
Minimal sample (mg) 10 ~I 20 5 I 
Differentiates between 
- Oxalates + + ? + 
- Urates + + + 
- Phosphates + + ? + 
Identification of amorphous + + 

apatite 

Semi-skilled personnel (+) + + 
Man hours (min) 15 30 30 15 5 
Equipment utilization (min) (15) 30 200 20 5 
Samples/technician/day 30 15 4 20 80 
Capital investment (xl,OOO Fr.) . I 5 50 40 60 
Amortisation time (years) 5 20 10 15 20 

Cost (Fr.lStone reported) 4 7 14 7 4 

+ = always possible, (+) = conditionally possible, ? = possible with difficulty, - = impossible. 
Cost comparison based on 1,000 analyses/year. 
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qualitative Debeye -Scherrer bright-field thermo-lTlicroscopy 
analysis technic gravimetry 

Nujol-technic phase contrast • Guinier·technic lTlicroscopy 
quantitative • differential -

analysis polarisation 
thermo· analysis 

counter-goniometer lTlicroscopy • KBr - technic technic 
micro scanning differential -

analysis 
lTlicro -radiography electron therlTlography 

microscopy 

Fig. 71. Analytical methods applicable to uroliths 

presence of a urine-derived solid phase somewhere within the urinary tract. 
The causes of stone formation (Table 12) are only apparent in about 50% of 
cases. The remainder have to be labelled as idiopathic. Only stone analysis, 
therefore, will provide any pointers as to the conditions of formation and re
quirements for prevention of further stones. 

In 1973, 8 urologists were asked for their views on urolith analysis (ALKEN 
et al. 1973). They considered 
1. Analysis of very individual stone to be essential. 
2. Chemical analysis to be preferable to no analysis at all. 
3. X-ray diffraction to be the most suitable technique. 

The crystalline components of uroliths are an expression of certain charac
teristic chemical conditions in the urine from which they were formed. Urolith 
analysis is capal;>le of mirroring these conditions. 

Both DOSCH and ALTROCK (1974) and GEBHARDT (1979b) have given a de
tailed description of the analytical power and technical requirements of various 
techniques. Fig. 71 (SCHNEIDER and SEYFARTH 1980) gives a synopsis, and the 
various methods are also compared in Table 13. 

1. Qualitative Chemical Analysis 

Chemical analysis of urinary stones is the oldest technique, having been rec
ommended as long ago as 1860 by HELLER in largely the same form as still em
ployed with minor modifications in most countries of the world (BACH et al. 
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1977; BURRIEL et al. 1969; ESTABAN et al. 1969; KLEEBERG 1968; KOLLWITZ 
1968; KREUTZMANN and ECKE 1971; SINGH et al. 1969). The method enjoys the 
advantage of being practicable in any clinical laboratory, the difficulty being 
that correct estimation of individual ions does not permit any conclusive state
ment about actual phase composition of the calculus. 

a) Processing of Calculous Material 

Analytical accuracy is strongly dependent on preliminary processing and sam
pling of the calculus. The stone is first thoroughly rinsed with distilled water, 
dried and weighed. Careful records are made of weight, color, shape, surface 
and fracture behaviour as well as of the degree of separation into shell and nu
cleus. A standardised analytical protocol permits automatic data logging (DOSCH 
1975b). Small calculi .are completely ground up and part of the powder so pro
duced is subjected to analysis. Larger stones are sawn through in the middle, 
one half being completely ground up whilst the other acts as a source of indi
vidual samples from nuclear and recognizable individual shell regions. Part of 
the material should be held back for re-examination. 

b) Analytic Procedure 

The standard analytic procedure is given in Fig. 72. A preliminary sample is 
reduced to ash in order to distinguish between organic and inorganic calculi. If 
the sample is combusted without residue the stone was organic, and a variety of 
reactions are employed for the detection of uric acid and urates, xanthine and 
cystine. Any residue will be of calcium oxalate or phosphate and oxalate, mag
nesium, calcium, phosphate, ammonium and carbonate are then tested for. In 
the light of their experience in analysing 1300 calculi KREUTZMANN and ECKE 
(1971) have opted to omit incineration and the carbonate reaction. 

Chemical analysis has been rendered considerably simpler by the appear
ance on the commercial market of customized sets of reagents and test combi
nations for urolith analysis (e.g. Temmler urolith analysis reagents, Mercko
gnost, Oxford Reagents, Renal Calculi and others). MAURER (1976) has been 
extensively involved in the development of these sets of reagents and has also 
drawn attention to their weaknesses (SCHNEIDER 1976). Their requirement for 
relatively, large quantities of test material is a distinct disadvantage, since at 
least half of all calculi weigh less than 25 mg, and there is considerable vari
ation in the reliability of individual test reactions. Calculi weighing less than 
10 mg cannot be examined by these methods (BRUCKNER and BERNSTEIN 1979). 

The rapid microtechnique of VISKELETY (1965) or LASKOWSKI (1965) may 
be suitable for very small calculi or minute samples from individual layers 
within a stone. These techniques involve microscopic observation of reactions 
taking place on a slide. The microanalyses put forward by MAURER (1969) or 
REDINGER (1970) also only require a sample ofa few milligrams. 
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Qualitative chemical stone analysis 

recipitate 

~combustion testr. 

residue 

uric acid 
urates 
cystine 
xanthine 
proteine 

no residue 
calciu m oxalate 
calci um phosphate 
magnesium phos
phate 
calcium carbonate 

Isample with residue I 
Istone powder I • J. dissolve in Hel and heat 

2. cool and Ii Iter 
3. supersaturate Ii ltrate with ammonia 
4. add acetic acid to precipitate and centrifuge 

1. dissolve in ~S04 
2. add of KMn 01. 

in case of discoloration 

Ca-oxalate 

ill Isample without residue I 

f stone powder I 
.; .---,. __ .z-...,-.."......, 

.-I evaporate with HN03 I-. dissolve in NaOH 
• • • .. add Pb -acetate 
add ammonia add NaOH and boil 

uric acid 
urates 

xanthine cystine 

presence of uric acid and Mg++ 

NaOH added tostonepowder 
red litmus paper turns blue 

presence of phosph ate 

ad Hel to stone powder solution 
of 8aOH is clouded above the 
sample 

Fig. 72. Protocol for qualitative chemical analysis (SCHNEIDER et al. 1973b) 

69 



70 H.-J. SCHNEIDER 

BERENYI (1981) and BERENYI and PANOVICS (1980) have recommended an 
ultramicrochemical analysis technique which combines with microscopic ob
servation and is said to yield accurate results for samples in the 1 - 10 Ilg range. 

Organic ground substance (matrix) is easily distinguished in thin sections by 
a variety of stains. During the analysis mineral components are dissolved so 
that the residue (amino acids, sugars, etc.) can be estimated, by micro
techniques if necessary (HILMAN 1979; SZABO and MODIS 1980, 1981; WATA
NABE 1972; WILLNOW and STRAUCH 1967). In the case of pigment stones it may 
be of some importance to know the pigment. The latter is therefore eluted from 
the stone and identified by a variety of methods. Thin film chromatography has 
been successfully employed in the detection of purpurine in a reddish stone 
(HESSE et al. 1974a). 

c) Discussion 

The information available from qualitative chemical analysis is nowadays no 
longer able to meet in extent or nature the demands of modern treatment and 
prevention of urinary calculi (LARSSON 1980). Even in the case of so-called pure 
stones it is impossible to differentiate between whewellite and weddellite, uric 
acid and uric acid dihydrate or between individual phosphates of calcium. The 
wide margin of error is to some degree due to the frequency of mixed calculi. 

SUTOR et al. (1971) found good correspondence with the results of X-ray 
diffraction in only % of cases, and BACH et al. (1977) indeed in only 57%. 
SCHNEIDER (1968 a) recorded an 18% error and ASPER and SCHMUCKI (1980) re
ported rates of between 18 and 42%, depending on the type of stone (Table 14). 
Since the material reported by the latter authors was all examined by an ex
tremely experienced analytic chemist, their reported error rate is likely to be in
herent in the method. 

Qualitative chemical analysis should be regarded as a screening tool, with 
theoretical limits that permit a statement to be made about 50% of all stones 
(i.e. sufficiently large primary calculi of adults) (SCHNEIDER et al. 1985). 

Table 14. Results of ISO uroliths analysed chemically in the 
wet and controlled against X-ray diffraction 

Substance Result Number % 

Phosphate False-positive 81 54 
False-negative I 1 

Oxalate False-positive 5 3 
F alse-negati ve 5 7 

Uric acid False-positive 3 2 
False-negative 1 I 

Calcium carbonate False-positive IS 10 
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2. Quantitative Chemical Analysis 

Quantitative chemical analytical methods are employed in the detection of ma
jor- and trace elements and of organic compounds. The technique is able to 
give exact information on certain components involved in the make-up of 
uroliths (ESTEBAN et al. 1969; HODGKINSON 1971; SCHNEIDER 1969b; THOMAS 
et al. 1978; WESTBURY 1974). 

a) Sample Processing 

A mixed sample of approximately 500 mg powdered calculus is dessicated at 
105 0 C until the weight is constant and reduced to ash at 550 0 C in a muffle. 
The ash is weighed and dissolved in hydrochloric acid, in which form it may be 
stored (Fig. 73). 

b) Analytic Procedure 

Major and trace elements are estimated in the hydrochloric acid decoction and 
given in g or mg/kg dry weight. Special techniques suitable for the estimation 
of trace elements are atomic absorption spectroscopy and mass spectroscopy. In 
terms of ash, phosphate and magnesium content alone it has been possible to 
characterize 5 categories of calculus (Fig. 74). 

c) Discussion 

This quantitative technique is too laborious for routine urolith analysis. It re
mains of value in comparative studies and for research purposes. 

A new method for quantitative chemical analysis in the wet has been de
scribed by LARSSON (1984), who also discusses the principles of calculating re
sults and mass recovery by ~lgorithm. Calcium, magnesium, ammonium, phos
phate, oxalate, uric acid, cystine and protein are individually determined and 
the total mass recovery calculated on a microcomputer. 

3. X-Ray Diffraction 

Since uroliths are chiefly composed of crystalline material, various modifi
cations of the X-ray diffraction technique are suitable for the study of urinary 
calculi. In recent years X-ray diffraction has indeed become the method of 
choice. 

The London group headed by Dame KATHLEEN LONSDALE has over the past 
20 years published a large volume of material (HERRING 1962; LONSDALE 1969; 
LONSDALE and MASON 1966; LONSDALE and SUTOR 1969; LONSDALE et al. 
1968a, b; SUTOR and WOOLEY 1970, 1971, 1972 a, 1974a, 1975; SUTOR et al. 
1974). 
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Unnary calculus 

Calcium 
Phosphate 
Potassium 
Sodium 
Magnesium 

Iron 
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Copper 
Manganese 
Zinc 
Molybdenum 
Cobalt 
Lithium etc. Fig. 73. Protocol for quantitative chemical 

stone analysis (SCHNEIDER et al. 1973b) 
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Fig. 74. Classification of cal
culi according to their compo
sition on quantitative chemical 
analysis (SCHNEIDER et al. 
1973b) 
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Fig. 75. X-ray diffraction by 
lattice plane boundaries. Dia
gram explaining the derivation 
of the Bragg equation 
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The techniques employed were those of Debye-Scherrer, Guinier and the 
goniometer method, all of which yield both qualitative and quantitative results 
(BAER et al. 1972; BRIEN and BRAUN 1973; CIFUENTES DELAITE et al. 1967; GEB
HARDT and BASTIAN 1975; GOTZ 1974; HESSE and BACH 1982; KAzomKO et al. 
1983; KOSLOWSKI 1973; LAGERGREN 1961; MATOUSCHEK and HERRIG 1967; 
MORRIS and BEELER 1967; OTNES 1983; SCHNEIDER and HESSE 1973; SCHNEIDER 
et al. 1970a, b, 1974a, b). 

a) Basic Principle 

Whenever monochromatic X-ray impinge on the crystal lattice of a urolith 
component diffraction will occur at certain defined lattice planes. Suitable 
monochromatic rays are generated by filtering out the Kp-rays from a copper 
anode X-ray tube, leaving only KO(-radiation (CUKO( = 0.1542 nm). If this radi
ation passes through crystalline material, electrons of the atomic shell interact 
with the electromagnetic waves leading to X-ray diffraction and the generation 
of interference patterns (Fig. 75). The Bragg equation gives a direct relation
ship between the diffraction angle () and the "d-value". 

n x A = 2 d sine (), 

n = order (1, 2 etc.), A = wave length (nm), d = lattice plane interval (nm), () = 
diffraction angle (0). 

Diffraction angle is thus determined by crystal lattice structure and, like the 
d-values is specific at a constant wave length for substance and crystal type. For 
known wave length and lattice plane interval the intensity of a given diffraction 
ray may be compared to that in the diffraction pattern of reference substances 
(ASTM Index 1971), thus yielding quantitative and qualitative data on urolith 
samples. 

Any given urolith phase is characterised by a multitude of interference ef
fects which are substance specific in position and intensity. 
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b) Sample Processing 

The urolith is first rinsed in water until adherent urine, blood and tissue rem
nants are thoroughly removed, following which the calculus is desiccated at 
38°C. Depending on its size it will then need to be sawn up or broken down in 
an agate mortar and checked visually for the presence of a layered structure. 
Should the latter be absent the stone is next ground to a crystalline powder of 
approximately uniform grain size. Just enough powder is then deposited in the 
hollow of a specimen holder to fill it when levelled with a glass microscope 
slide. Should the quantity of materjal be inadequate, a carefully roughened flat 
specimen support may be used and the sample firmly pressed onto it (aliquots 
of less than 10 mg). 

Where a layered structure was noted within the urolith, representative sam
ples will need to be taken from individual layers and treated as above, the 
layers being labelled from within outwards as nucleus and shell, or shells 1 and 
2 respectively. Following individual analysis the test material is returned to the 
whole and a representative specimen of the entire calculus analysed. 

In the Debye-Scherrer technique powdered calculus is inserted into a radio
lucent capillary tube which is then fastened to the Debye-Scherrer camera and 
accurately centered. 

c) Exposure Techniques 

The exact type of equipment used for X-ray diffraction analysis of uroliths var
ies from country to country, so that individual apparatus will not be described 
in great detail. Modem instruments are extensively automated, being provided 
with mechanical sample transport and with computing equipment. 

':/..) Debye-Scherrer Technique 

Once the capillary tube of ground calculus has been carefully centered in the 
beam (inadequate attention to this leads to broadening of the interference rings 
on the emulsion) the camera is loaded with film under darkroom conditions 
and attached to the X-ray tube. The film is then exposed, the time required be
ing specific to the individual apparatus. Figure 76 shows the X-ray beam path
way in the Debye-Scherrer apparatus, whilst Figs. 77 a, b demonstrate the dif
fraction diagrams of major urolith components. 

p) Guinier Technique 

This method is characterized by extremely high resolving power and excellent 
sharpness of interference lines (SEIFERT and GEBHARDT 1979).The interference 
pattern of low intensity peaks is still recognizable even if they lie close together, 
but this excellent resolution is only achieved by the use of strictly monochro
matic radiation and careful focussing of the interference pattern on the film 



Fig.76. X-ray beam path for Debye-Scherrer technique (SCHNEIDER et al. 1974b), 1 = X-ray 
beam, 2 = Specimen, 3 = X-ray film 
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Fig. 77 a, b. Debye-Scherrer diagram of principal urolith components 
a 1 = Uric acid, 2 = Uric acid dihydrate, 3 = Ammonium dihydrogenurate, 4 = Cystine, 
5 = Xanthine, 6 = Weddellite, 7 = Whewellite 
b 1 = Whitlockite, 2 = Hydroxyapatite, 3 = Dhallite, 4 = Newberyite, 5 = Brushite, 6 = Stru
vite, 7 = Calcium carbonate, 8 = Silicon dioxide 
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plane. The beam is usually rendered monochrome by the insertion of a thin 
sheet of quartz in front of the GUINIER chamber (Fig. 78). Careful sample pro
cessing is required to achieve a fine grain in the test specimen. Fig. 79 gives 
Guinier diagrams of urolith components and reference substances. The Guinier 
technique also permits 'the film to be replaced by a counter tube (GEBHARDT 
1979 a), which executes both a rotatory movement around its own axis and a 
carefully synchronised translation. The specimen is kept at a fixed point for all 
values of diffraction angle and remains in strict orientation to the primary 
beam. 

This technique has the following advantages over the Debye-Scherrer 
method: 
I. Improved resolving power 
2. Smaller sample size 
3. Increased intensity of reflection 
4. Facilities for measuring absorption. 

y) Diffractometer Technique 

In this method diffracted X-rays are not recorded on photographic film but 
registered by a counter tube (Fig. 80). The sample is held in the center of the 
circular field of measurement and the counter tube rotates around it with two
fold angular velocity. The interference pattern is now no longer registered si
multaneously but recorded sequentially. Pulses generated in the counter tube 
by diffracted rays are amplified and fed to a chart recorder. Figures 81 a and b 
give goniometric diagrams of important urolith components. 

d) Data Evaluation and Comparison of Techniques 

Four routine clinical purposes the possible range of urolith components will be 
known and the estimation of d-values may therefore be omitted . 

......... ------/ 
Fig. 78. X-ray beam path in Guinier technique (SCHNEIDER et al. 1974 b), 1 = X-ray tube, 
2 = Monochromator, 3 = Specimen, 4 = X-ray film 
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Fig. 79. Guinier diagram for pure substances (above) and uroliths (below) with silicon (cen
ter) as an internal reference (SCHNEIDER et al. 1974 b). 1 = Struvite, 2 = Whewellite, 3 = Car
bonate apatite, 4 = Uric acid 

Fig. 80. X-ray beam path in 
counter goniometer technique 
(SCHNEIDER et al. 1974b). 
1 = X ray tube (pencil beam), 
2 = Inlet diaphragm, 
3 = Divergence diaphragm, 
4 = Focussing arc, 
5 = Specimen stage, 
6 = Specimen, 7 = Anti-scatter 
diaphragm, 8 = Counter dia
phragm, 9 = Counter tube, 
10 = Scale 
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Debye-Scherrer films are interpreted by comparing them with films of 
chemically pure standards on an illuminated viewing box. The composition of 
mixed calculi is identified by comparison with serial mixtures of pure sub
stances made up in steps of 10% by weight. Equally a transparent template may 
be made of pure substance diagrams and compared with the test material by 
superimposition. 

Goniometer diagrams of so-called pure stones can also be identified by tem
plates derived from the pulse density distribution of reference substances. This 
template method becomes inaccurate for mixed calculi and has to be replaced 
by analysis after NARA y-SZABO and PETER (1967) (Fig. 82). 

XA (mole%) 
IA X fA + IB X fB ... + IN X fN ' 

XA = mole% of component A 
IA ... IN ... Intensity of the pulse density peaks for components A ... N (height 

inmm) 
fA ... fN ... Reference factors for components A ... N. 

The reference factors fA ... fN are developed from mixtures of urolith refer
ence substances and MgO as an internal standard. Their values are specific to 
the apparatus employed and characteristic for individual peaks found for each 
urolith component. They are calculated by the equation 

XA ... N X IMgo 
fA ... N 

XMgO X IA ... N ' 

XA ... N 

XMgO 

IA ... N 

mole% reference substance 
mole% MgO 
Amplitude of the pulse density peak characteristic for the reference 
substance (mm) 

IMgo ••• Amplitude of a pulse density peak for MgO (mm). 

IA ... IN are chosen to correspond to the most intense material - specific pulse 
density peaks that fail to coincide with other peaks derived from the analytical 
sample (Table 15). 

At a constant angular velocity of 1 o/min the whole analytical process in
cluding grinding up, processing, evaluating and recording data requires ap
proximately 30 min/stone (REBENTISCH et al. 1981 b). It is convenient to state 
concentrations in' phase mixtures in terms of mole%. 

Indeed the eye alone is quite capable of estimating the molar proportions of 
a mixture from a comparison of the most intense analysis peaks. The main im
petus to introducing mole percentages on a broad basic came from the high 
molar weights of struvite and carbonate apatite, whereas most other urolith 
phases, possessed of similar molecular weight, did not give rise to wide diver
gences between the values for mole% and %weight for weight. 

The limits of analytical accuracy have been determined for the 7 most com
mon 2- and 3-component mixtures in urinary calculi (REBENTISCH et al. 1981 a, 
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Fig. 82. X-ray diffraction map of a mixed uric acid-whewellite stone with sample Naray 
computation (SZABO and PETER 1967) 

Table IS. Principle analytical peaks for characteristic urolith phases (REBENTISCH et al. 
19S1a) 

Urolith phase lJ (0) d-Value (nm) 

Whewellite (56.4% a) 7.45 12.20 15.20 0.694 0.365 0.295 
CaC20.· 1 H2O 

Weddellite (15.1%) ,7.15 16.15 0.619 0.277 
CaCaO.' 2 H2O 

Carbonate apatite (3.62%) 13.00 15.95 0.342 0.2S0 
Ca •. ,.(PO.)2 .•• (OH)o.s.(OH3)o.3' 

Struvite (5.S7%) 8.00 10.95 16.85 0.536 0.406 0.266 
MgNH.PO •. 6 H2O 

Brushite (0.28%) 5.85 0.755 
CaHPO.· 2HaO 

Uric acid (11.9%) 5.80 14,00 14.40 0.651 0.318 0.310 
C,H.N.03 

Uric acid dihydrate (3.07%) 5.05 10.55 0.875 0.421 
C.HsN,O, 

Monoammonium urate (0.43%) 7.90 12.95 0.561 0.344 
C.H,N,03 

Monosodium urate 14.70 0.304 
C,H,N,O.Na 

Cystine (0.22%) 9.50 0.467 
C.H12O.N2S2 

Magnesium oxide 21.40 0.212 
MgO 

a The values in brackets indicate the relative frequency of each phase in a cohort of 50,000 
analyses 
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c; REBENTISCH and BEYER 1983). These limits lie between 5 and 10 mole%, in 
the majority of cases s 5 mole%. An analytical limit of 10 mole% for one com
ponent of mixed calculi appears adequate in present day diagnostic and thera
peutic practice. Problems may nervertheless arise in differentiating phosphate 
phases. Brushite, struvite and newberyite are unequivocally distinct, whilst 
hydroxyapatite, carbonate apatite and whitlockite are often difficult to distin
guish by X-ray diffraction (SCHUBERT 1981; SUTOR 1968 a). Only carbonate 
apatite may be distinguished from the other members of the group by an addi
tional.hydrochloric acid test. 

The occasionally poor crystallinity of phosphates also tends to obscure dif
ferences in their diffraction pattern. Several hours of tempering at 900 0 Care 
required to improve their degree of crystallinity, leading to sharper reflection 
patterns and more accurate separation of phases (DOSCH and ALTROCK 1974). 
Figure 83 shows the effect of tempering an apatite calculus. The process is not 
suitable for carbonate apatite from which carbon dioxide would be liberated, 
nor for mixed calculi within which reactions might take place between individ
ual components (GEBHARDT 1979a). 

DOSCH (1980 a), whose knowledge of urolith analysis must be without paral
lel, considers X-ray diffraction to be the only acceptable method of phase 
analysis. Calculi of any size greater than 1 mg may be analysed with a mini
mum of preliminary preparation and an analytical accuracy in the region of 
1-5% w/w for individual components. 

DOSCH and ALTROCK (1974) have made up binary mixtures in the ratio 
95: 5 w/w employing whewellite, weddellite, hydroxyapatite, struvite, brushite 
and uric acid. The analytical accuracies obtained (both for X-ray diffraction 
and infra-red spectroscopy) are set out in Fig. 84. The effect of crystallinity on 
analytical power is particularly striking. 

The effect on analytical accuracy of varying admixtures in the range 5 - 15% 
has been demonstrated by GEBHARDT and BASTIAN (1976a) in relation to a 

Fig. 83. a, b. Improved X-ray detection of apatite 
after tempering at 900°C. Urolith containing 
> 90% apatite, a before and b after heating 
(DOSCH and ALTROCK 1974). R. T. = room tem
perature 40 
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Fig. 84. Binary mixtures of six principal urolith components. The numbers in heavy print give 
the minimum quantities of secondary components in % w/w, which are still just detectable in 
the presence of each principal component. The numbers to the right of the heavy print give the 
percentage intensity of X-ray interference still recordable in mixtures of which the secondary 
component constitutes 5%. The box below each heavy printed numeral gives information on 
infra-red spectrographic detectability, relating to binary mixtures with 5% secondary 
components (DOSCH and ALTROCK 1974) 

Table 16. Percentage frequency of urolith components for varying analytic accuracy (n = 1327 
calculi) (GEBHARDT and BASTIAN 1976a) 

Type of stone 

Oxalate stones 
Phosphate stones 
Uric acid stones 
Mixed uric acid-oxalate stones 
Mixed oxalate-phosphate stones 
Mixed phosphate-oxalate stones 

Patients each impurity level 

5% 10% 

40.02 47.63 
17.70 18.84 
6.64 8.60 
8.14 2.79 

16.05 15.07 
1.89 1.66 

15% 

50.41 
19.52 
9.04 
1.43 

13.79 
0.98 

series of 1327 uroliths (Table 16). The distribution of the more important 
urolith components varies according to frequency of occurrence and mass pro
portion (Table 17). 

4. Infra-Red Spectroscopy 

Infra-red spectroscopy is an analytical technique of proven value, having first 
been employed for urolith analysis by BEISCHER (1955). In the meantime the 
technique has become routine (ADRIAN 1972; ARNOLD and SEEMAN 1968; BEL
LANATO et al. 1973; CORNS 1983; FREYE and CHAN 1972; GARCIA-CUERPO and 
AVILLA 1979; HESSE and KLEE 1974; HESSE and BACH 1982; KISTERS and TER-
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Table 17. Frequency of principle components among 1327 calculi (GEBHARDT and BASTIAN 
1976a) 

Component Incidence Mass Bonn 
reference 
calculus 

%a %b %e 

Whewellite 66.69 55.18 30.80 
Weddellite 54.56 41.40 22.59 
Apatite 32.71 37.87 12.39 
Struvite 15.45 67.51 10.43 
Uric acid 19.59 43.66 8.55 
Uric acid dihydrate 9.04 31.79 2.87 
Ammonium dihydrogenurate 16.80 7.28 1.22 
Sodium dihydrogenurate monohydrate 15.37 6.94 1.07 
Brushite 3.24 59.42 1.93 
Octacalcium phosphate 1.28 13.82 0.18 
Whitlockite 2.56 21.32 0.55 
Newberyite 1.06 14.29 0.15 
Bobierite 0.08 10.00 om 
Cystine 1.28 99.41 1.27 

a Percentage of calculi containing this component 
b Mean proportion (%) of a calculus containing any of this material 
e Mean proportion of this materiql found in all 1327 stones analysed 

HORST 1973; KLEE 1970; OHNMACHT and JOBST 1977; OSCHURKOW et al. 1978; 
OTTO and IHMANN 1967; RICHTER and SUCKER 1967; SCHNEIDER et al. 1973 a, b; 
SUCKER 1963; TAKASAKI 1974; TRY 1981; TSAY 1961). 

a) Basic Principle 

In the infra-red range of the spectrum between 2.5 - 50 I.l or 4000- 200 cm-1 the 
incident energy is capable of exciting oscillation within molecules and crystals. 
The interaction between infra-red electromagnetic waves and the substance un
der examination is completely defined by the equation 

_ 1 1 11K 
v=T= 2rcc x V -;;' 
- 1 Q . f' d' d v = T = uantlty 0 lrra late energy (in cm- 1), c = Velocity of light, 

K = Binding constant, f1 = Reduced mass. 

Depending on the type of substance specific molecular excitation there will be a 
discrete attenuation within the irradiated spectrum, giving rise to absolutely 
characteristic absorption bands on the spectral record. The totality of ab
sorption within a given region of the spectrum is termed the absorption spec-
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trum characteristic of an individual substance. Both the organic and inorganic 
compounds found in individual urolith components have typical absorption 
bands. Infra-red' spectrophotometers with a wave number range of 100 
-4000 cm-1 are suitable for aJ;lalysing urinary calculi. Just as in X-ray dif
fraction, fully automated infra-red equipment is available with mechanical 
sample transport and on-line or off-line data processing equipment (HESSE 
1979, 1983). 

b) Sample Processing 

Material from the calculus must be uniformly distributed through a medium 
which itself has no or only minimal absorption within the spectral range em
ployed, and in which the sample is suspended or embedded. In the former case 
powdered calculus is dispersed in a paraffin oil (Nujol) as a film suspended be
tween the two windows of a cuvette. The resulting infra-red spectrum is that 
due to unaltered test material. However, difficulties in reproducibility make 
this process unsuitable for quantitative work. For such purposes high pressure 
embedding is preferable. 1-2 mg of urolith material are ground up with 
200 mg potassium bromide in a shot grinder for 2-5 minutes. A hydraulic 
press with a special die then compresses the powder at 5-7000 kp/cm2 into a 
pellet of 12 mm diameter. BELLANATO et al. (1973) were able to take this pro
cess down to a sample size of 0.1 mg. One problem lies in the hygroscopic be
haviour of potassium bromide, since prolonged grinding of stone material with 
this substance and their proximity enforced by the pelleting press may lead to 
chemical change within the sample. Just as in X-ray diffraction methods, 
sample processing s40uld therefore be designed to avoid any change within the 
sample material, the hydrates being particularly at risk. Because of its low 
sample requirement, its reproducibility of sample processing and its overall 
general ease of application, pressure embedding has become the routine tech
nique for urolith analysis. 

c) Measurement Technique and Data Evaluation 

The grinding time of the potassium bromide/sample mixture is of great impor
tance for perfect infra-red spectroscopy. Large grains will introduce dispersion 
and falsify the absorption pattern, leading to difficulties in interpretation. The 
transparent sample pellet and a control cuvette are equally irradiated with in
fra-red energy. A rotating mirror directs radiation from each cuvette alternately 
into a monochromator. Spectrally refracted wave lenghts are then sensed by the 
receiver, whose amplified output controls both the orifice plate and a pen re
corder (HESSE and KLEE 1974, Fig. 85). 

By means of a range of reference spectra for all the known components of 
uroliths, both as pure substances and in serial mixtures in 10% w/w increments, 
a comparison may be drawn to the spectral pattern of the sample. Thus the na
ture of even mixed stones may be elucidated with an acceptable error in the 
10-15% range (Fig. 86a, b). 
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Fig. 85. Basic principle of infra-red spectroscopy (HESSE and KLEE 1974) 
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Fig. 86 a, b. Infra-red spectra of the principal urolith components 
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Fig. 87. Quantitative evaluation of absorption spectra showing application of the baseline 
method to a uric acid/whewellite calculus (HESSE et al. 1974 b) 

Quantitative analysis is possible by means of an internal standard or by the 
baseline technique (HESSE et al. 1974 b). 

A second pen recorder may be used to gain direct information on substance 
concentration from the amplitude of analytical peaks (HESSE et al. 1973 b). This 
recorder traces extinction lines and thus obviates their computation according 
to the Lambert-Beer law. 

The baseline method involves drawing a straight line across the base of a 
specific analytical peak related to the substance under scrutiny. By reference to 
the background absorption (Ik) the infra-red transmission I may be calculated 
from the amplitude of the bands i. In the case of a mixed calculus of uric acid 
and whewellite (Fig. 87) the equation would be, for example: 

DHS log h - log IHS 

DWh log Ik - log IWh . 

The ratio of the transmission factors may be read off against concentration in 
%weight on a calibration curve. 

Geometrical analysis of the extinction spectra represents an alternative 
method of quantitative evaluation. Fig. 88 demonstrates the procedure for a 
mixed weddellite-calcium-phosphate calculus. The area under the analytical 
bands is integrated and the corresponding values of mole or weight% read off 
from a reciprocal calibration curve (HESSE et al. 1974b). 

d) Discussion 

There is a wide divergence of expert opinion on the value of infra-red spec
troscopy for urolith analysis. 
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Fig. 88. Quantitative evaluation of extinction spectra for a whewellite/Ca3(PO.)2 calculus 
(60:40% w/w) by integration of the cross-hatched area (HESSE et al. 1974 b) 

Fig. 89. Characteristic differences ofwhewellite
OH-band resolution between whewellite and 
weddellite (HESSE et al. 1972b) 
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TSA Y (1961) considers this new method ideal for rapid accurate analysis of 
kidney stones. GEBHARDT (1980 a), however, found it impossible to distinguish 
between whewellite and weddellite, uric acid and uric acid dihydrate, ammoni
um dihydrogenurate and the sodium salt, or between the individual phosphates 
at a practical level, and it is chiefly for this reason that infra-red spectroscopy 
has not so far been perfected as the standard technique of urolith analysis 
(DOSCH, quoted in GEBHARDT 1980a). 

On the other hand HESSE et al. (1972 b) described impeccable analytical sep
aration of whewellite and weddellite and demonstrate significant differences in 
the OH-excitation bands (Fig. 89). In their hands (HESSE et al. 1974b) the ana-
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lytical accuracy achieved by comparison to the reference spectra of serial mix
tures is quite adequate for clinical purposes. For research purposes the tech
nique of integrating of the surface area under extinction peaks should be pre
ferred. 

Infra-red spectroscopy seems equally suitable for investigating stones of 
pharmacological causation, e.g. sulfonamide calculi (OTIO and ALLESCH 1969). 
In a series of 3000 uroliths CIFUENTES DELATTE et al. (1978a) came across 50 
sodium dihydrogenurate monohydrate concretions which they characterized by 
their infra-red spectrogram and thin section appearances. The same group (CI
FUENTES DELATIE et al. 1981) also claimed to have detected potassium di
hydrogenurate as a urolith phase. An inborn error of purine metabolism (ade
nine phosphoribosyl transferase deficiency) gives rise to 2,8-dihydroxyadenine 
calculi (JOOST et al. 1981; SAKOMOTO et al. 1981), which are easily distinguished 
from uric acid and uric acid dihydrate calculi by infra-red spectroscopy (ASPER 
and SCHMUCKI 1980; SIMMONPS 1979a, b; SIMMONDS et al. 1981). 

DAUDON et al. (1981) have presented a trial series of 150 samples from typi
cal and rare urolith phases analysed by a new method employing an argon laser 
(green line at 5145 A). The technique combines molecular spectroscopic 
features of infra-red and X-ray spectroscopy. Extremely small particles (Ill) 
may be analysed with considerable accuracy, particularly in mixtures. At pres
ent, the principal disadvantage of the technique lies in its considerable expense 
and in the inevitable destruction ofthermolabile phases (SANTOS et al. 1984). 

5. Thermoanalysis 

It was the group working with BERENYI (BERENYI et al. 1967; BERENYI et al. 
1968; BERENYI 1970, 1973 a, 1974; LIPTAY and BERENYI 1967; LIPTAY et al. 1966) 
who introduced thermal techniques into urolith analysis in the 1960s. As early 
as 1958 VON PHILLIPSBORN had drawn attention to the advantages of differen
tial thermoanalysis for the classification of uroliths, and calcium oxalate mono
hydrate has been used for a considerable number of years as a reference sub
stance in thermoanalysis. Nevertheless, the technique has found only limited 
application in routine analysis, despite reports from a number of countries 
(BUTHLIASCHWILI 1979; HEIDE 1970, 1979; ROSE and WOODFINE 1976; SCHNEI
DER and HEIDE 1971; STRATES and GEORGA-COPOULOU 1969). The following 
discussion of this technique is mainly derived from the classical descriptions by 
BERENYI (1974) and HEIDE (1979). 

a) Basic Principle 

Thermal analysis techniques comprise Differential Thermoanalysis (DTA) , 
Thermogravimetry (TG) and Derivative Thermogravimetry (DTG). 

A uniform rise in temperature will bring about changes in most test sub
stances that include loss of the water of crystallization, decomposition, com
bustion, recrystallization or melting. Differential thermoanalysis is able to iden-
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tify any substance undergoing a known phase change at a given temperature. 
The type of reaction (solid-state reaction, alteration of aggregate state) and 
whether the substance is crystalline or amorphous are quite immaterial. The 
key factor for identification is the occurrence of a thermochemical process 
utilising or generating heat (endothermic or exothermic reaction) or otherwise 
altering the thermal indices of the sample discontinuously over a narrow tem
perature range. 

The type of reaction, the temperatures at which it occurs and ceases, and the 
associated changes in weight and enthalpy vary in a substance specific fashion. 

DT A is based on measuring the temperature difference occurring between 
the sample and a thermally inert control during the course of a known reaction. 
The magnitude of this difference will depend on external factors (weighed in 
mass, cooling rate, grain size, etc.) and substance specific parameters. The re
action temperature and temperature drop are measured by thermocouples (Fig. 
91). 

A pair of thermocouples are connected to form a bridge circuit and heated 
in a furnace, one thermocouple being in the sample and the other in the control 
substance. The temperature difference between the two is registered on a meter, 
furnace temperature being controlled by a predetermined linear time-tempera
ture program. The samples are mounted in the furnace either in a single block 
or in separate sample holders (Fig. 90). Analytical resolving power for small 
samples may be very substantially improved by the use of separate sample hol
ders (SCHNEIDER et al. 1973 b). 

Thermogravimetry (TO) depends on continuous measurement by weighing 
apparatus of mass changes occurring in the sample during controlled linear 
changes in temperature. Any substance is suitable for phase identification by 
thermogravimetric analysis that loses mass at a given temperature, e.g. by de
composition or combustion, etc. Where the stoichiometric proportions involved 
in the reaction are known, the TO curve may be used for quantification of the 
phase composition. 
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Fig. 91. Left: Circuit diagram for DTA. 
Right: a Time-course of temperature 
change in specimen and inert substance. 
b Temperature differential between speci
men and inert substances as a function of 
temperature (DTA diagram) 

The analytical accuracy is given by the derivative overtime of the TG curve 
(DTG curve). 

DTA is suitable for the qualitative identification of numerous phases both 
individually and in mixture. By contrast, TG and DTG are able to identify a 
lesser number of phases but will reveal their quantitative proportions with con
siderable accuracy. 

The advantages of DT A and TG are usually combined in modern ther
moanalytical equipment. 

b) Sample Processing 

One great advantage of thermoanalysis lies in the fact that virtually no prelimi
nary processing of the sample is necessary. The test substance need not be al
tered by grinding, pounding or pressing prior to the actual analysis. Material 
from the entire stone or stone domain under scrutiny is simply weighed into the 
sample holder. Macroanalysis requires 10- 500 mg and microanalysis approxi
mately 0.1 mg. 

c) Data Evaluation 

Figure 92 is the original thermogram of a mixed stone showing the stepwise de
cay measured by DTA and TG. These reactions occur independently of each 
other, even in mixed calculi, so that stones of multiple crystalline composition 
may be identified qualitatively with relative ease. 

Figure 92 gives a synopsis of the DTA and DTG curves for the most impor
tant urolith components. Most urinary calculi are also suitable for quantitative 
thermoanalysis. If the qualitative composition of the sample is known the quan-
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Fig. 92. Actual thermogram of a mixed stone 
(above - DTA, below - TG) 
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tities of its principle components may be calculated. Weight loss is read off 
from the TG curve, and once the fragmentary products of thermal degradation 
are known (NH3' H 20, CO, CO2), the desired result may be calculated by 
stoichiometry. 

BERENYI (1974) has provided factors which simplify these computations. 
The quantity of a given compound in mg may be calculated by multiplying 
mass deficit with the corresponding factor. 

Over certain temperature ranges processes of thermal decay may occur in 
several compounds simultaneously, and such overlap occasionally leads to diffi
culties of interpretation. The thermal behaviour of a variety of renal calculi has 
been described in detail by SCHNEIDER et al. (197 3 b). 

Pure fluorapatite is unchanged at 1000 0 e, and the same is true of 
hydroxyapatite, an uncharacteristic endothermic reaction occurring between 
800-900°C. Carbonate apatite may also be difficult to assess, since the endo
thermic reaction between 800 and 900 °e characteristic of calcite is absent. 

Whitlockite is also only indirectly accessible to thermoanalytic identifica
tion. 

On the other hand brushite, calcium dihydrogenphosphate, newberyite and 
struvite are all suitable for thermal identification. 

Organic calculi which, from a thermic point of view, include calcium oxa
late are usually easy to analyse with accuracy. 

They differ from inorganic calculi in the exothermic combustion of carbon 
compounds. 
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Whilst macroanalysis of xanthine yields a thermogram barely distinct from 
that of uric acid, microanalysis permits unequivocal distinction (SCHNEIDER and 
HEIDE 1971). By using very small samples the superimposition of secondary 
processes (endothermic uric acid and exothermic xanthine degradation) may be 
largely avoided, and the true reaction becomes manifest. 

Calcium oxalate has probably been subjected to more intensive ther
moanalysis than any other urolith phase. Its thermal degradation comprises 3 
stages (see Fig. 93b). 

Weddellite fails to reveal a constant crystallization water content of 2 H20 
as would be suggested by its formula. The water content in fact varies from 
sample to sample, but once the water has been cleared, degradation proceeds 
along the same lines as for whewellite (see Fig. 93 b). 

d) Discussion 

Thermoanalysis is a highly suitable technique for the identification of urolith 
components. For a sensitivity of 0.5 mg the standard error is of the order 10%. 
The sample escapes any debasement during preliminary processing, and micro
analysis is possible on samples of 0.1-1 mg. The technique is quantitative for 
the majority of urolith components, further data being available from micro
thermoanalysis. 

Thermoanalysis is less suitable for the separation of calcium phosphates. 

6. Autoradiography 

Being relatively costly, auto- and microradiography are less suitable for routine 
urolith analysis. Nevertheless these techniques, developed by ENGSTROM and 
BELLMANN (quoted in BOSHAMER 1961), may be extremely useful for certain re
search purposes. LAGERGREN (1956) has examined more than 100 stones in this 
way and MURPHY and PYRAH (1962) have combined microradiography with 
polarising microscopy to give precise localisation of calcium. More recent re
ports have come from MCCONVILLE (1973, 1980). 

Thin section of urolith (0.2 - 0.3 mm thickness) are placed directly on fine 
grain X-ray film and exposed to a primary beam at 20-30 cm tube-film dis
tance. Using the softest possible X-rays exposure times of a few seconds will 
give good pictures, usually requiring photographic enlargement. The coef
ficients of absorption decrease throughout the series apatite, brushite, whewel
lite, struvite, cystine and uric acid. Analysis is by comparison to standard ab
sorption values for all known urolith phases, the only precondition being that 
the exposures were made under identical conditions of section thickness, ex
posure time, development time and photometer arrangement. 

MCCONVILLE and MCCONVILLE (1976) were able to measure the distribu
tion of carbon, oxygen and calcium in a staghorn calculus by means of neutron 
activation autoradiography. Their calculus contained 10.25% calcium and 
27.29% oxalate (Fig. 94). 
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4,4mm 

a b 

Fig. 94 a, b. Autoradiographs of a staghom calculus. a Carbon, b Calcium. Photographs kindly 
provided by Dr. McCONVILLE, Birmingham 

7. Combination Techniques 

The power of an individual analytical technique may be assessed by comparing 
it with the data provided by several authors using different techniques 
(RODGERS et al. 1982). In one randomised trial two geographically separated 
workers examined 100 powered urolith samples by quantitative chemistry, by 
X-ray diffraction, by infra-red spectroscopy ~nd by thermoanalysis (SCHNEIDER 
et al. 1973). All 4 methods produced correct results for the principal com
ponents with an error of 2%. The best correspondence was found between the 
three physical methods, particularly with regard to components in niixtures, 
although each individual method had its own specific problems. 

KRIZEK et al. (1973) tested 102 calculi chemically identified as cystine and 
coming from 46 cystinurics by means of X-ray diffraction, infra-red spec
troscopy and microthermoanalysis. 85% of the calculi were pure cystine. Mix
tures occurred with uric acid and calcium oxalate, in the presence of secondary 
infection mainly with struvite and carbonate apatite. Cystine was easily recog
nized by all 3 techniques. Thermoanalysis revealed significant reproducible 
deviations from the pattern of analytic grade L-cystine for calculi found to be 
"pure" by X-ray diffraction and infra-red spectroscopy. This difference took 
the form of a double-reaction at 220 °C and 250 °C, and of unknown causation. 
Possibly trace quantities of foreign material debase the crystal structure, or al
ternatively thermal decomposition itselfleads to these phenomena. 

Overall comparison of the various techniques reveal chemical analysis in 
the worst and X-ray diffraction in the best light (BEELER et al. 1964; GRIEVE and 
ZAREMSKI 1973; OTNES and MONTGOMERY 1980; POLLAK and CARLSON 1969). 
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Combination techniques may be used to establish close correlation between 
composition and morphology of stones (REVEILLAND et al. 1980). Eight mor
phological species correspond to 4 types of pure calculus and 6 mixed forms. 

Fuss et al. (1976) routinely follow an analytical protocol comprising polaris
ing and phase contrast microscopy with scanning electron microscopy, electron 
microprobe and X-ray diffraction for the elucidation of cryptocrystalline 
phases and microcrystals. Because of its considerable expense such a technique 
can only be advocated in special cases. JOOST and TESSADRY (1983) were able, 
using the electron microprobe, to detect apatite and struvite in oxalate and cys
tine stones at levels undetectable by X-ray diffraction studies. 

The consistently best results have probably been achieved by combining 
X-ray diffraction with optical crystallography (FLEROWSKI 1965; HESSE et al. 
1981 a; OTNES 1980; RODGERS 1981 b) (see also Section VI, 8a and d). 

Large series employing a combination of microscopy and X-ray diffraction 
have been reported by HERRING (1962, 10,000 calculi) and PRIEN (1963, 25,000 
calculi). BRORING et al. (1979) found accurate correspondence between the two 
methods, notwithstanding which they do not recommend the use of this combi
nation, preferring polarising microscopy alone for quantitative urolith analysis 
in clinical practice. 

A group headed by BRIEN (BRIEN 1982a, b; BRIEN et al. 1982; BICK and 
BRIEN 1976; BICK et al. 1974; SCHUBERT 1980) have gone a long way towards 
the perfection of this method, subjecting powdered samples from 600 calculi to 
microscopy and X-ray diffraction studies. The former method performed poor
ly at separating uric acid, uric acid dihydrate and the urates, whilst the latter 
was unsuitable for calcium phosphates. 

Table 18 summarises the results of the two techniques. All uroliths are 
examined according to the protocol in Table 19. 

A series of 3 immersion media are used for the embedding of granular ma
terials. The components are characterised by measuring their refractive indices 
in relation to that of the immersion medium (see Section VI, 8). Whewellite, 
weddellite, brushite, struvite and cystine may be recognised with accuracy by 

Table 18. Crystallographic and X-ray diffractometric frequency of various urolith phases in a 
cohort of 600 calculi (BRIEN 1981) 

Type of calculus X-ray Polarizing Difference 
diffraction microscopy 

Whewellite 469 475 + 6 
Weddellite 268 272 + 4 
Apatite 179 201 + 22 
Brushite 12 12 
Struvite 71 79 + 8 
Uric acid 96 96 
Ammonium hydrogenurate 3 3 
Cystine 2 2 
Whitlockite I 0 
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Table 19. Separation of urolith phases by interference color, refractive index and X-ray dif
fractometry (BICK et al. 1980) 

Polarizing microscopy X-ray difJractometry 

Inter- Refractive indices Result Arc Result 
ference interval 
color (0 IJ) 

Low Ilany <M, Struvite N/A 

<Ila<M2 WeddeIlite N/A 
Low IlallyM, 

Ilany> M2 Brushite N/A 

Medium Ilany>M,: ny>M3 Cystine N/A <Ila ny<M3 
Whewellite N/A 

High Ila <M,<ny 
'1' > M;' Sodium urate 4-16 Sodium 

Uric acid dihydrogen urate 
dihydrate Uric acid 

dihydrate < Ilany<M3 WheweIlite N/A 
High Ilany > M, 

Ila >M3 Uric acid 4-16 Uric acid 
& urate group Uric acid 

dihydrate 
Ammonium 
hydrogen urate 
Sodium urate 

Pseudo- n>M, Calcium 2 - 18 Apatite 
isotropic phosphate Whitlockite 

group Octacalcium 
phosphate 

Multimineral 4- 16 % Phase 
composition 

Whewellitel 6-8 % Phase 
Weddellite composition 

M = immersion media with the refractive indices: 
n, = 1.515, n2 = 1.535, n3 = 1.655 

polarising microscopy, so that X-ray diffraction studies are obviated for 
monomineral calculi. Quantitative data may be obtained from mixed calculi by 
X-ray diffraction over the range 4-16 0 of are, and indeed whewellite-weddel
lite calculi (33% of all stones) may be adequately diagnosed over the interval 
6 - 8 o. Only for the determination of uric acid, urates and calcium phosphates 
is complete diffractometry required. 
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8. Microscopy 

The principle advantage of microscopic analysis over other techniques is its 
ability to examine small samples in great detail and to provide adequate or 
even reliable qualitative data on the phase composition of the most compli
cated mixtures. Amongst this group of techniques polarising microscopy has 
proved of particular value, and in recent years its significance in urolith analy
sis has exceeded that of merely being the method of choice (BICK et al. 1974, 
1980; BRIEN 1982; CIFUENTES DELATTE et al. 1973b; HICKING 1979; PRIEN and 
FRONDEL 1947; PRIEN and PRIEN 1973; SCHNEIDER and SEYFARTH 1980; SEY
FARTH et al. 1972; SORGER and BAUSCH 1971; SZABO 1967, 1970, 1974). 

For urinary concretions of multimineral composition, combination with 
X-ray diffraction and infra-red spectroscopy gives improved analytical power 
(see Section VI, 7, Table 19). 

a) Polarizing Microscopy 

':I.) Principle 

A detailed description of the technique and various methods of application 
may be found in EMMONS et al. (1973) and elsewhere. A polarizing microscope 
is distinguished from an ordinary bench instrument by the addition of 2 
polarizing filters (polarizer and analyzer), a A. compensator (Red I) and a rotat
ing stage (Fig. 95). 

Both polarizers transmit light in only one plane. In the polarizing micro
scope measurements are made with these two planes arranged at right angles, 
so that complete extinction (dark field) normally results. White light from the 
source is linearly polarized by the polarizer. On passing through an anisotropic 
crystal such plane-polarized light waves are split into two component rays with 
their planes of oscillation at right angles (Fig. 95). The birefringence character
istic of every urolith phase consists of these two rays being propagated at dif
ferent speeds through the anisotropic medium, and thus leaving the crystal with 
a path length difference dependent on both the thickness of the sample and on 
its birefringence (ny - noc). 

G = d x (ny- noc), 

G: Path length difference, noc, ny: Minimal and maximal refractive indices of a 
mineral grain, d: Sample thickness. 

The analyzer renders both plane polarized beams coplanar, resulting in the ap
pearance of interference colors. These are generally characteristic of urolith 
components (for equal sample thickness) and allow an initial assessment of the 
degree of birefringence (see Michel-Levy tables, Appendix) (HICKING 1979; 
SCHUBERT 1980; SORGER and BAUSCH 1971; SZABO 1974). 

Birefringence values will vary between zero and a maximum characteristic 
of the individual crystal phase, depending on the plane of section through indi-
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Fig. 95. Basic arrangement and mode of action of the polarizing microscope 

vidual grains. The interference colors generated will thus also depend on the 
direction of light transmission. Contrary to the behaviour of anisotropic grains, 
isotropic material exhibits no birefringence whatever with crossed polarizers, 
and extinction is therefore maintained. This is of practical significance for the 
calcium phosphates, whose extremely low birefringence renders them isotropic 
or pseudoisotropic (see Table 20). BICK and SCHUBERT (1980) have reviewed 
the criteria for distinguishing members of the phosphate group by microscopy. 

fJ) Crystallographic Data 

As well as the refractive indices and the degree of birefringence along with its 
associated interference colors, a number of crystallographic parameters may be 
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used for unequivocal characterization of individual grains. These values in
clude the optical axis angle, its dispersion and the optical character. Together 
they permit determination. of the crystal system and its axis arrangement, as 
well as the assignation of positive or negative sign (SORGER and BAUSCH 1971; 
EMMONS et al. 1973). These measurements are made under conoscopic con
ditions, using an additional lens (BERTRAND lens) and a A-plate (red I) in the 
optical pathway. In the main this system sheds further light on problems of 
phase composition not resolved by refraction studies alone. 

Table 20 gives crystallographic data and morphologic characteristics of 
urolith minerals. 

y) Analytic Protocolfor Grain Samples 

The following equipment is required: 
- Polarizing microscope; 160 - 200x magnification 
- Immersion media Refractive index 

Oxalic diethylester 1.409 
Cedar wood oil 1.515 
Ethyl iodide 1.516 
Ethyl bromide 1.535 
Canada balsam 1·535 
Monobromobenzene 1.560 
Cinnamaldehyde 1.615 
Quinoline 1.624 
x-monobromonaphthalene 1.658 
By mixing these immersion oils media of any desired refractive index can be 
made up, the latter being determined with an ABBE refractometer. A synop
sis of commonly used immersion media may be found in EISMANN (1980). 

- Microscope slides, cover slips, dissection needle, fretsaw and files 
Just as for X-ray diffraction and infra-red spectroscopy there is a require

ment in urolith microscopy to first break down calculi into very small frag
ments, whose fracture planes are then assessed by incident light stereomicro
scopy, under which mictosamples are picked out of nuclear and peripheral 
zones with a dissecting needle. The grains are then crushed between two slides 
so as to guarantee a grain size of 10- 30 11. The pulverised stone sample is now 
dispersed in immersion medium and covered with a cover slip. A whole series 
of protocols has been described for routine microscopy of uroliths (BICK and 
BRIEN 1976; SCHNEIDER and SEYFARTH 1980; SORGER and BAUSCH 1971; SZABO 
1974), that due to BICK and BRIEN (1976) being given in Fig. 96. An initial mor
phologic examination is made of individual sample grains with crossed 
polarizers, at which stage the principle structural and aggregational features of 
the grain being examined may be determined (see Section V). Following the 
protocol the interference colors are now assessed, thus subdividing the urolith 
material into 4 phase groups by estimated refractive index. Refraction behav
iour is determined by comparing the refractive index of the crystal with that of 
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Table 20. Crystallographic data and morphologic description of urinary material (synopsis af-
ter PRIEN and FRONDEL 1947, RINGERTZ 1965, SCHNEIDER and SEYFARTH 1980, SIDRLEY 1966, 
SZABO 1967, WINCHEL and WINCHEL 1967) 

Group Mineral Crystal system Refractive index Birefringence 

Ila np n" (n" - No<) 

Apatite Hexagonal Variable index Pseudo-
Carbonate 1.52-1.16 isotropic 
apatite 0.004 
Whitlockite 

2 Struvite Orthorhombic 1.495 1.496 1.504 0.009 

Brushite Monocline 1.539 1.545 1.551 0.012 

Weddellite Tetragonal 1.523 1.544 0.021 

3 Cystine Hexagonal 1.64 1.70 0.06 

Whewellite Monocline 1.491 1.555 1.650 0.159 

4 Uric acid Monocline 1.588 1.739 1.898 0.210 

Uric acid Orthorhombic 1.508 1.691 1.728 0.220 
dihydrate 

Ammonium 1.54 1.74 0.200 
dihydrogenurate 

Sodium Monocline 1.448 1.750 1.840 0.392 
dihydrogenurate 

the mounting medium, the condenser being lowered and the position of the 
Becke line being assessed by eye. This bright fringe of luminance around the 
grain margins moves into the medium of greater refractive index as the micro
scope tube is raised. Where the refractive indices of grain and mount are identi
cal the grain margin becomes indistinct. In view of the anisotropic nature of 
crystals two refractive indices will need to be measured at right angles to each 
other across the grain. For this purpose the polarizers are first maintained 
crossed and the crystal grain rotated into a position of complete extinction 
(optical axis of the grain parallel to the incident beam), the analyzer sub
sequently being removed from the light path and the refractive index of the 
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Table 20. (continued) 

Interference color 
(grain thickness ~ 20 11) 

Black 
(Gray) 

Gray 1st order 

1. Order 
(Gray to pale yellow) 

I st to 2nd order 
(Gray, red, blue) 

Often gray 1. Order, 
otherwise 2. - 3. Order 

4. - 6. Order 
Usually greyish-yellow 

Often with intensely 

colored interference 

bands depending on 
cross-section and 

crystal thickness 

Optical character 
Optical axis angle 

Negative 
Uniaxial 

Positive 37 0 

Positive 85 0 

Positive 
Uniaxial 

Negative 
Uniaxial 

Positive 84 0 

Positive 84 0 

Negative 40.4 0 

Positive 
Biaxial 

Morphologic characteristics 

Fine to coarse-grained, 
vesicular and clustered, hyaline 
and lamellar aggregates 

101 

Large, slipper of coffin-lid shaped 
crystals, usually coated with dark pigment 

Micaceous, lanceolate 

Pyramidal, occasionally trapezoid, 
triangular, often with characteristic 
V -markings parallel to crystal margin 

Fragments of hexagonal plates 

I. Fanning or spherolithic crystals 
with typical year-ring structure 

2. Clear, monocline-prismatic crystals 

Finely crystalline 

reddish-yellow, round aggregates, 

rarely clear prismatic crystals 

grain compared to that of immersion medium. The stage is then rotated 
through 90 0 and the second refractive index determined. The diagram in 
Fig. 96 shows how initial assessment of refraction values with medium I (cedar 
wood oil) taking due account of interference color, allows approximate separa
tion of urolith components. This recognition process may be further refined by 
the use of the remaining series of immersion media. Because refractive indices 
will vary, depending on the angle between optical axis of the microscope and 
that of the grain, the refractive indices should be determined for a number of 
grains of similar phase composition, in order to secure statistically significant 
characterization. The interference colors, and in particular their order number, 
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Fig. 97. Refractive indices and birefringence values of principal urolith phases (SZABO 1974) 

provide some information on the intensity of birefringence, although the latter 
may be more accurately determined by means of Michel-Levy tables (see Ap
pendix). 

Such morphologic and qualitative analytical data usually provide adequate 
characterization of uroliths for clinical diagnostic purposes. Conoscopy, or in 
some cases phase contrast, is also able to provide some separation within the 
uric acid and phosphate groups (see Section VI, 8c). Figure 97 gives the re
fractive indices and birefringence of characteristic urolith phases. 
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Advantages: Polarizing microscopy of urolith grains allows definite recog
nition of the majority of common components with a minute sample size (J.Lg 
range) and highly inhomogenous phase composition. Small zones of the con
cretion and subsidiary components which could not be analysed spectroscopi
cally may be classified by crystallographic criteria. Morphologic detail is also 
available on the individual phases making up the stone. The investment re
quired is relatively inexpensive compared to spectroscopic equipment. With a 
little practice analysis may be carried out in 20 minutes. 

Disadvantages: The method requires considerable experience. Generally 
speaking only qualitative statements may be made about phase composition. 
Representatives of the uric acid and pseudoisotropic calcium phosphate group 
are inadequately distinguished fr:om one another. 

Quantification techniques 

Table 21 gives an example in which phase composition has been studied quan
titatively, although considerable equipment costs are involved. 

b) Thin Section Studies 

In this technique phase composition is determined by assigning observable in
terference colors to individual phases or alternatively by conoscopy. The 
method .is only rarely used in urolith analysis (CIFUENTES DELATIE et al. 1973 b; 
RODRIGUEZ-Mrf\loN and CIFUENTES 1976) because of its expense. On the other 
hand, it provides a representative cross-section through the stone and gives 
both useful data on its phase composition and clues as to its mode of formation 
(see Section V, 3). Sections are prepared by embedding the stone in rapid-cur
ing synthetic resin. The stone is then cut and a polished surface attached to a 
microscope slide with potting resin. Initial coarse grinding brings the section 
down to 50 J.L thickness, which may alternatively be achieved with a microtome 
saw. The final polish is given with fine grain grinding compound, leaving an 

Table 21. Sample calculation for quantitative phase microanalysis of a urolith using the El
tinor integrating device after SCHNEIDER and SEYFARTH (1980) 

Qualitatively Number of Phase !Ij xdj Quantitative 
detectable grains counted density result: 
phases in for each phase (dj) phase weight 
urolith (aj) as % total 

composition 

A 23 2 46 19 
B 37 2 74 31 
C 40 3 120 50 

100· 240 100 
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ultimate thickness of 20 fl. Interference colors appear in sections of 30-10 fl 
thickness. Grinding is discontinued when first and second order interference 
colors are achieved on individual grains or when print may be read through the 
section. A drop of synthetic resin and a cover slip are then applied to seal the 
specimen. A detailed discussion of thin section techniques is given in the litera
ture (EMMONS et al. 1973; HOMRIGHAUSEN 1977; SCHNEIDER and SEYFARTH 
1980; SLUKA et al. 1975). 

b) Transmitted Light Microscopy 

Transmitted light is mainly used to determine grain morphology and is thus of 
particular descriptive values in the diagnostic examination of urinary sedi
ments. In addition to this BICK and BRIEN (1975) have successfully used trans
mission microscopy to distinguish between individual types of calcium phos
phate grain (whitlockite, octacalcium phosphate, hydroxy- and carbonate apa
tite ). 

The incident light method of BERENYI (1981) provides rapid and reliable 
data on morphology, composition and origin of urolith material both on 
ground surfaces and in grain samples. 

':I.) Sediment Studies 

Urine microscopy provides data on the crystalline components of urinary sedi
ment, and by so doing plays an important role in the diagnosis of urolithiasis, 
chiefly in terms of morphologic and phase characteristics of individual crystals 
(ALKEN and SCHAFER 1978; BERG et al. 1976b, c, 1982b; CATALINA and CI
FUENTES DELATTE 1970, 1971, 1974; ELLIOT and RABINOWITZ 1978; ELLIOT et al. 
1976; HEINTZ and ALTHOF 1976; KLEEBERG et al. 1981; KRIZEK 1968). 

The nature of crystalline urinary sediment furthermore permits early recog
nition of patients at risk of stone formation, a phenomenon which must be seen 
in the light of increased concentrations of lithogenic urine components and in
adequate activity of crystallization inhibitors. The clinical background for such 
an increased excretion of lithogenic material may be extremely varied. The fre
quency and size of sediment crystals are an accurate measure of the crystalli
zation tendency of a given urine (ALKEN and SCHAFER 1978; BAUMANN 1978; 
BERG, VAN DEN et al. 1976; BOTHOR and BERG 1980; CATALINA and CIFUENTES 
DELATTE 1971; CIFUENTES DELATTE 1974; ELLIOT and RABINOWITZ 1976, 1978; 
ROBERTSON 1978), with particular diagnostic importance attaching to large 
microliths and crystal aggregates. As a consequence, detailed qualitative and 
quantitative description of individual sedimentary pictures is important in the 
diagnosis of urolithiasis. 

Sedimentary crystals may be compared with standard grain preparations, 
and the identification techniques described under VI, 8a, including the pro
duction of characteristic interference colors under the polarizing microscope, 
may thus be used to distinguish between similar crystals of differing phase 
composition (BERG et al. 1982b; ELLIOT and RABINOWITZ 1978). 
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X-ray diffractometry, infra-red spectroscopy and scanning electron mi
croscopy combined with the electron microprobe also contribute to the ac
curacy of phase determination (ASPER and SCHMUCKI 1984; BERG et al. 1982b; 
CATALINA and CIFUENTES DELATTE 1971; ELLIOT and RABINOWITZ 1976, 1978; 
Fuss et al. 1976; HESSE et al. 1981 a; SEIFERT and GEBHARDT 1984). The micro
scopic assessment of crystal size distribution may be quantified by means of a 
measuring eyepiece of known grid interval or by use of a projection microscope 
(SCHULZ et al. 1980b). The MD-KOVA system offers a diagnostic set of stan
dardised protocols for urine sediment analysis (BAUER et al. 1981). 

/1) Microchemical Processes 

This technique of phase analysis uses transmitted light and is similar to the 
polarizing microscopy method in its extremely small sample requirement and 
its high accuracy when applied to samples from critical regions of the stone 
(nucleus, mantle). For the purpose of examination a grain sample is mounted 
on a microscope slide. The method perfected by BERENYI and PANOVICS (1980) 
was originally devised by BERENYI (1973a, b) and depends on the use of suit
able reagents to bring about a color change, gas evolution or e.g. recrystalli
zation of the grains or of their immediate locality, in short on evoking a process 
which may be followed visually under the microscope. When combined with 
morphologic examination of the grain the various changes which may be 
brought about in individual urolith components enable qualitative and semi
quantitative conclusions to be drawn. It should, however, be said that the ana
lytical interpretation of the color gradations found in stones of heterogeneous 
composition may require a great deal of experience. 

y) Crystallization Studies 

MARCHEK and BURCHARDT (1971) have described a method based on the dif
ferential solubility of urolith crystal in solvents from which they will re
crystallize in a characteristic fashion. The specific crystal types thus produced 
are suitable for microscopic diagnosis and may be related in a semi-quantita
tive fashion to the phase composition of the parent stone. The method is cheap 
and sensitive but quite unreliable, since individual components may occur in a 
variety of crystal hibits (e.g. uric acid, whewellite) from which confusion may 
easily result (DOSCH and ALTROCK 1974). 

c) Phase Contrast Microscopy 

Grain samples from urolith phases of low birefringence, such as representatives 
of the calcium phosphate group, may be detected under the polarising micro
scope by the addition of a phase contrast attachment if the refractive indices of 
adjacent granules of unequal phase composition constitute a series without 
overlap. Mineral grains may be detected by a characteristic blue glow if they 
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are mounted in an immersion medium of the same refractive index as the 
urolith phase (EISMANN 1978; EISMANN et al. 1978). Under positive phase con
trast rotation relative to the polarization plane of the light will give rise to a 
characteristic pale or azure blue tinge with a red border the mirror image 
of this relationship occurring under negative phase contrast. In practice the 
color immersion technique is suitable for the detection of weddellite, struvite, 
brushite and newberyite in urinary calculi, whilst apatite and withlockite 
still give rise to difficulties, partly because of the varying nil and ny values 
given in the literature. 

d) Scanning Electron Microscopy 

Polarizing microscopy and thin section studies enjoy an undisputed pride of 
place in the application of microscopic technique to the understanding of both 
the origin of aggregate morphology and the phase composition of uroliths. The 
parallel application of scanning electron microscopy provides additional mor
phologic data as well as enabling statements to be made about individual el
ements, as documented in reports by HESSE et al. (1981 a), LEUSMANN (1981), 
RODGERS (1981 b), and SCHULZ and BERG (1980). The depth of field is 300x 
greater than that attainable in light microscopy and allows a three-dimensional 
spatial appreciation of the most complexly configured objects. Magnification 
factors may range between 100 and 100,000x. 

rt.) Principle 

RIEMER and PFEFFERKORN (1977) give an excellent review of the method of 
scanning electron microscopy and its applications. 

The object is enclosed within the instrument (Fig. 98) under high vacuum 
(10-5 -10-6 Torr) and bombarded by an electron beam, the intensity of these 
so-called primary electrons being controlled by the accelerator voltage Ue (upto 
50 kV). 

Collision of these primary electrons with a solid body gives rise to a series 
of interactions (Fig. 99), including: 
- Reflected electrons (RE) 
- Secondary electrons (SE) 
- Absorbed electrons (AE) 
- Transmitted electrons (TE) 
- Cathode luminescence (CL) 
- X-rays (X) 

Special detectors may be arranged to intercept this radiation and provide a 
qualitative and morphologic signal image of the sample. 

Conditions: Electrically conductive sample objects require no further pro
cessing. By contrast, uroliths and other biological material require vapor depo
sition on the sample of a very thin film of gold, silver, aluminium or - most 
frequently - graphite, so as to prevent a steady increase in charge arising from 
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electron bombardment. The sample must be absolutely dry, a condition usually 
achieved by the CRITICAL POINT method after previous dehydration in seri
al alcohols. 

P) Application 

Reflected Electrons 

General: 
- high energy electrons 
- entry angle = exit angle 
- maximum resolution approx. 0.4-0.6 mm 
- great depth of field, as for secondary electrons 
Application: 
- topographic contrast (better than for secondary electrons) 
- material contrast (decreases with the atomic number) 

The detected and amplified signal is processed to provide light-dark 
modulation on a display tube. Simultaneous synchronous phase coherent scan
ning by the electron beam allows a surface image of the object to be built up. 
The high contrast rendering available of individual details of the image secures 
a dominant position for the reflected electron technique among the various 
forms of scanning electron microscopy. 

Secondary Electrons 

General: 
- most widely used technique 
- low energy electrons on parabolic track 
- maximum resolution approx. 0.2 nm 
- great depth of field 
Application: 
- topographic contrast 
- voltage contrast 
- crystallographic orientation 

This low energy electron radiation emanates from the object surface under 
primary bombardment and reproduces details of the specimen (including cavi
ties) not resolvable under the light microscope. Secondary electrons are often 
employed in combination with primary electrons to provide a spatial and mor
phologic representation of the specimen surface. 

Transmitted Electrons 

This technique has its principle application in the imaging of extremely thin 
specimens, e.g. thin sections « 1 11), and is able to provide data on ul-
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trastructure and epitaxial mechanisms. Surface structures can only be imaged 
in a roundabout fashion by first producing a surface imprint. 

Local analytical resolution will depend on the atomic numbers of the prin
ciple elements at the point under examination. 

High-voltage scanning electron microscopy (800-1000 kV) is reported 
more and more (EL-SAYED and COSSLETI 1977; SPECfOR et al. 1976; SPECfOR 
and LILGA 1981) and is distinguished by increased penetrating power of the in
cident electrons and a related ability to examine thicker urolith sections 
(> 111). Smaller domains can be examined in detail and there is virtually no 
danger of destroying the specimen. 

X-Rays (Microprobe Technique) 

Electron bombardment of the sample excites the emission of more or less el
ement-specific X-radiation. Two approaches are possible in the detection of 
these X-rays: 
- wave length dispersion: sensitivity ranges from boron (atomic number 5) to 

uranium (atomic number 92) 
- energy dispersion: sensitivity ranges from sodium (atomic number 11) to 

uranium (atomic number 92) 
Computer controlled electron microprobe analysis by the energy dispersion 

technique is gaining increasing importance for phase determination problems. 
The technique is able to give a percentage distribution for a wide range of el
ements in minute stone samples (nm range). 

The electron microprobe is able to measure distributions of elements on the 
surface of the object or of thin sections and polished surfaces with an accuracy 
of < 0.1 %. When coupled with a surface imaging technique employing reflected 
or secondary electrons, he method allows phase distribution details to be 
characterized which could not allways be interpreted on morphology alone (e.g. 
apatite-struvite, whewellite-uric acid, urate) and also documents the presence 
of major and trace elements in individual urolith phases (CIFUENTES DELATIE 
et al. 1981; GOREW and AGAFONOW 1978; HESSE et al. 1979b, 1981 a; JOOST and 
TESSADRY 1983; KENNOKI et al. 1978; MCCONVILLE and McCONVILLE 1976; 
MEYER-JURGENS et al. 1981, 1982). As demonstrated by the example of organic 
matrix or of the presence of phosphorus within the growth centers of calcium 
oxalate stones, such information may aid our understanding of urolithogenesis 
(LEUSMANN 1981; MALEK and BOYCE 1972; SPECfOR et al. 1976; ZAREMSKI and 
GRIEVE 1976). The record consists of point source reflections from the surface 
of the material (see Figs. 57 -60) or of intensity curves. 

e) Combined Microscopic Technique - Laser Microspectroanalysis
Polarizing Microscopy - Electron Microprobe 

DIMITROV and MARINOV (1976) have reported the use of laser micro
spectroanalysis for non-destructive measurement of the local element distri
bution in uroliths. By combining this technique with the electron beam micro-
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probe and with polarizing microscope characterization of thin sections and 
polished surfaces, its findings may be applied topographically to the overall 
aggregate (SCHULZ et al. 1980a, 1981). 

Figure 100 explains the process. Stones are first split in half and one half 
ground to a representative polished surface, which is then scrutinised under the 
polarizing microscope for interesting aggregation details and topographical 
features. Relevant domains (layering, grains, growth centers and other morpho
logical details) are subsequently bombarded with a laser beam of varying di
ameter (10-100 ll) and the local distribution of elements analysed by spec
troscopy of the vaporized material. The points of laser beam attack are easily 
recognized on cross-section as craters and may thus be identified for further 
morphologic study under the scanning electron microscope, where further in
formation on their elementary composition may be obtained my means of the 
electron microprobe, employing wave length or energy dispersion. 

Polarizing microscopy of thin sections, either subsequently or in parallel, 
provides accurate information on phase composition and special morphological 
features of the aggregate which may be correlated at any time with the trace 
and major element composition previously elucidated. 

t) Computer Tomography 

Quantitative CT enables stone composition to be assessed in vivo. In a study of 
80 stones uric acid calculi were easily distinguished from all other types of 
stone and cystine could be told apart from calcium oxalate and brushite. 70% 
accuracy was achieved in separating cystine from struvite. Struvites with a 
higher admixture of calcium phosphate could not be distinguished from cal
cium oxalate or brushite, any more than could these latter two from one anoth
er (MITCHESON et al. 1983). DRACH et al. (1983) and RASSWEILER et al. (1985) 
have presented similar results. 

9. Centralising and Standardising Urolith Analysis 

a) Centralisation 

With the increasing demand for analysis of every urolith, there is not only a 
steadily rising analytical workload but also a requirement for increasing the ac
curacy of analytical data. Analyses with wide margins of error are worse than 
useless. Currently, the method of choice must be X-ray diffraction, although 
the large investment required demands maximum equipment utilization, and 
this can only be achieved by centralisation. Under such circumstances the eco
nomical cost per sample will be no more than for chemical analysis, and indeed 
only half that for polarizing microscopy and infra-red spectroscopy. Ther
moanalysis is almost 4 times more expensive (ASPER and SCHMUCKI 1980). A 
further example of centralised urolith analysis lies in its suitability for extensive 
automation with mechanical sample transport and computerisation, largely re-
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Fig. 100. Schematic protocol for combined microanalysis of urolith phases by element distri
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ducing the human workload to 1-2 minutes (sample processing, data evalua
tion) (DOSCH 1975b). By employing full-time trained laboratory staff the sub
jective analytical error is further reduced, and the possibility of combined tech
niques, e.g. X-ray diffraction with polarizing microscopy, may further signifi
cantly improve the results. 

b) Standardisation 

Comparability of results may only be achieved by standardising analytical tech
niques. Sample preparation, measuring and apparatus parameters for practical 
analysis and criteria for data evaluation are clearly defined and have already 
been discussed in Chapter VI, 7. 

c) Reporting, Documentation and Data Evaluation 

The complexities of urolithogenesis, the requency of urolithiasis and its ap
parent current increasing trend, together with the still somewhat modest results 
of conservative treatment, prophylaxis and prevention of recurrence, all point 
to a pre-requirement for a comprehensive and statistically impeccable data 
base on which to found any increase in our knowledge. 

DOSCH (1975 b) has suggested setting up a card index of identification data 
for the principal crystalline components found in urinary calculi. He gives the 
example of a weddellite data card comprising the formula, molecular weight, 
density, crystallographic and optical data, typical X-ray diffraction parameters 
and infra-red spectroscopy diagrams, the frequency of occurrence and most im
portant accompanying substances. The same author (DOSCH 1975b) has also 
proposed a questionnaire for the morphologic characterization of uroliths, and 
this comprises weight, phase composition, number of calculi, configuration, 
surface structure, color, hardness, space occupation and texture. 

Standardised urolith analysis allows the use of a uniform analytical record 
with all its advantages for data evaluation. The analytical record subserves both 
documentation and reporting to the source of referral, and it should satisfy the 
requirements of automatic data processing whilst being simple enough not to 
add further complexity to medical record-keeping (SCHNEIDER et al. 1974c). 
The record must contain as much data as possible which can be stored and re
called for subsequent evaluation. 

Figure 101 shows an analytical record. It contains personal data on the pa
tient, details of the analytical method and the results of analysis. A tear-off sec
tion on the right-hand side serves to communicate the results to the referring 
physician. 

The overall flow of information is shown in Fig. 102: The patient passes the 
stone to his doctor, who fi)ls the urolith request form and sends it with the stone 
to his local analytical center. After conclusion of analysis the center will return 
the tear-off report or indeed pre-empt its contents by telephone. The main ana
lytical record is punched in a computing unit and its contents logged in a cen-
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tral analytical data bank. Simultaneously, probability studies weed out errone
ous material. At the end of this process the original card is returned to the ana
lytical center and stored in a card index. 

Data retrieval and processing from the central data base can continue in
dependently of data logging. 

The card index may also be used to examine specific problems with a maxi
mum acceptable search requirement in the region of 1000 cards. 

The data generated by large numbers has been processed according to pro
grams described in further detail in the section of Epidemiology. Programs in
clude, e.g. distribution of stone type by age and sex, recurrence rate in relation 
to type of stone, method of removal and data of first presentation. 

These data may be linked to other material, e.g. personal identity number, 
in an attempt to establish relationships to occupation and environment. 

Apart from such global evaluation, local factors can also be taken into ac
count. Thus a district physician can obtain the recurrence rate for past years in 
his district in order to effectively plan local clinical resources. 

Such a large quantity of data on both patients and their stones allows 
epidemiological statements to be made with numerous implications for the 
causation and clinical course of urolithiasis and for its prevention. 
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Fig. 102. Information network for 
centralised stone analysis 
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In many European countries urolithiasis has a higher incidence than any other 
disease of the urinary tract. At a frequency of 15 per 10,000 of the population it 
is the commonest urological cause for inpatient admission (RUHLE et al. 1972) 
and calculus patients constitute over % of all urological outpatient material 
(SCHNEIDER 1979). 

Working days are frequently lost (by 68% of male patients and 100% of 
women) and the death rates of 4.7 men and 3.6 women per 100,000 population 
are the highest in the field of urology (DAHM 1974). One-third of all patients 
with a recurrent stone may be expected to lose a kidney (MALEK 1977). 

In the absence of appropriate treatment the recurrence rate is in the region 
of 60%, a very considerable figure supplemented by an apparently steady year
on-year increase in the number of llt!W cases. If one takes into account that 12% 
of the population of the U.S.A. will suffer at least one bout of stone-related ill
ness during their lifetime (SIERAKOWSKI et al. 1978), it can be no surprise that 
total U.S.A. treatment costs for this disease are estimated at 47.3 million dollars 
a year (MALEK 1977). 

The causes governing calculus formation are manifold and in individual 
cases often obscure. They range from excessive food intake in the absence of 
exercise to malnutrition in endemic areas and may represent biochemical 
change in response to anything from simple stress reactions to psychopathologi
cal events. All in all, however, such causes are only clinically or biochemically 
detectable in 30 - 50% of stone patients. The remainder we label as 'idiopathic' 
(MALEK 1977 = 70-80%, RAPADO et al. 1976 = 53%, MARSHALL et al. 
1975 = 87%, BENABE et al. 1979 = 62%). 

"The 'stone former' is identified as one who forms stones, and there are only 
a few rather tenuous characteristics which may distinguish him from his fellows 
who do not form stones. Characterization of the 'stone former' is at best an 
imprecise assessment derived by selection of the most plausible explanation for 
urinary crystallization and attainable only by a detailed metabolic evaluation." 
(BOYCE 1979). 

In every case of urinary stone it is probable that both extrinsic (en
vironmental and socio-economic) factors and intrinsic (congenital and ac
quired) factors are involved. Recent historical and geographical studies have 
yielded valuable understanding of their relative importance (ANDERSEN 1972). 



138 H.-J. SCHNEIDER 

I. Historical Overview 

Examination of archeological urolith material demonstrates both that 
urolithiasis was recognised in antiquity and that despite considerable changes 
in nutrition and living conditions over the millennia there has been little change 
in the composition of urinary calculi (KRIZEK 1973; KRIZEK and SCHNEIDER 
1974). All stones examined have consisted of uric acid, calcium oxalate and a 
variety of phosphates. 

Excavations by E. SMITH in 1901 at El Amrah in Egypt brought to light a 
bladder calculus of uric acid and calcium phosphate within the pelvis of a 
young man. This oldest known urolith dates to approximately 4800 Be. A stone 
found by WILLIAMS in the mummy of a boy in North Arizona proved to be 3000 
years old. This calculus weighed 32 g and consisted of calcium phosphate and 
carbonate-(apatite). A calcium oxalate and struvite kidney stone was found in a 
Late Bronze Age burial mound on the Hungarian plain. Little is known of the 
frequency of urolithiasis in antiquity. Certainly there is no mention of 
urolithiasis of its treatment in the Smith, Ebers or Brugsch papyri (DOBERENTZ 
1976). Nevertheless, the Egyptians in all probability knew of the existence of 
urinary stone disease, giving it the name "wrmjt" (BLOOMEN, 1982). 

Historical documentation is uniformly concerned with bladder stones 
(BLACKLOCK 1979). The first written mention of lithotomy is to be found in the 
Susrutan Agur Veda, a collection of ancient Indian materia medica dating to 
500 Be. AULUS CORNELIUS CELSUS (25 BC-45 BC) gives a detailed description 
of perineal lithotomy in his book "De re medicina" (NOSKE 1974). 

The Papal encyclic Ecclesia Abhoret Sanguine, issued by Pope INNOCENCE 
III in 1214, prohibited any clerical involvement in surgical procedures. Thus be
gan the age of wandering lithotomists, of whom few were expert or successful. 
The ensuing disasters engendered popular scepticism which resulted in fre
quent home surgery. Thus the young Dutchman JAN DE DOOT employed a large 
knife and the assistance of his brother to excise a stone from his bladder in 
1651, and in the period 1735-1800 in Lucknow in India a certain COLONEL 
MARTIN filed away 10-12 times daily at his own bladder calculus by means of 
a transurethral probe, resulting in its complete destruction and spontaneous 
passage after 6 months. 

Although DOMENICO DE MARCHETTI is reputed to have successfully excised a 
kidney stone from an English consul to Venice, called HOPSON, as early as 1663, 
nephrolithotomy was a late development, not practised until some time after 
nephrectomy had been pioneered by SIMON in Heidelberg in 1869. 

An instrument was demonstrated by FRANZ VON GUITHUISEN in Munich in 
1813, which enabled bladder calculi to be trapped in a noose and subsequently 
drilled. It was however JEAN CIVIALE (1793 - 1867) who ushered in the era of 
litholapaxy. 

Operations and instrumentation were so hazardous that attempts were soon 
made to dissolve stones by conservative means. The concepts and procedures 
employed were occasionally highly imaginative. Fluid regimes and dietary con
trol were popular even in antiquity, as were a variety of medicines and con
coctions. JOANNA STEPHENS rose to fame by selling the formula for her stone-
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dissolving potion to the English parliament for £ 5,000, although it was sub
sequently proved ineffective. 

A number of theories of urolithogenesis had an influence on conservative 
treatment. HIPPOCRATES described a defective mixing of juices as the cause of 
stone formation, an excess of heat and wind being favored by A VICENA, whilst 
PARACELSUS considered it to result from disharmony of humoral functions. SEY
DENHAM and EBSTEIN introduced the concept of a stone-forming diathesis, re
phrased by MECKEL VON HEMSBACH as a stone-forming 'catarrh'. From the 19th 
Century onward views on urolithogenesis become subdivisible into crystalli
zation theories and matrix theories. 

A number of experiments were designed to expand or confirm current 
knowledge. In 1723 NUCK implanted wooden spheres in the bladder of a dog to 

Table l. Historical data on urolithiasis (SCHNEIDER 1979) 

Year 

4800 BC 
1728 - 1686 

500 

460 - 377 

150 

30 AD 

100 

129 - 199 

1214 

1556 
1561 
1651 - 1714 
1663 
1665 
1695 

1732 
1739 

1776 
1780 
1824 

Country 

Egypt 
Mesopotamia 

India 

Greece 

Alexandria 

Rome 

Rome 

Rome 

France 
France 
France 
Naples 
Netherlands 
Netherlands 

Germany 
England 

Germany 
England 
France 

Bladder calculus found at El Amrah 
Treatment of bladder calculi documented on the 
Hammurabi' tablets 
Susruta-Samhita, operative and conservative treatment of 
bladder calculi 
Hippocrates; diagnosis and treatment of kidney and 
bladder calculi 
Ammonius "lithotomos", crushing oflarge stones prior 
to operation 
Celsus, detailed description of the lateral approach 
to bhidder calculi 
Ruphus of Ephesos, recognises urolithiasis as a 
chronic disease 
Galen, recognises relationship between urolithiasis 
and gout 
Lateran council prohibits operative procedures 
by clerics 
Colot teaches lithotomy 
Pierre Franco, suprapubic lithotomy 
Frere Jacques, famous French lithotomist appears at fairs 
Domenico de Marchetti, first operation for kidney stones 
Hooke, describes crystalline urinary sediment 
Loewenhoek, structural studies on uroliths and 
gouty tophi 
Nuck, experimental foreign body stones in dogs 
Joanna Stephens, sells a litholytic formula to 
parliament for £ 5,000. 
Scheele, recognises uric acid as a component of calculi 
Wollaston, discovery of oxalic acid 
Jean Civiale, first litholapaxy on live patients 
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simulate foreign bodies, and in 1720 JOHANN ADOLPH WEDEL described in his 
doctoral thesis at Jena University attempts to dissolve marble balls in decoctum 
corticis querus (SCHNEIDER and DOBERENTZ 1979). 

It was soon realised that stones were not of a single type, and the distinction 
was made between hard and soft calculi. The principal components, uric acid 
(SCHEELE), oxalic acid (WOLLASTON) and cystine (BERZELIUS) were discovered 
in the 18th Century, resulting in the emergence of detailed chemical analytical 
protocols (MARCET 1817; HELLER 1860; ULTZMANN 1812). KRUCHE (lena, 1879) 
was the first to insist on microstructure studies of thin sections (Table 1). The 
extensive urolithiasis literature of the 19th Century revealed considerable dif
ferences in the age, sex and social distribution, as well as in the overall frequen
cy of stone disease. 

At that time children in the age range 5-15 and adult in the 5th -7th de
cade provided the bulk of patients. According to CIVIALE (quoted by EBSTEIN 
1884) 56% of 5,376 stone patients were younger than 20. Bladder calculi con
tinue to occur with a similar frequency among children in a number of coun
tries, as a result of incorrect or inadequate nutrition and of a lack of hygiene 
(Chapter VIII). 

Throughout this period it was generally accepted that the poor had phos
phate calculi and the rich urate stones, the latter as a complication of gout and 
the former resulting from recurrent infection. The vast majority of bladder 
stone patients were drawn from the poorer classes and consisted mainly of chil
dren. The statement is however misleading, since bladder calculi were far more 
frequently diagnosed. Even allowing for analytical errors there is a significantly 
high incidence of uric acid and urate stones. 

Table 2 summarises the incidence of various types of calculus in England 
(London, Norwich, Manchester, Bristol), Denmark (Copenhagen) and Ger
many (Suabia). 

JEDINY (1972) also found a considerably higher proportion of uric acid cal
culi among bladder than kidney stones (Table 3). Extensive studies by SUTOR 
and colleagues (1974) have, however, revealed that this high proportion of uric 
acid is found only among bladder calculi from the so-called developing coun
tries and from British museums (collections from the previous century). 

Table 2. Distribution of stone types in various countries during the first half of the 19th Cen-
tury (by principal component) (PROUT 1843) 

Stone type England Denmark Germany Total % 

Uric acid and urate 847 228 70 1145 70 
Cystine 5 5 0.3 
Calcium oxalate 300 4 3 307 19 
Phosphate 144 23 8 175 11 

Total 1296 255 81 . 1632 100 



Epidemiology of Urolithiasis 

Table 3. Distribution of stone types among kidney and blad
der stones in % 

Stone type 

Uric acid 
Phosphate 
Calcium Oxalate 

Bladder stones 

63 
30 
7 

Kidney stones 

7 
34 
59 

II. The Frequency of Urolithiasis 

141 

On a worldwide scale there is considerable VarIatIOn in the incidence of 
urolithiasis, both from country to country and from one age to another. All the 
available explanations remain hypothetical. Any review of the literature must 
also take account of varying tenus of reference (hospital patients, surgical sta
tistics, demoscopic studies, etc.). 

In epidemiological terms the prevalence of a disease is the number of sub
jects who have the condition at a given time and the incidence is found by dis
covering the number of subjects who develop the condition in the population at 
a suitable interval after the prevalence figure is detenuined (SCOTT et al. 1977). 

As early as 1966 ALKEN had drawn attention to an unequivocal increase in 
the incidence of urolithiasis (LENKO and POLITOWSKI 1970). 

There appears to have been a dramatic increase in the U.S.A. (BOYCE 1979). 
Whilst in 1952 there were 9.5 stone patients per 10,000 of the population, that 
figure had risen to 16.4 in 1974. In the area around Rochester (USA) the figure 
for males alone rose over 25 years from 7.9 to 12.4, remaining relatively static at 
3.6 for women (JOHNSON et al. 1979). 

SIERAKOWSKI et al. (1978) have calculated that approximately 12% of the 
U.S. population will suffer from a urinary calculus at least once in their life. 

In America alone 14.7 million working days are lost through urolithiasis 
(DAVIS et al. 1978). 

Unfitness for work due to urolithiasis increases with age and reaches a high
er total for women than for men (Table 4). 

Despite a steady decrease in the death rate in our country from urolithiasis, 
urinary tract calculi still represent one of the chief causes of death in urological 
practice. In fact 0.3% of all deaths in 1970 were attributed to this cause (DAHM 
1974). 

In Italy the mean population risk of stone disease rose from 7% in 1954 to 
13% in 1974 (PAVONE-MAcALUSO and MIANO 1979). DE VRIES et al. (1979) give 
the following figures for Israel: in 1958 11.8% of a population of 30,000 in
habitants suffered from urolithiasis, whilst in 1961 the figure had risen to 24%, 
although these figures apply only to the south of the country. 

An authorative study by SCHMINCKE and LENGWINAT (1968) conducted in 
the Zittau district (GDR), which has a population of 108,000, documented a 
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Table 4. Unfitness for work due to urolithiasis in the GDR 1970 (SCHNEIDER and HESSE 1976) 

Age in years Men Women 

Cases Cases Days Cases Cases Days 
per 10,000 per per 10,000 per 
employees case employees case 

<25 1258 25 15 1651 31 18 
Up to 30 2152 54 14 1255 36 24 
Up to 40 5835 75 16 2816 42 26 
Up to 50 5393 10l 19 2589 40 28 
Up to 60 4160 97 24 1988 40 30 
Upt065 2274 82 31 484 28 32 

>65 968 39 34 171 14 28 

stone morbidity of 0.11 % for men and 0.05% for women. It should be noted, 
however, that the proportion of stone patients among 25 to 55-year-old men 
was as high as 2.2% (see also RUHLE et al. 1972). In the meantime, the overall 
prevalence in the GDR has also risen to 1- 2% (HIENZSCH 1973; HESSE et al. 
1977b; SCHNEIDER and HESSE 1976). In Berlin this figure is still higher at 3.6% 
(HUTTNER and WIESNER 1971). 

In 1974 23,000 people underwent inpatient treatment for urolithiasis, but 
HEDENBERG (1951) suggested that this would only be 20% of all patients merit
ing treatment, and this could correspond to an overall morbidity of 1 %. In 1974 
the inpatient urolithiasis rate was 0.12% (RUHLE and WINTER 1976), a definite 
decrease on the 1969 figures. This may reflect an improvement in outpatient 
care. According to ALMBY et al. (1976) about 0.1% of the total population are 
likely to require hospital admission because of urinary tract stones. According 
to LJUNGHALL (1984) 10% of stone patients are treated in hospital, 60 as out
patients and 30% not at all. 

Other countries have experienced a similar increase in the urolithiasis rate. 
On the other hand ROBERTSON (1984) has reported a decreasing incidence in 
Leeds, the first such report in recent years. 

A representative survey in a small Tyrolean community of 1,804 inhabitants 
resulted in a figure of 4.8% stone patients (JOOST et al. 1980). A similar urolith 
prevalence (4 - 5%) is given by V AHLENSIECK et al. (1980, 1982) for the Federal 
Republic of Germany. 

The Sedish group headed by LJUNGHALL has investigated the epidemiology 
of urolithiasis most thoroughly, (LJUNGHALL 1978; LJUNGHALL and HED
STRAND 1975; LJUNGHALL and WAERN 1977; LJUNGHALL et al. 1977). 8.9% of 35 
to 53-year-old men and 3.2% of women in the same age group fell ill with uri
nary calculi during the period 1970-75, i.e. they had their first attack during 
this period. In the 49 to 50 age group 13.7% had already suffered one episode, 
and this figure was 18% for 60-year-olds. In one Swedish town 5% of 38 to 60-
year-old women gave a history of kidney stones (BENGTSSON et al. 1980). 
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Over a 5-year period LARSEN and PHILIP (1962) found a stone rate of 12% 
for male Danish doctors and 7% for female, although only 2% is reported for 
the CSSR (KOHLICEK 1963). In Norway the frequency has risen from 2.2 to 
3.3%0 for men and from 0.5 to 0.8%0 for women (NORLIN et al. 1976). Hungary 
has also suffered only a slight increase between 1976-78, the number of new 
cases rising by only 0.15% (ROSDY 1979). On the other hand TOTH (1978) gives 
an incidence of 1.25% for Central Hungary, the equivalent figure for Budapest 
being calculated by BALOGH et al. (1979) as over 2%. In the Granada area of 
Spain VIVALDI et al. (1979) recorded a prevalence of 2.95%. A randomised 
study by SCOTT et al. (1977) gave a prevalence of 3.83% (Table 5). 

The wide variations between the figures given by these authors demonstrate 
not only a variability in the incidence of urolithiasis but also considerable dif
ference among population at the outset. In particular, the number of patients 
missed by these surveys is usually unknown. At autopsy the urolithiasis rate lies 
between 1- 3% (GERSHOFF 1964; SCHUMANN 1963). 

VAN GEUNS (1978) examined 2,038 persons over the age of 12 years in one 
Dutch community. He found a prevalence of 4.4%, with 1% so-called silent 
stones only being detected by special investigations, e.g. radiography. It thus 
appears that the incidence figures quoted are generally too low, since most 
studies made no attempt to estimate silent stones. 

Both BIBUS (1939) and KNEISE and BEYER (1933) described a fluctuating 
pattern in European stone frequency. After a massive peak in 1927 there was a 
rapid and continuous decrease up to the Second World War, only reversed by 
an increase in 1948. Postmortem statistics for 1913-1958 at the St. George In
stitute of Pathology in Leipzig revealed the effect of world wars on urolith fre
quency (Fig. 1). 

Table 5. Occurrence rates of stones in selected countries 

Author Year Country Occurrence rate (%) 

LARSEN 1962 Denmark 4.5 (Medical practitioners) 
KOHLICEK 1963 Czechoslovakia 2.0 
BLACKLOCK 1969 England 3.5 (Sailors) 
DE VRIES 1971 Israel 24.0 
HUTTNER 1972 GDR 3.6 
BOYCE 1974 USA 0.16 (Hospital patients) 
NORLIN 1976 Norway 0.3 
TAKASAKI 1977 Japan 1.0 (Electricity workers) 
SCOTT 1977 Scotland 3.8 
GEUNS 1978 Holland 4.4 
TOTH 1979 Hungary 1.25 
LJUNGHALL 1979 Sweden 9.0 
VIVALDI 1979 Spain 2.95 
PAVONE 1979 Italy 13.0 
JOOST 1980 Austria 4.8 
V AHLENSIECK 1980 FRG 5.0 
ROBERTSON 1984 England 3:8 (Men in Leeds) 
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Fig. 1. Frequency of urolith
iasis in postmortem material, 
1915-1958 (SCHUMANN 1963) 

These inroads during war years into the frequency of stone disease were also 
noted by ANDERSEN (1973) in Norway and by INADA et al. (quoted in BLACK
LOCK 1976 a) in Japan. They are generally thought to be connected with a 
change in nutrition and particularly with a marked reduction in sugar con
sumption during the relevant years (BLACKLOCK 1976b). SCHOLL (1978) has 
drawn attention to a recurrent increase in stone frequency in Austria with a 
period of 21 years (1927, 1948, 1970). According to this study a further peak 
should occur in 1990. 

This varying frequency of urinary calculi and the distribution of various 
types of stone from country to country may depend on a variety of factors, e.g. 
lifestyle, nutrition, climate, race, etc. 

Maps of endemic areas in Europe published many years ago are now barely 
valid. Territorial variations continue to decrease so that an overall rate of 
around 5% may be assumed for central Europe with less than 0.1% new cases 
per year. There remain a number of endemic areas in which children are chiefly 
affected. 

Dagesthan (Soviet Union) is one such endemic area in which the year-on
year increase represents 2%. Iodine deficiency is generally considered to be the 
cause (MARTYNENKO 1974). 

PAVONE-MACALUSO and MIANO (1979) have documented a marked North
South distribution. In North-Eastern Italy the frequency was only 0.25%, yet 
0.44% in the South. In Northern Sardinia 0.7% of the population required in
patient treatment for urolithiasis (Bo et al. 1978). Urinary calculi are common 
in Turkey and the rate is steadily increasing (GUNALB 1979). 

In Africa, however, urolithiasis is not common overall. The central labora
tory of Nigeria has analysed only 50 calculi from the entire country in the past 3 
years. These were mainly infective calculi related to some urinary tract ob
struction (ESHO 1978; ESHO and AMAKU 1979). The cause of this extremely low 
incidence are considered to lie in a low drinking water calcium content, very 
low dairy product consumption and in a physically active lifestyle. 

A study carried out in the Sudan shows an equal distribution of bladder, 
kidney and ureteric calculi. The former mainly affect children, 95% of them 
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boys (KAMBAL et al. 1979). Ureteric calculi, on the other hand, seem to be far 
rarer than in Europe (PERQUIS et al. 1969). As in Europe, about 30% of all uro
logic patients in Egypt have stones (SAWAT et al. 1979). 

SIERAKOWSKI et al. (1978) have drawn attention to some marked variations 
in the calculus rates in the U.S.A. About 2000 questionnaires sent to and re
turned by hospitals were analysed by computer. Washington D.C. had the high
est calculus rate at 4.5% (of the hospital population), the lowest being in 
Wyoming. Most states reported a 74% increase in the last 22 years. 

In Europe stone patients constitute 7 - 30% of all hospital patients, the 
equivalent figure for Latin America being 9-18% (MATOUSCHEK and HUBER 
1981). 

Stone disease is also far commoner in the South of China than in the North, 
30- 59% of urologic patients in the former region suffering from urolithiasis 
(Wu CHIEH -P'ING 1979). 

This ratio is reversed in India (MELIDIRATTA 1972). In the North there were 
211 stone patients per 10,000 of the population, yet only 23 in the South. Most 
of these calculi are in the bladder, particularly in boys under the age of 6 of 
poor social background (RAo et al. 1976; THIND and NATH 1969). 

Endemic bladder calculi were discussed in great detail at a symposium in 
Bangkok (VAN REEN 1972). Authors r~ported on the situation in India, Laos, 
Thailand, Pakistan, Iran, Indonesia and other countries, generally stating that 
90% of patients are under the age of 5 (SINGH 1972; WESTERMEYER 1971; JAECK 
et al. 1979). 

Inadequate nutrition, based mainly on rice and extremely low quantities of 
animal protein, may represent the chief cause for such bladder stone formation 
(BROCKIS et al. 1981; HALSTEDT and VALYASEVI 1972). This would also provide 
an explanation for the sevenfold excess prevalence of bladder calculi among vil
lage children in the North of Thailand compared to city dwellers in the same 
country (VALYASEVI and DHANAMITTA 1972). 

Most of these calculi consist of calcium oxalate, ammonium dihydrogen
urate being a common component (RAHMAN and VAN REEN 1972; SHANJEHAN 
and RAHMAN 1971). In 80% of cases the urine is sterile (SINGH 1972). This of 
course represents a considerable contrast to juvenile bladder stones occurring in 
Europe, where they are nearly always related to a urinary outflow obstruction 
and secondary infection. Consequently they are composed chiefly of phosphate. 

Bladder calculi are also endemic in Iran, occurring mainly in boys between 
the age of 2 and 10 from large, poor families (KADIVAR 1972; SADRE et al. 
1972). 

ID. Type Distribution of Calculi 

1. Geographic Distribution 

Classification of almost 100,000 urinary calculi from all over the GDR accord
ing to their principal components results in the analysis given in Table 1, Chap-
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ter A, where both absolute numbers, percentages and sex ratios are given for 
each type of calculus. 

The causes for the type distribution of calculi in various countries and in
deed within an individual country are numerous, and it is impossible to men
tion all of them. Table 6 summarises the overall distribution given in the litera
ture (SCHNEIDER and HEINZSCH 1979). The experience of GEBHARDT and 
BASTIAN (1984) provides a good example of the scale of differences that may be 
encountered within a single country. Whereas in Hamburg 79% of stones con
tained whewellite, only 58% did so in Bavaria. Workers under the leadership of 
LONSDALE (SUTOR and WOOLEY 1969, 1970, 1971, 1972, 1974; LONSDALE et al. 
1968a, "b; SUTOR et al. 1974) have undertaken extremely precise X-ray dif
fraction studies on calculi from a variety of countries and from regions of 
England, and they have given an interesting discussion of their results. 

Calcium oxalate calculi are in the overwhelming majority, representing 
60-90% of calculi in virtually all countries. The whewellite to weddellite ratio 
ranges from 4: 1 to 10: 1. Most calcium oxalate calculi both phases. 

Uric acid stones are relatively common in Bulgaria, CSSR, Italy and Aus
tria. In Czechoslovakia they constitute % of all stones (HRADEC et al. 1969), in 
Israel this figure is % (DE VRIES et al. 1972; FRANK et al. 1970) and in the Sudan 
over one-half (IBRAHIM 1979). In the series reported from the Soviet Union by 
TIKTINSKI (1979) 71 %of calculi consisted of uric acid and urates. 

Ammonium dihydrogenurate is relatively rare in Europe, occurring mainly 
in bladder calculi from endemic areas. Among 170 such calculi ARMBRUSTER 
(1979) came across this subs~ance only 13 times. In every case the calculi came 
from children of Turkish extraction (ARMBRUSTER 1978). 

BORDEN and DEAN (1979) have described 5 pure ammonium dihydrogen
urate calculi in Navajo children. 

The proportion of so-called infective calculi of struvite and carbonate apa
tite lies at a mean of 5-10%. In Nigeria the figure is particularly high at 40%, 
but Japan at 22% and England at 15-32% are also above average. Such calculi 
occur more commonly in the bladder than in the kidney. At electrohydraulic 
litholapaxy BORGMANN et al. (1980), KAMBAL et al. (1979) and BRUNDIG and 
SCHNEIDER (1980) recorded the composition of bladder calculi given in Table 7. 

Crystallographic analysis of 244 bladder calculi by RODRIGUEz-MINON CI
FUENTES (1976) showed 78% to contain ammonium dihydrogenurate, 67% car
bonate apatite, 59% struvite, yet only 25% uric acid. The value of 22% is given 
for newberyite, which must have arisen by metamorphosis of struvite. 

There are obvious differences between these figures and the composition of 
renal and ureteric calculi, among which 5% were struvite, 4.3% apatite, 14% uric 
acid and 73% calcium oxalate calculi (Table 1, Chapter A). 

Cystine calculi account for only 1 % of all uroliths. In England the proportion 
of homozygous cystinurics is 1: 20,000, in Sweden 1: 10,000 (WILLIAMS et al. 
1980) and in Czechoslovakia 1: 75,000 (KRIZEK 1981). Among the series of 206 
homozygous cystinurics reported by KRIZEK the actual incidence of stone dis
ease was 82%. By 1981 KRIZEK had accumulated a cohort of 255 cystinurics, of 
whom 83% had stones. 
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In most countries of the world calcium oxalate stones are increasing whilst 
the proportion of uric acid and infective calculi is decreasing. There is a similar 
juxtaposition between bladder and renal calculi (PA YONE-MACALUSO and 
MIANO (1979) showed this quite clearly for Sicily over a period of 40 years, see 
Fig. 2). 

We have been able to document a similar development over just 10 years 
(Table 8). 

Between 1965 and 1973 HODGKINSON and MARSHALL (1975) recorded an in
crease of oxalate and a corresponding decrease of phosphate calculi. There was 
little alteration in the sex ratio (2.98 to 2.76). 

In Finland there was an increase in the proportion of calcium oxalate from 
4.8% in 1970 to 60% in 1954 (SALUNEN, quoted by ANDERSEN 1969). There was a 
corresponding decrease of phosphate calculi. 

2. Age and Sex of Stone Patients According to Type of Calculus 

The relationship between calculus rate and age and sex of patients in the GDR 
is given in Fig. 3. Children and young people are rarely affected but there is a 
sharp increase fom the 20th year onwards, with a broad low plateau for women 
between the age of 40 and 70. The peak occurring in the 5th decade has also 
been reported by SCHWILLE et al. (1980). 

25% of GIBBAS' (1969) urolithiasis patients were over the age of 60, and in 
the series of KLINGENBERG et al. (1971) 3.1% were over 70. 

Among the younger patients in the cohort of LJUNGHALL et al. (1977) 3.2% 
had had their first stone before their 30th year, whereas this figure was only 
1.4% for the older patients. The authors therefore suggest that there has been a 
cumulative increase in the incidence of uroliths in recent years. The peak age of 
first episode lies between the 2nd and 4th decade oflife (WILLIAMS 1969). 

It is of some interest to compare the age and sex incidence of calculi in the 
GDR and Japan (Fig. 4a, b). 

Fig. 2. Patterns of stone disease in Sic
ily, 1920-1980 (PAVONE-MAcALUSO 
and MIANO 1979) 
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Table 6. Urolithiasis in various countries of the world 

Country Author Year Total Sex Children 
stones ratio 
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Belgium Fusset al. 1978 377 2 5.3 1.1 
FRG KISTERS and TERHORST 1973 1000 15 1.3 1.3 -

GEBHARDT and BASTIAN 1975 1237 11 2.3 1.3 -
KALLISTRA TOS 1978 3390 1.8 1.5610 0.7 0.02 
SCHOLZ et al. 1979 709 1.2 17 I 

Bulgaria BUDEVSKI a 1975 5930 1.7 38 ~ 0.8 -
25 ~ 

Czechoslovakia MATES and KRIZEK 1955 3340 2 34 
GDR HESSE et al. 1972 2000 1.9 19 0.9 0.5 

SCHNEIDER et al. 1975 17344 1.9 IS 0.7 0.4 -
SCHNEIDER 1980 95780 1.9 1.4 14 0.2 0.4 -
BRIEN et al. 1984 168000 1.3 13.6 0.4 0.7 

England WESTBURY 1974 1022 3 8 3 
ROSE and WOODFINE 1976 502 3 1 

Finland ORAVISTO a 1978 323 1.9 4 0.3 -

Italy LOMBARDI 1969 I 120 2 30 
Yugoslavia JANCA a 1978 1.9 6 1.6 3.9 
Netherlands DONKERa 1978 1610 2 1.8 7 0.3 0.1 
Portugal REIS-SANTOS 1984 1320 1.1 19 0.9 -
Austria SCH<>LL 1978 2700 22 
Turkey AYDER a 1978 500 1.9 18.8 11 3 0.2 
USSR KOSLOWSKI 1973 101 14 2 

JEDINY 1972 7 
Hungary BERENYI 1975 2300 1.4 6.2 20 1.1 

TOTHa 1978 550 1.6 1 19 
SZABO a 1978 1.5 2.5 10 2 0.3 -

Spain MATOUSCHEK and 1981 14 1.3 
HUBER 

USA HERRING 1962 9895 7.6 0.15 0.9 
GERSHOFF 1964 1000 6 3 
GRIFFITH 1978 7194 6.7 0.4 0.3 -

(New York) UNNI MOPPAN et al. 1979 261 3.3 15 
(Rochester) JOHNSON et al. 1979 347 2.3 6 0.6 

KEEFE and SMITH 1981 1034 5 0.2 -
Canada OREOPOLUS a 1978 120 3 20 1.6 
Puerto Rico RIVERA and ISALES 1970 128 0 6 
Israel ZAIDMANN and PINTO 1976 1000 13 0.5 
Thailand HODGKINSON 1975 20 4 2 
Sudan Kambal 1979 78 3.1 49 7 
Nigeria ESHO 1978 50 6 8 
Japan TAKASAKI 1975 735 2.6 2.2 1.8 1.0 
Korea JONGGoa 1978 1.6 3 10 3 
Taiwan HSIEN et a1. 1979 2.8 1.3 8 
Brasil MATOUSCHEK and 1981 18 

HUBER 
Mexico MA TOUSCHEK and 1981 26 

HUBER 
A,. .............. ;no nnT ncu"u • .nnT POt ~1 10R4 ?OO 4R 2 



Types of calculus according to principal component (%) Type of analysis 
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61.6 13.5 15.6 Chemical 

45 34 11 19.4 14.3 5.1 IR 
59 37 22 25.6 10.4 15.2 X-ray diffr. 
61.4 26 12.8 13.2 IR 
66 2 8 Microscopy 

42 7 0 Chemical 
12 0 

50 16 Chemical 

59 49 10.5 18 8.8 6.8 2.4 X-ray diffr. 
64 52 12 II 7.3 1.9 1.8 X-ray diffr. 
71 57 14 5.1 3.5 2 X-ray diffr. 
73.3 60.2 13.1 4.6 3.4 1.7 X-ray diffr. 
60 15 13 Chemical 
59 53 6 32 IR 

69 11 16 Chemical 

53 17 Chemical 
46 27 19 2 14 24 X-ray diffr. 

63 9 20 Chemical 
64.5 14 X-ray diffr. 

70 8 Chemical 

62 57 5 II 0.6 12 Chemical 

57 47 10 27 13 14 Chemicitl 
59 34 Chemical 

59 44 15 14 12.5 1.6 Therm. 
50 34 16 30 Chemical 
54 43 11 28 3 Microscopy 

75 0.1 2 X-ray diffr., IR 

73 31.7 41.3 17.5 9.2 4.5 3.9 X-ray diffr. 
67 19 5 Chemical 
77 61 16 3.7 15.4 
76 70 6 6 Microscopy 
86 8 Chemical 
68 13 3 X-ray diffr. 

23 4 
86 6 Microscopy 

75 5 6 Chemical 
61 12 8 Chemical 

88 6 Chemical 

28 40 24 Chemical, microscopy 

60 22 13 Chemical 

60 25 Chemical 

78 14 Chemical 

50 7 Chemical 

37 30 Chemical 

40 10 rhp.mi",,) 
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Table 7. Composition bf bladder calculi 

Type of stone % Total 

BORGMANN KAMBAL BRUNDIG and 
et al. et al. SCHNEIDER 

Struvite 18 24 33 
Apatite 39 5 
Uric acid 25 29 39 
Calcium oxalate 24 43 22 
Cystine 4 I 

Table 8. Occurrence rate for principal types of urolith in the years 1971-1979 (in %) 

Type of calculus To 
1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 

Uric acid and 19.8 18.4 17.3 16.1 15.8 15.7 13.9 13.9 13.7 13.2 
uric acid dihydrate 

Whewellite and 63.9 61.7 65.6 69.3 68.3 71.2 72.6 75.3 75.4 75.9 
weddellite 

Carbonate apatite 3.5 4.4 4.6 4.6 3.8 3.3 3.5 3.0 3.4 3.9 
Struvite 8.1 9.3 8.3 6.3 7.0 5.9 4.9 4.7 4.6 4.2 
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The peak frequency for Japan occurs almost 20 years earlier in both men 
and women than in our country. The sharp among 30-year-old women must 
give particular cause for concern. 

In most countries the mean sex ratio among stone patients is 2: 1 (men to 
women). In bygone years this ratio was considerably more asymmetric (20: 1) 
and is continuing to approach 1: 1 (ZIELINSKI 1979). Age and sex ratios vary 
from stone type to stone type. Calcium oxalate calculi are the typical stones of 
men and phosphate stones occur mainly in women (OTNES 1980; WESTBURY 

1979). Men have a 4- 5 times greater likelihood of developing idiopathic cal-
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cium calculi than women (ROBERTSON et al. 1980). Among our own data the sex 
ratio varies from 0.6 for whitlockite and hydroxyapatite to 2.6 for uric acid. 

An INF AS questionnaire sent to 10, l30 persons over the age of 18 revealed 
a prevalence of 1.8% men and 2.2% women suffering from calculi (V AHLENSIECK 
et al. 1981). A further increase of the stone rate may be expected among 
women, perhaps in connection with a change in lifestyle. 

Figure 5 gives the age distribution for various types of calculi based on just 
under 100,000 analyses. Uric acid and carbonate apatite calculi increase with 
age, peaking in the 7th decade (GIBBA 1969); weddellite peaks 15 years before 
whewellite calculi, and there is a rapid decrease in cystine stones after the 5th 
decade. Struvite stones occur in a broad flat peak between the 30th and 60th 
year. This latter substance is nearly always associated with urinary tract in
fection by urea-splitting bacteria, giving rise to the staghom calculi of young 
women (FRANG et al. 1979). 

The prevalence of uric acid stones peaks earlier in men than in women, the 
reverse being true of struvite and carbonate apatite calculi (HORN 1973). 

3. Distribution of Calculi in the Urinary Tract 

Figure 6 gives the overall distribution of stones within the urinary tract. Kidney 
stones are commoner among than men. The relatively higher number of ure
teric calculi found in men corresponds to an increased tendency to spontaneous 
passage. The high proportion of bladder stones among males must of course be 
causally related to the bladder neck obstruction of older men (Table 9). 

A previously reported side preference (also documented by SHABAD 1975, 
for women) can no longer be demonstrated (HESSE et al. 1975, 1977 a). 

There are 'specific variations in the frequency of individual types of calculus 
within the urinary tract (Fig. 7). 

Table 9. Bladder calculi in men and women of varying age 
(n = 6,994) 

Age . Men Women 

Absolute % Absolute % 

1-10 50 0.7 19 0.3 
II - 20 66 0.9 21 0.3 
21- 30 116 1.7 54 0.8 
31-40 215 3.1 128 
41- 50 422 6.0 179 2.6 
51 - 60 720 10.3 260 3.7 
61-70 1813 25.9 285 4.1 
71 - 80 2041 29.2 211 3.0 
81- 90 341 4.9 38 0.5 

>90 12 1.7 3 0.04 
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Fig. 7. Occurrence rates for various types of stone within the urinary tract 

Fig. 8. Route of stone elimination for men and 
women 

Whewellite is commoner in the ureter than in the kidney. Struvite is the 
chief component of bladder calculi. 

Two-thirds of all uroliths, approximately 80% of ureteric calculi, pass spon
taneously (MERCZ and BOGA 1978), but one-third of calculi still require surgical 
removal, despite all advances in litholysis and in recurrence prevention. Once 
again there is some variation between the figures for men and women (Fig. 8). 
Such variations occur even between individual types of calculus, their locali-
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sation and the probable means of removal (Fig. 9). In women 65% of infective 
calculi require operative removal. 

There has been a steady decrease in the proportion of stones removed by 
surgery in the years 1971-1979 (Fig. 10). 

IV. Seasonal Variations in Incidence of Recurrent and de novo 
Stone Disease 

A hot climate per se would not appear to have a decisive influence on the inci
dence of stone disease if there is proper acclimatization. In hot countries such as 
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Ecuador and in the North of Peru urolithiasis is indeed exceptionally rare (PY
RAH 1979). On the other hand soldiers spending prolonged periods in hot re
gions have a higher incidence of urolithiasis than at home, as was demonstrated 
by the German and British armies in North Africa in the Second World War. In 
one region of Israel, the overwhelming majority of 622 stone patients were of 
European extraction (FRANK et al. 1970). 

A number of workers have documented an increase in the spontaneous pas
sage of stones during the summer months (ATSMON et al. 1963; BATESON 1973; 
ELLIOT et al. 1975; HESSE et al. 1977 a). In Kuwait twice the number of renal 
colics occur during the summer months, when temperatures may reach 50 DC, 
than do in the rest of the year. It is of particular interest that 73% of these colic 
patients are foreigners (SALEM 1969). 

In contrast to an earlier study, our lO-year survey has been unable to dem
onstrate any preference for individual months, either for calculi as a whole or 
for whewellite or uric acid stones individually. 

According to AL-DABBAGH and FAHADI (1977) the majority of calculi occur 
during the autumn in Iraq. These authors assume that the calculi are formed 
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during the hotter months and subsequently pass as diuresis increases during the 
following cooler period. GLUZEK et al. (1978) measured a peak in calcium ex
cretion occurring in July (224 mg/day) and a trough during December 
(122 mg/day). Similar results were arrived at by HALLSON and ROSE (1977) and 
by HALLSON et al. (1977). July and August were characterised by high crys
talluria rates, mainly in the nocturnal urine, and by a marked increase in oxa
late excretion. Despite variations in the stone rate between Scotland (0.2%) and 
the South Coast of England (1.1 %) differences in urine composition were mini
mal despite a general oxaluria peak in the summer months (ROSE and WEST
BURY 1979). 

It is assumed that ,both a rising temperature load and an increase in fruit 
and .vegetable consumption with its concomitant urinary oxalate excretion to
gether favor crystallization and microlith formation. 

GALOSY (1981) comes to a different conclusion, He was able to confirm 
seasonal variations in a study based on 141 patients and 34 controls, but found 
the lowest urinary oxalate concentration in summer and the highest in winter. 

On the other hand, SCHOLL (1979) also found a peak among his urolith pa
tients in July, but also 3 further (smaller) subpeaks in January, April and Oc
tober, on the basis of which he considers a 3-month rhythm to be at work. In 
Japan ureteric colic is commonest on hot days with low barometric pressure 
(FUJITA 1979a, b). 

My own ·data on recurrence rates and new cases is always given in terms of 
the definition in Chapter A. Every new stone throughout a patient's life is 
therefore counted as a recurrence, irrespective of the type and localisation. 
Such a method results in a relatively high recurrence rate. LJUNGHALL (1978) 
gives. a value of 77%, WILLIAMS (1969) 75%, TAKA SAKI (1975) 41%, BONO et al. 
(1979) 30%. 74% of 538 patients with recurrences have had more than one re
currence (WILLIAMS 1969). In the cross-sectional study by VAHLENSIECK et al. 
(1980) 40% of patients had had one or more recurrence, the sex ratio for 1 or 2 
stones being 1: 1 and only rising in favor of men in multiple stone cases. 11% of 
male and 2.5% of female patients with recurrent stone disease had suffered 
more than 10 recurrences (V AHLENSIECK et al. 1984). People who suffer their 
first stone before their 30th year are twice as likely to suffer a recurrence as 
those who pass their first stone after 30 (LJUNGHALL et al. 1980). 

There is good agreement between the INF AS material of V AHLENSIECK 
et al. (1980) and our own data (Table 10). 

The likelihood of recurrence decreases continuously from the time the first 
stone is passed (MARSHALL et al. 1975). Figure 12 represents recurrence rates 
for the first 8 years and the first 6 months after passage of a first stone. 

Among a collection of 95,780 uroliths 43,018 (45%) were recurrences. On the 
other hand only 25% were from patients who passed their first stone in the years 
1971172. 

Patients with a family history of urolithiasis are more likely to suffer a re
currence than those without (Fig. 13). 

If one assumes 70- 80% of all stones occurring in our country come to analy
sis in the central laboratories, one arrives at a figure for new cases of 0.1 % of the 
population (HESSE et al. 1977b). 
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Table 10. Number of patients with recurrent calculi (VAH
LENSIECK et al. 1980, n = 202, own data, n = 983, first episode 
after 1971) 

Number of SCHNEIDER V AHLENSIECK 
recurrences 

Absolute % Absolute % 

1 540 55 112 55 
2 202 21 47 23 
3 100 10 21 10 
4 56 6 6 3 
5 24 2 4 2 
6 - 12 61 6 12 6 

Table 11. Proportion of recurrent stones among individual 
stone types 

Type of stone Total Recurrent % 

Uric acid 10997 6406 58 
Uric acid dihydrate 2577 1685 65 
Ammonium hydrogenurate 372 198 53 
Cystine 181 115 64 
Whewellite 56067 23738 42 
Weddellite 13338 5686 43 
Apatite 1409 553 39 
Carbonate apatite 3343 1355 40 
Brushite 243 150 62 
Struvite 4906 1903 39 

H.-J. SCHNEIDER 

Table 12. Route of stone elimination by stone type in new and recurrent cases (in %) 

Type of stone Spontaneous Instrumental Operative 

New Recurrent New Recurrent New Recurrent 

Uric acid 70.6 91.4 5.3 2.4 24.1 6.2 
Whewellite 58.5 76.2 5.4 5.2 35.1 18.6 
Weddellite 61.6 79.4 3.8 2.8 34.7 17.7 
Struvite 41.1 47.5 13.0 6.7 45.9 45.8 
Carbonate apatite 40.6 55.5 7.1 6.5 42.3 38.0 
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Fig. 12. Recurrence rate and interval after first epi
sode (a in years, b in months) 
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The proportion of recurrent stones is also dependent on the type of calculus 
(Table II). 

Uric acid dihydrate, cystine and brushite recur the most commonly. Oxalate 
and apatite most rarely. 

Table 12 shows how the method of stone extraction may depend on the type 
of calculus involved, both in new patients and in recurrent cases. Recurrent 
stone far more rarely require operative removal, passing in 80-90%, with the 
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exception of infection stones of struvite or carbonate apatite. A series of 675 
operations for stone disease included 175 nephrectomies. In 76% of cases the 
stones were of struvite. (ANDROULAKIS et al. 1982). 

v. Race and Familial Predisposition 

There are no racial differences in susceptibility to urolithiasis (BOSHAMER 
1961). Solely among black races does there appear to be a reduced predis
position to form kidney stones. GOETZEE (1963) examined 162,000 Africans and 
12,000 Indians during an 8-year period in South Africa. The Indians had a 
urolithiasis rate of 0.2%, whilst for Africans it was only 0.01%. 

According to EICKENBERG (1978) colored Americans are less likely to de
velop stones than whites, and Bantus equally less likely than colored Ameri
cans. It should be noted, however, that considerable territorial differences are 
involved. 

Of a population of 231,000 in North Carolina there were 0.2% urolith pa
tients requiring hospitalisation. 0.36% were white and 0.1% were colored males, 
whereas 0.14% were white and 0.03% colored women (SCHEY et al. 1979). A va
riety of mechanisms are postulated to account for the lower overall frequency 
among Africans, including the protective function of skin pigment preventing 
vitamin D activation, reduced protein intake, reduced urinary calcium ex
cretion, the absence of urinary uromucoid, etc. (KEUTEL 1975; MODLIN 1969). 
Note, however, that BICHLER (1975) takes precisely the opposite view to that of 
KEUTEL on the significance of uromucoid. 

In New Zealand 1,000 adult urolith patients were drawn from the general 
population as follows: 

Europeans Male 

Polynesians 
Female 
Male 
Female 

58/100,000 
19/100,000 
191100,000 
14/100,000 

Environmental factors inculding changes in lifestyle and nutrition certainly 
have a more profound effect on the calculus rate and the distribution of stone 
types than do racial factors (Fuss and SIMON 1979). 

Cystinuria, familial xanthinuria or congenital oxalosis are typical examples 
of inherited stone-forming disease, a pattern not seen in the vast majority of 
urolithiasis patients. On the other hand it is a common experience of clinical 
practice that numerous urolith patients will give a family history of urolithiasis 
(LJUNGHALL 1979 = 30%; DE VRIES et al. 1972 = 46%; PAVONE-MAcALUSO and 
MIANO 1979 = 35%; CHURCHILL et al. 1980 = 38%; VENDL 1975 = 25%; GUNALP 
1979 = 14%; BOYCE 1979 = 3 times the frequency of healthy people; MATES and 
KRIZEK 1958 = 13%; BURCH and DAWSON 1969). 

We have taken the family history of over 1,000 urolith patients 29% (165 
men, 135 women) new of blood relatives who suffered from stone disease 
(Table 13). 
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Table 13. Stones found in relatives of 1,000 stone patients 

Relationship 

Parents 
Sibs 
Grandparents 
Other blood relatives 

(children, uncles, etc.) 

169 
97 
28 
68 

161 

Of the blood relatives of 97 pediatric stone patients there was a 7.6% pre
valence of urolithiasis, whereas a control group contained only 2.5%. One no
table feature was a high percentage (43%) of consanguinous marriages among 
blood relatives of this pediatric cohort. Again, the control group reached only 
8% (DZHAVAD-ZADE and GAMZAEVA 1980). In the form in which they are re
ported these results suggest a latent familial predisposition to form stones, yet 
they do not permit formal relationship to individual types of stone to be con
structed. 

Urolith patients with a positive family history are at increased risk, 
although genuine genetic causes are difficult to prove (GIUGLIANI and FERRARI 
1981. Women from stone-forming families are less at risk than men (RESNICH 
et al. 1968). 

No doubt this familial accumulation of urolithiasis has strong en
vironmental and nutritional causes. Indeed WHITE et al. (1969) noted that 
spouses of stone-formers had a higher urinary calcium excretion than those of 
controls. 

VI. Occupation and Lifestyle 

There can be little doubt that a multitude of circumstances of every day life 
exert an influence on the current prevalence of urolithiasis all over the world. 
As the scientific-technological revolution proceeds an ever increasing number 
of people are engaged in primarily mental rather than physical occupations. 

Furthermore, persons who take inadequate physical exercise frequently in
dulge in over- or incorrect nutrition. A large proportion of stone patients is of 
sedentary occupation (STEG et al. 1979). 

There is a higher incidence of urolithiasis among sailors than in the rest of 
the population (CHMIELEWSKI et al. 1974), and in the Royal Navy this affects 
chiefly officers, administrators and cooks, but rarely deckhands, marines or en
gine room personnel (BLACKLOCK 1969). 

MATES (1969) has also produced some interesting figures. Among patients at 
the Marienbad spa, senior officials and others of sedentary occupation yielded 
the highest proportion of stone sufferers, agriculturalists the least (Table 14). 
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Table 14. Urolithiasis rates by occupation among patients at 
Marienbad (in %) (MATES 1969) 

Housewives 
Workers 
Pensioners 
Agriculturalists 
Clerical workers 
Other sedentary occupations 
Teachers 
Nurses and Auxiliaris 
Transport workers 

Population 
(13,607,000) 
% 

31 
17 
16 
13 
9 
6 
1 
1 
0.9 

Stone 
sufferers 
% 

8 
16 
5 
1 

23 
24 

5 
4 
9 

Table 15. Occupation, prevalence and recurrence rate of stones 
(in %) (V AHLENSIECK et al. 1980) 

Occupation Prevalence Recurrence rate 

Self-employed 4 50 
Employees 3 66 
Officials 6 17 
Skilled workers 4 15 
Unskilled 5 60 
Housewives 5 60 
Pensioners 9 44 

H.-J. SCHNEIDER 

Of the 5,000 urolith patients that formed the subject of our own sociologic 
survey, 32% were production workers (irrespective of physical exertion) and 
33% officials and professionals with college qualifications (SCHNEIDER et al. 
1973). The mean age of the latter group was 20 years less than that of the pro
duction workers. There was a marked excess of motor transport drivers in our 
sample. The GOTZENS study (JOOST et al. 1980) likewise showed a considerably 
lower prevalence of urolithiasis among manual workers than among academics 
and officials. 

Table 15 summarizes the relationship between occupation and the pre
valence and recurrence rate of stones. 

In MATES' (1969) study the lowest stone frequency occurred in border re
gions with purely agricultural economy and the highest in industrial cities. 

In Egypt urban stones were predominantly uric acid, whilst those of rural 
peasants tended to be infective (SAFWAT et al. 1979). For the GDR we have 
compared the distribution of various types of stone in rural areas and small 
towns with industrial zones and in large conurbations (Table 16). 
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There do not appear to be serious variations, although the large conur
bations and industrial areas yielded relatively more uric acid and fewer struvite 
calculi than did small towns and country areas. 

Among the data of VAHLENSIECK et al. (1980) the stone incidence increased 
with the size of town, whereas the recurrence rate decreased. In our own data 
there was also some territorial variation in the route of stone extrusion. Fewer 
stones pass spontaneously in large cities and industrialised areas (Table 17). 

Over the years we have come to the conclusion that our traditional view on 
occupational risk factors among urolith patients require some revision. For 
example, we investigated steel plant workers on a three-shift system with high 
heat exposure and compared them to administrative personnel at the some 
works (FRANK et al. 1975). Of 650 persons with high heat exposure, 1.22% suf
fered from urolithiasis, yet among 484 clerical workers there were 3.67%. 
ZIELINSKI (1972) also failed to find an increased incidence of stones among 
1,276 heat-exposed workers compared to a control group of 2,000 student 
nurses. Nevertheless, the fact that 11 out of 45 Israeli swimming pool attendants 
suffer from kidney stones is usually attributed to the heat and sun exposure of 
their occupation (KEDAR et al. 1979). 

Table 16. Distribution of stone types in industrialised and agricultural areas, and in large and 
small towns (in %) 

Stone type Schwerin and Small Halle and Large Berlin 
Neubrandenburg towns Karl-Marx-Stadt cities 
area' area 

Uric acid 8.2 8.2 12.3 9.9 8.0 
10.4 11.0 14.5 12.4 10.5 

Uric acid 2.2 2.8 2.2 2.5 2.5 
dihydrate 

Whewellite 62.3 59.8 62.1 62.2 59.9 
74.8 73.6 74.2 75.5 73.6 

Weddellite 12.5 13.8 12.1 13.3 13.8 
Apatite 3.3 3.0 0.6 2.1 1.1 
Carbonate 2.3 2.5 2.6 1.9 6.2 

apatite 
Struvite 6.0 6.1 4.8 5.0 5.0 

Table 17. Geographical variations in the route of stone elimination (in %) 

Route of Schwerin and Small Halle and Large Berlin 
elimination Neubrandenburg towns Karl-Marx-Stadt cities 

area area 

Spontaneous 66.2 65.7 73.2 71.7 74.3 
Instrumental 5.9 6.9 4.6 4.2 3.3 
Operative 27.9 27.4 22.2 24.1 22.4 
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Both BRUNDIG et al. (1980, 1981 a, b) and SCHMUCK! and ASPER (1979, 
1977) have drawn attention to the effect of stress on urolithogenesis. This would 
explain the abnormally large proportion of drivers among stone patients and 
the high rate of kidney stones among flight crew. Pilots have twice the urolith 
rate of the population at large and in the Israeli airforce this proportions is said 
to reach 25%, compared to 4,2% among non-fying airforce personnel (PONlSCH 
et al. 1973). Thus the to-fold excess of stones among Danish doctors (PLANZ 
1962) may also be explained both by their increased exposure to stress and their 
socio-economic grouping (ROBERTSON et al. 1979). 

TOGGENBURG et al. (1981) have given some particularly interesting data on 
stress factors and urolithogenesis. Not quite 20% of patients in their clinical ma
terial are immigrant workers from Italy, Spain, Turkey, etc. who are usually 
manllal or household workers. 81 % suffered their first stone symptoms after ar
riving in Switzerland. Only 12% gave a history of urolithiasis, yet the recurrence 
rate after immigration reached 7%. Only 17% had an abnormality in their 24-
hour urine that could be classed as a risk factor. There was a definite increase 
in the incidence of stone disease during the first two years after their arrival. 
Together, this marked incidence peak in the first and second year, the pro
ponderance of calcium oxalate stones and the ureter as the dominant site of oc
currence (80%) suggest that the social stress of moving to a new society rep
resents a significant causal factor. 

The best data on occupational intoxication as a cause of nephrolithiasis has 
been gathered in relation to long-term cadmium exposure (ANKE and SCHNEI
DER 1979; AXELSON 1963; FRIBERG et al. 1974; SCOTT et al. 1979, 1982). 

The pathophysiology of this condition is hypercalciuria due to renal dam
age. 

Nutrition would appear to play an important part in urolithogenesis. 
ROBERTSON et al. (1978 a, 1978b, 1979, 1984), KNEBEL (1982), ULSHOFER 
(1984), ZECHNER and SCHEIBER (1981 a) were able to establish a direct relation
ship between income, expenditure on food, protein intake and urolith frequen
cy. Large quantities of alcohol have also been said to be a risk factor (ZECHNER 
1982; ZECHNER and SCHEIBER 1981 b). 

ASPER and SCHMUCK! (1984) have reviewed 200 publications describing 
250,000 calculi from 50 countries, demonstrating that the distribution of stones 
in Europe in the last century by age, sex, type and anatomical site corresponds 
to the pattern in the developing countries of today. This pattern is quite signifi
cantly different to that seen nowadays in Europe, the USA and Japan. Although 
no causal relationship is postulated, socioeconomic development seems to go 
hand in hand with a falling proportion of childhood urolithiasis, bladder 
stones, phosphate-, uric acid- and urate stones. By contrast, the proportions of 
stones found in women and composed of calcium oxalate both rise. 

Table 18 presents a comparative study of stone type distribution and dietary 
habits in three different countries (GOLDSCHMIDT et al. 1984). 

A connection between the composition of drinking water and the incidence 
of urolithiasis has often been looked for. Thuringia with its extremely hard wa
ter has traditionally been regarded as an area with a high urolithiasis rate, 
although stone disease was in fact always quite rare. There is in fact no relation-
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Table 18. Dietary practice and stone composition 

Major type of Major food source 
lithiasis 

Alsace Calcium oxalate Lipids 
(France) (58.5%) (168 g/day) 

Buenos Aires Uric acid Protein 
(Argentina) (48%) (104 g/day) 

Vientiane Calcium oxalate Glucose 
(Laos) (57%) (392g/day) 

ship (or perhaps even a weak inverse one) between the hardness of drinking 
water and the incidence of nephrolithiasis (Bo et aI. 1978; DEREZIC et aI., 
DONALDSON et aI. 1979; SIERAKOWSKI et aI. 1979; ROSE and WESTBURY 1975). 
The same is true of the magnesium content of water (SCHNEIDER and ANKE 
1976; ILLIEVSKI and ILLIEVSKI 1984). GOLUBCHANSKAJA (1976), however, has 
drawn" attention to a connection between the major and trace element compo
sition of water in relation to that found in uroliths. 

VTI. Constitution, Psychological Factors 
and Concomitant Disease 

We have analysed the general constitution, the psychological profile, the symp
toms and typical concomitant illnesses of 500 urolith patients (SCHNEIDER et aI. 
1979, 1980). 70% of patients were obese, indeed 90% of those with uric acid 
stones. KRIZEK (1968) and HORN et aI. (1980) also pointed to a high rate of 
obesity among stone patients (JARRovand BOEDECKER 1984). 

Morphometric classification according to KRETSCHMAR revealed a marked 
proponderance of the pyknic type among women. The men were chiefly of ath
letic habit. In the GRONINGER (1962) series there was an excess of pyknics 
among both sexes. Pyknic women are twice as likely to suffer from uric acid 
stones as are athletic or leptomorphic women. 

KRIZEK (1968) investigated the relationship between eye pigmentation and 
type of calculus in 3,073 patients. Calcium oxalate stones coincide most com
monly with brown eyes and uric acid stones with blue. 

Half of all urolith patients may be shown to be hypertensive, and MAURER 
and VAHLENSIECK (1967) also found 109 urolith patients among 253 renal hy
pertensives. In an individual case it may be difficult to decide whether hy
pertension is the cause or the consequence of stone disease. The diabetic mor
bidity was equally impressive at 5.1% among urolithiasis patients, a figure con
siderably in excess of that for the general population. 10% of female uric acid 
patients and 6% of males suffered from diabetes mellitus, suggesting a powerful 
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correlation between these two metabolic disorders. On the other hand TSCHOE
PE et al. (1984) were unable to demonstrate an increased risk of stone disease 
(non-infective stones) among diabetics. Almost half of all patients with uric 
acid stones gave a history of rheumatic symptoms and of frequent ingestion of 
analgesics. One may assume this group to contain a large proportion oflatent or 
manifest gout sufferers (THEILE et al. 1983). Primary urolithiasis is without any 
significant effect on the risk of developing renal tuberculosis, but the latter is 
associated in 8% of cases with secondary stone formation (STRAUSS 1982). 

Renal tubular acidosis, on the other hand, is much more commonly linked 
with recurrent stone disease. 

Our data confirms that of LOMBARDI (1969) and conflicts with that of 
GUNALP (1979) in showing a random distribution of blood groups. 

A symptom-orientated questionnaire has enabled an approximate psycho
logic assessment of our patients in respect of neurotic conditions (SCHNEIDER 
et al. 1980). The results show that the majority of female kidney stone patients 
belong to the group of 'possible neurotic' whilst the males tend to be 'without 
neurosis'. Since these are broad-peaked distributions one may assume a rela
tively large proportion of neurotic women among stone sufferers. Results of an 
MMPI-based study by WOCHNIK and SCHNEIDER (1972) suggest that autonomic 
nervous disorders resulting from psychological stress may represent an impor
tant etiological factor in urolithogenesis. 

We have also employed an adapted INR (introversion, rigidity, neuroti
cism) score according to BOTTGER. This questionnaire provides data on current 
circumstances and response to professional and social demands. It also assesses 
weighting factors including the effects of discrepancies between expectation 
and achievement. 30% of female patients have above average INR scores, only 
5 - 10% are at the lower end of the range. Interestingly enough there are marked 
variations between the whewellite and weddellite groups. These data would 
tend to confirm the characteristics suggested by PFLUCKER (1950) and MATES 
and KRIZEK (1955) for patients suffering from uric acid, calcium oxalate and 
phosphate calculi. Men with calcium oxalate stones are frequently dissatisfied 
with their occupation, timid, irritable, indecisive and frequently suffer from 
psychologieal conflicts. By way of contrast, uric acid stones occur more fre
quently among manual workers who are content with their work, tending to be 
neither egoistic, irritable nor timid, although they are frequently rather melan
cholic. 

Vill. Urinary Calculi in Children 

In contrast to the last century and to areas of endemic urolithiasis, children in 
most European countries and in America are nowadays rarely affected by uri
nary calculi. The figures available in the literature are based on highly variable 
clinical material. According to MEHNERT and HOKO (1978) 5.6 per 100,000 chil
dren underwent inpatient treatment for urolithiasis in 1974, whereas KAPLAN 
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et al. (1979) report 0.1 %, NORONA et al. (1979) 0.1% and LOUTFI et al. (1972) 
0.8%. 

In one (admittedly endemic) area of Turkey there were 8 stone patients per 
1000 children of school age (REMZI et al. 1979). 

According to FRICK and BARTSCH (1979) children constitute 4- 5% of all 
urolith patients, and in one area of Yugoslavia this figure was 2.5% (JANCA 
et al. 1978). 10% of all children undergoing surgery in the Cairo children's hos
pital over a period of 20 years had urinary stones (LOUTFI et al. 1972). WILL
NOW (1967) found stones in the urinary tract of 1.1 % of about 8000 children 
examined at postmortem in the University Department of Pathology, Leipzig. 

COHEN (1979) discusses the frequency and causation of neonatal neph
rolithiasis. One half of all children had a family history of stone disease (NOE 
et al. 1983). 

A questionnaire sent by BOKAI (1895) to all medical practitioners in Hun
gary brought to light 1,621 children with urinary stones, and in 1912 he extend
ed this study (1,836 children). Stones occurred most commonly in the region of 
the Danube and the Theis. The varying distribution of childhood stones is not 
clearly understood. Environmental factors and unsuitable nutrition would ap
pear to have an important influence. The majority of children with urolithiasis 
were of poor family background and had bladder or urethral calculi. 

In 1976,91 children aged 0-12 years were treated for urinary calculi in 16 
children's clinics in the GDR (Fig. 14). This represents unselected clinical ma
terial derived from a population of 200,000 children, from which a morbidity of 
0.5% may be calculated. In 1976 and 1977 one new case of urolithiasis was di
agnosed per 10,000 children years, with three times more new cases among 
school age than pre-school children (OTTO-UNGER 1978). ZVARA et al. (1979) 
have documented a decrease in the initial stone rate in one large city from 20 to 
7 per 100,000 children. Nevertheless, the overall urolithiasis rate among chil
dren rose during the same period (1965-1974) from 3.6 to 59. 

Fig. 14. 91 children with urolithiasis - un
selected clinical material from a defined popu
lation area (SCHNEIDER and OTTO-UNGER 
1978) 
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Table 19. Sex ratio among juvenile stone patients (various 
authors) 

Author Year Sex ratio 
ci:'j' 

BOKAI 1895 26 
VALYASEVI 1979 10 
BUDEVSKI et al. 1978 2.6 
MARQUARDT and NAGEL 1977 2.0 
WILLNOW 1962 1.4 
DDR-Statistics 1981 1.4 
VENDL 1975 1.2 
MEHNERT and HOKO 1978 1.1 
CHURCHILL et al. 1980 1.0 

Table 20. Frequency distribution by stone type in childhood 
overall distribution (n = 95,788) (n = 100%) 

Type of stone Male 

Total 

Uric acid 12.5 
Uric acid dihydrate 2.6 
Ammonium dihydrogenurate 0.4 
Cystine 0.1 
Whewellite 59.8 
Weddellite 14.9 
Apatite 0.9 
Carbonate apatite 2.3 
Brushite 0.2 
Struvite 4.2 
Artefacts 1.1 
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(n = 1,366) compared to the 

Female 

Children Total 

1.1 9.2 
0.2 2.8 
1.1 0.4 
0.2 0.3 

32.8 55.0 
32.8 11.8 

2.1 2.5 
6.3 5.7 
1.9 0.2 

12.5 6.8 
6.5 3.6 

Fig, 15, Age distribution of 
uroliths among boys and girls 
(n = 1,366) 
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Among 9S,780 uroliths analysed in the GDR, 1,366 were from children un
der the age of IS, i.e. 1.4%. With a ratio of 1.4 the sex distribution is more equal 
than in the general population (Table 19). 

In the series of ZVARA et al. (1978) girls outnumbered boys, although this 
data relates only to schoolchildren. Although BOKAI (189S) and VALYASEVI 
(1979) found an excess of boys, it should be pointed out that their material con
sists predominantly of bladder and urethral stones (GHARIB 1970). 

In our own series the distribution was equal only among ll-year-old boys 
and girls (Fig. IS). 

Although VAHLENSIECK (1978) found a falling age distribution among 94 
children with uroliths, our own data suggests a steady rise after an initial fall 
between the first and fifth years, with a peak occurring at the age of 12. There 
are wide variations in the data given in the literature. V AHLENSIECK (1978) 
failed to find any age-related peak, ECKSTEIN (196S) and HELBIG and GHARIB 
(1969) found the greatest prevalence among 2 to S-year-olds. CHURCHILL et al. 
(1980), MEHNERT and HOKO (1978) and JANCA et al. (1978) found the same of9 
to 14-year-olds. 

These variations in the age distribution of stones are mirrored in the distri
bution of stone types by age, a distribution widely at variance with that among 
adults (HODGKINSON 1977) (Table 20). 

The majority of authors are agreed on the rarity of uric acid stones among 
children. Only in Bulgaria is a figure of 19% quoted (BUDEVSKI et al. 1978). 
Ammonium dihydrogenurate calculi are more common in children than in 
adults. The reverse is true of the whewellite-weddellite ratio: weddellite is 
equally common or perhaps commoner (SZABO 1978). 

Infective calculi of struvite or carbonate apatite are considerably commoner 
in children (up to 3 times more frequent in boys) (JOOST and MORBERGER 1982; 
MAZEMAN et al. 1983; REVEILLAND and DAUDON 1984). Struvite calculi have 
their peak occurrence in 3-year-olds (Fig. 16). On the other hand whewellite 
predominates in the first year of life. Its occurrence decrease rapidly, only to 

Fig. 16. Distribution of juvenile stone 
types by age 
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rise again steadily from the 4th year of life to become the principal type of cal
culus at th€ age of 13. Weddellite is the most common phase between the 5th 
and 12th year. 

BARRADT and GHAZALI (1977) have devided children with uroliths into 
three etiological gfClUpS. 
1. Endemic calculi: chiefly ammonium dihydrogenurate stones, mainly in the 

Far East. 
2. Urinary tract infection: struvite calculi related to Proteus infections (com

monest cause in Europe). 
3. Rare metabolic disorders and calcium oxalate stones. 

Urinary tract infection, not uncommonly related to anatomical anomalies, 
appear to be the commonest cause of urinary calculi, particularly among in
fants. 

60- 80% of urolithiasis is considered to be associated with infection, organ
isms of the Proteus and Coliform group predominating (FINN and SAUPE 1981; 
MARQUARDT and NAGEL 1977; MAZEMAN et al. 1978,1983; NORONA et al. 1979; 
REMZI 1980; SINNO et al. 1979; TURKYILMAZ 1976). Approximately % of chil
dren with urolithiasis have an anatomical abnormality of the urinary tract (Ho
MANN et al. 1977), and according to BORGMANN and NAGEL (1980,1982) the re
lated outflow and urodynamic disorders are of great importance in childhood 
urolithogenesis. 

Metabolic disorders are a relatively rare cause of stones in childhood. Fig
ures vary between 14% (SINNO et al. 1979) and 6% (SCHNEIDER and OTTO-UN
GER 1979; VAHLENSIECK 1978). Such disorders include hypercalciuria, found by 
CHURCHILL et al. (1980) in 38% of their pediatric urolithiasis patients, more 
rarely disorders of purine metabolism or primary hyperoxaluria and mainly 
cystinuria. 

Of 250 cystine patients from 190 cystinuric families 42 suffered their first 
manifestation during childhood (KRIZEK 1978). Indeed 15 had their first cal
culus episode during the first year of life. Among younger children boys are 
mainly affected (4: 1), the sex ratio becoming almost even by the age of 15. 

A series of 148 children undergoing surgery for urolithiasis in Teheran con
tained 6 with cystine and 3 with xanthine stones on X-ray diffraction, polarising 
microscopy and chemical analysis (KHERADPIR and ARMBRUSTER 1984). The 
vast majority of stones were a mixture of whewellite and ammonium hydrogen 
urate. 

SCHOENBERGER et al. (1983) followed up patients operated on ten years pre
viously for childhood kidney stones. 11 % had had a true recurrence and 20% 
had suffered from residual stones, more than half of which had passed spon
taneously. The commonest' cause of recurrence was persistent urinary tract in
fection. 

DE VOOGT et al. (1973) have described a xanthine stone occuring in a 10-
year-old xanthinuric child. 

The postmortem material of WILLNOW (1962) yielded a figure of 73% for 
inflammatory conditions of the bowel among children with urolithiasis, but it 
should of course be remembered that the concomitant dehydration must be a 
powerful pathogenetic factor. 
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Table 21. Recurrence rates for various stone types in children compared to overall rates 

Type of stone Total 

Uric acid and 29 
uric acid dihydrate 

Cystine 
WhewelIite 423 
Weddellite 442 
Apatite 36 
Carbonate apatite lIO 
Brushite 29 
Struvite 178 

Recurrent 

II 

83 
108 

8 
43 
14 
52 

Percent recurrence 
rate 

Children Total 

38 58 

20 42 
24 43 
22 39 
39 40 
48 62 
29 39 

Bladder and urethral stones are even rarer in children than in adults. A sole 
exception is constituted by endemic areas (LOUTFI 1981; REMZI 1980; 
VALYASEVI 1979; VAN REEN 1972). The latter type of stone is nearly always am
monium dihydrogenurate (HsIEN et al. 1973). In Europe and North America 
bladder calculi occur mainly in children with anatomical abnormalities or who 
have been immobilised for a long time. Their stones consist of struvite and car
bonate apatite (AURORA et al. 1970; FRICK and BARTSCH 1972; GHAZALI et al. 
1973; HERTKENS and VOLZ 1970; HESSE and SCHNEIDER 1978; REINER et al. 
1979). 

In our own studies there were 332 recurrent stones, i.e. 24.3%. Compared to 
the figure of 45% for our total data this figure is remarkably low. 

The following figures may be found in the literature: KAPLAN et al. (1979) = 
6.5%, MINKOW (1978) = 12%, ZVARA et al. (1978) = 11.4%, SCHNEIDER et al. 
(1978) = 25%, REETZ (1980) = 15%, VENDL (1975) = 24%, ABERLE (1968) = 23%, 
STROHMENGER and MELLIN (1970) = 22%, BORGMANN and NAGEL (1980) = 
21 %, GOSALBEZ et al. (1981) = 30%. 

Table 21 gives the recurrence rate for various types of calculus compared to 
the overall recurrence rate. With the exception of brushite and carbonate apa
tite virtually all types of stone show only half the general recurrence rate in chil
dren. 

Stones are also eliminated differently to those of adults. VAHLENSIECK 
(1978) pointed out that 80% of adult ureteric stones are passed spontaneously, 
against only 25% of juvenile stones. Figure 17 depicts the ratio of spontaneous 
passage, operative and instrumental removal. For adults these ratios are 
70: 25: 5, and for children 40: 56: 4. 

"Studies on the epidemiology of stone formation have shown that many fac
tors appear to be involved in the pathogenesis of the disorder. Apart from the 
traditional epidemiological factors such as age, sex, occupation, geographical 
localisation and climate, other variables reported to influence the risk of stones 
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include social class, dietary and fluid intake and genetic factors. Stone forma
tion is a multifactorial disorder of some complexity. Ultimately the task of the 
researcher must be to fit all the pieces of the puzzle together to provide a unify
ing theory which explains why and how stones form in the urinary tract" 
(ROBERTSON et al. 1979). 
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Pathogenesis of Urolithiasis 

W. G. ROBERTSON and M. PEACOCK 

"No stretch of chemical or physical imagination will permit so heterogeneous a 
group of compounds (as renal stones) to be ascribed to a common origin, or 
their disposition in the kidney, urether, or bladder to be uniformly charged to 
an identical cause" - Howard Kelly. 

I. Introduction 

Urinary stone disease is one of the oldest and most ubiquitous diseases known 
to man. The earliest evidence of this disorder is a bladder stone, dating back to 
about 4800 BC, found among the pelvic bones in the tomb of a young predy
nastic Egyptian (SHATTOCK 1905). Other stones from that era have been report
ed although, out of 9000 mummies examined, only 4 had positive evidence of 
calculi, so that the prevalence of the disorder must have been fairly low, at least 
among upper class Egyptians. Stones have also been found in North America in 
the graves of early Indians (ca 1500 BC) (WILLIAMS 1926; BECK and MULVANEY 
1966) but in South America stone disease appears to have been rare amongst 
the indigenous population until after the Spanish Conquest (BUTT 1956). In In
dia, references to stone-formation can be located in early Sanskrit documents 
written between 3000 and 2000 BC (DESNOS 1914) and stones were well-recog
nised in Classical times by Hippocrates in Greece (ADAMS 1939) and by Celsus 
in Rome (DESNOS 1914). 

Since that time the pattern of stone disease has changed with fluctuation 
both in the geographical distribution and in the type and composition of stones 
formed (ANDERSEN 1969, 1973; BLACKLOCK 1976). Over the centuries the inci
dence appears to have been generally increasing, particularly amongst the more 
industrially developed nations, although there are reports of "troughs" and 
"waves" in the incidence pattern during and after the two World Wars (AN
DERSEN 1969, 1973; BLACKLOCK 1976, 1979). The stone most commonly found 
today in North America, Europe and Australia consists mainly of calcium oxa
late occurring with or without calcium phosphate (PEACOCK and ROBERTSON 
1979). This contrasts with the composition of stones in countries where endemic 
bladder stones are still common among children, particularly boys, and where 
the stones consist mainly of calcium oxalate and/or ammonium acid urate 
(LONSDALE 1968a; SUTOR 1976; THALUT et al. 1976). Renal stones composed of 
magnesium ammonium phosphate, usually in conjunction with calcium phos-
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ph ate, are common throughout the world and occur in patients with certain uri
nary tract infections involving urea-splitting organisms. The relative incidence 
of this type of stone appears to have been decreasing in recent years at least in 
the United Kingdom (HODGKINSON and MARSHALL 1975) and is presumably 
related to better clinical diagnosis and tr~atment of urinary tract infection. Up
per urinary tract stones consisting of uric acid or cystine are relatively un
common in most parts of the world although certain areas such as Israel (ATS
MON et al. 1963), central Europe (SUTOR 1976) and parts of South America 
(SCHNEIDER and HIENZSCH 1979; MATOUSCHECK and HUBER 1981) do have a 
traditionally high incidence of uric acid stones. There is some evidence that 
uric acid stones were becoming more common in many of the more industrially 
developed countries up till about 1970 (MAY and SCHINDLER 1973; SCHNEIDER 
and HIENZSCH 1979) but thereafter the incidence appears to have been falling 
(SCHNEIDER and HIENZSCH 1979; ROBERTSON and PEACOCK 1982) in response to 
the effect of inflation on the standard of living of the populations of these coun
tries. In the last few years, however, in the u.K., the incidence of uric acid 
stones has again been increasing (Fig. 1). Figure 1 shows that the incidence of 
calcium-stone formation has followed a similar pattern to that of uric acid 
stones. This is almost entirely due to fluctuations in the number of "pure" cal
cium oxalate stones, with no obvious pattern of change in the number of 
"mixed" calcium oxalate/calcium phosphate stones (ROBERTSON and PEACOCK 
1982). The overall pattern of stone incidence in the u.K. has followed very 
closely that of the economic situation and its effect on animal protein con
sumption over the·last 25 years (ROBERTSON et al. 1979a, b, c; 1981 b). 

It: 

'" w 

2 

> 1 
It: 

~ 
!!l 
III 
> 
....I 0 
~ 150 

'" It: o 
u. 
fil100 
> 
iii 
u 
W 
It: 50 
III 
W 
Z 
o 
t-
III 0 
~ 100 
It: 
W 
m 
:E 
~ 50 

00 

0 0 

o CaOx/CaP 

0 
0 0 000 

0 
00 

00 

0 

• 

1970 1980 °19~60--~-----'----------
YEAR 

Fig. 1. The annual number of uri-
nary stones received for analysis 
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(CaOx/CaP); bottom - "pure" 
calcium oxalate stones (CaOx) 
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II. Theories of Stone-Formation 

Many theories have been advanced to account for the formation of stones in the 
urinary tract, but none has evolved which completely explains why certain indi
viduals form stones whereas others do not. The main problem is that only in a 
few instances can the cause of the stone be attributed" to one factor; in the ma
jority of patients, the disorder appears to be multifactorial in origin. 

The essential features of a complete theory of stone-formation are that it 
should account for the formation and retention within the urinary system of 
some critical nucleus which then accretes in size by the processes of crystal 
growth and agglomeration until it produces the clinical symptoms associated 
with the disorder, namely, renal colic, dysuria and haematuria. The final stone 
may range from a few milligrams to several grams in weight (HODGKINSON 

et al. 1969). 
Broadly two groups of theories have emerged. Firstly, there are those which 

attempt to explain the initiation of stones in terms of an intracellular or in
terstitial process involving some localised lesion within the kidney tissue, fol
lowed by eruption of the nucleus into the urinary collecting system and growth 
into a stone. The second group of theories, on the other hand, describes stone
formation as being essentially an extracellular or intratubular phenomenon, i.e. 
the whole process takes place within the lumen of the urinary tract. Stone-for
mation is considered to take place in four stages: firstly, a nucleation phase dur
ing which crystal embryos are formed in the urinary tract; secondly, a period 
during which the initially formed embryos grow and aggregate to form larger 
particles; thirdly, the retention of one of these secondary particles which has be
come large enough to be trapped at some narrow point in the urinary tract; and 
finally, the growth of this trapped particle into a stone. 

1. Localised Lesions in the Kidney 

Several theories have evolved in this category derived mainly from histological 
and radiographic studies on kidney tissue removed at operation or at autopsy 
from patients with and without clinical evidence of stone disease. 

a) Randall's ~laques 

In the late 1930s, RANDALL (1937, 1940) published a series of reports describ
ing the presence of papillary calcifications which he suggested might be pre
cursors of renal stones. These were observed in 19.6% of 1154 pairs of kidney 
examined at autopsy. In 65 individuals a primary renal stone was observed 
growing upon and attached to a papilla (RANDALL 1940). Two types of lesion 
were identified. Type I, the more common of the two, consists of subepithelial 
plaques of a calcium salt measuring I to 2 mm in diameter located in the in
terstitial tissue of the papillae. Sometimes there are several such plaques on the 
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Fig. 2. Medullary calcification: showing the various types of precipitates formed (ANDERSON 
1979; with the permission of the author and publishers) 

same papilla and several papillae on the same kidney may be involved (Fig. 2). 
RANDALL postulated that these plaques, which first appear in the basement 
membrane of the cells of the collecting tubulus, act as foci for further mineral 
deposition and that they eventually ulcerate and expose themselves to calyceal 
urine. Microchemical analysis of these foci has shown that they are usually 
composed of calcium phosphate, less commonly of calcium oxalate and ex
tremely rarely of uric acid (POSEY 1942; RESNICK and BOYCE 1979a). 

A second, but less common, pre-calculus lesion (Type II) was also described 
by RANDALL. This was characterised by intratubular inspissation by calcium 
salts of the terminal portions of the collecting ducts (Fig. 2) and was associated 
with hyperexcretory disorders such as primary hyperparathyroidism, vitamin D 
poisoning and urinary infection. 

Subsequent studies on renal tissue have supported (ROSENOW 1940; POSEY 

1942; VERMOOTEN 1941, 1942; BRUWER 1979) and contradicted (K.J0LHEDE and 
LASSEN 1942; ANDERSON 1969; HAGITT and PITCOCK 1971) RANDALL'S ob
servations. VERMOOTEN (1956) eventually concluded that papillary calcification 
is a fairly normal physiological process. Furthermore, as pointed out by PRIEN 

(1975), examination of RANDALL'S original data shows that there is a major dis
crepancy between the age incidence pattern of plaque-formation and that of 
stone-formation. The former tends to be most common in subjects more than 60 
years old whereas the peak in the latter occurs some 3 decades earlier. It would 
appear that this form of calcification may be simply some function of the age
ing process. Indeed the concensus amongst most researchers in the field over the 
last decade is that, whereas a few stones probably originate by this mechanism, 
this lesion is not a major cause of renal stone-formation (ANDERSON 1969,1979; 
RESNICK and BOYCE 1979 a). 

There are, however, some observations on small ureteral calculi which lend 
some support to RANDALL'S hypothesis. Optical studies reveal that, although 
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many have no regularity of structure, some do, and this often allows a nucleus 
to be identified. This is usually found at the focal point of the concentric 
growth layers of the stone. In the majority of such stones the nucleus is centrally 
situated, consistent with the hypothesis that they originate by expulsion from 
the papillary ducts of nuclei which develop into free-growing stones in the pel
vo-calyceal space (Fig. 3a). However, according to PRIEN (1955, 1975), about 
15% of all laminated stones have an eccentric nucleus, such as would come 
about if the growth phase took place while the stone embryo (growing on a 
RANDALL'S plaque Type I) was attached to the renal papilla (Fig. 3 b). In sup
port of this mechanism, stones have been found with small smooth concavities 
(PRIEN 1955; ELLIOT 1973), often containing pedicle-like structures of apatite or 
calcium oxalate or even small pieces of papillary tissue, suggesting that they 
may have been the points of mural attachment (PRIEN 1949, 1955). The Type II 
lesion described by RANDALL may be considered to produce stones as suggested 
in the scheme in Fig. 3 c. According to PRIEN this is identical to the calcium in
farct described by older pathologists and may produce the "snow-capped" pa
pillae described by VERMOOTEN. In this lesion the papillary ducts become ob-
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Fig. 3 a-c. Diagrammatic representation of the renal papilla depicting the development of 
calculi: a "free-particle" stone-formation in the pelvo-calyceal space; b formation of a stone 
with an eccentric nucleus (starting on a Randall's plaque (Type I) attached to the papilla); 
c obstruction of a papillary duct by a stone salt followed by anaemic infarction and sloughing 
of the adjacent peri tubular tissue (Type II lesion). (Adapted from the diagram of PRIEN 1975) 
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structed by impacted crystals. This is followed by anaemic infarction, necrosis 
and sloughing of the adjacent peritubular tissues. Eventually the stone embryo 
separates from the papilla and is passed in the urine or becomes lodged at an
other point in the urinary system. According to PRIEN (1975), however, such 
calculi are quite uncommon. 

Some support for the possibility of precipitation of calcium salts in the renal 
papillae comes from studies on the calcium and oxalate concentration gradients 
across the kidney. Both in the rat (WRIGHT and HODGKINSON 1972) and in man 
(COOKE 1971, 1973; HAUTMANN et al. 1980; HAUTMANN and OSSWALD 1983) 
calcium and oxalate concentrations in renal tissue increase from cortex through 
the medulla to the papillae. This may explain the presence of precipitates in the 
tissues in this region. 

In summary, papillary lesions of the type described by RANDALL do exist 
but there is no evidence that they differ in any way from other forms of renal 
focal calcification - nor does RANDALL himself appear to have considered 
them so. It is their vulnerability to exposure to pelvic urine which makes them 
unique. Although they may be a rare cause of stone-formation, their overall im
portance in the aetiology of stone disease has not yet been elucidated. At this 
point in time the majority of evidence suggests that they do not playa major 
role in the genesis of stones (ANDERSON 1969). 

b) Anderson's Calcific Droplets 

Further studies on intrarenal calcification by ANDERSON and McDoNALD 
(1946) showed that of 148 diseased kidney and 20 normal autopsy kidneys 
examined, evidence of microscopic deposits of calcium salts in the parenchyma 
of the renal pyramids was noted in all but 3 specimens. These interstitial pla
ques seemed to be the result of the coalescence of innumerable microspherules 
of calcific material. Referred to by ANDERSON as "droplets", they were appar
ently formed as a result of "flecks" of calcareous material being taken up by 
phagocytic cells which subsequently died leaving the deposits in the interstitial 
tissues (Fig. 2). ANDERSON proposed that RANDALL'S plaques were probably 
the result of aggregation of "droplets" which he himself had described. 

c) Carr's Pouch (Stewart's Nest) 

In 1954, CARR put forward an alternative hypothesis to explain the occurrence 
of stones formed in association with renal papillae (CARR 1954). Using sophisti
cated microradiographic techniques, CARR initially examined 98 partial 
nephrectomy specimens and III kidneys obtained at autopsy from patients dy
ing of non-renal causes. This was later increased to 250 specimens (CARR 1969). 
In almost every kidney from patients over the age of 9 years, small concretions 
could be demonstrated which were just visible to the naked eye. There were 
usually only one or two such radio-opaque bodies in each kidney but occasion
ally as many.as twelve. CARR noted that these microscopic concretions were pri-
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marely located in three specific areas of the kidney; firstly, and most com
monly, just outside the calyceal fornices, secondly, in the corticomedullary junc
tion zone and, thirdly, immediately beneath the renal capsule. Since these areas 
correspond to the anatomical positioning of the renal lymphatic system, CARR 
suggested that, by analogy with the lungs, particulate matter formed in the up
per urinary tract under conditions of excessive supersaturation may be drained 
away, not only in the urinary stream itself, but also via the lymphatic network. 
When the latter system ceases to function adequately, either because of over
loading with excessive numbers of crystals or because of inflammatory changes 
produced by infection, blockage occurs at the mouth of the fornix (or fornices) 
concerned. These trapped crystals may accrete in size and eventually, in the 
form of a small concretion, erupt into the calyceal lumen. There in contact with 
supersaturated calyceal urine, it may then act as a nucleus for the formation of 
a true stone. 

CARR and his surgical colleague STEWART so consistently found small con
cretions in the region of the fornices that they introduced the terms "Carr's 
pouch" (CARR 1969) and "Stewart's nest" (STEWART 1955) to describe this criti
cal area of the kidney which they considered to be a potential nidus for the ini
tiation of stones. In support of this, CARR cites the evidence that a partial 
nephrectomy which removes "Stewart's nest" prevents the patients from having 
further stone episodes (STEWART 1960; CARR 1969; PAPATHANASSIADIS and 
SWINNEY 1966) and this has been supported by later data (ROSE and FOLLOWS 
1977). However, the operation has been condemned by others who consider it 
unsuitable for the majority of renal stones since it involves loss of renal tissue 
without proven benefit to the patient (ANDERSON 1974; MARSHALL et al. 1975). 
Furthermore ANDERSON (1979) considers that despite the striking clarity of 
CARR'S microradiographs, it has not been proven conclusively that the con
cretions are in the lymphatics rather than in or around tubules. Like RANDALL'S 
theory, CARR'S has yet to be completely refuted or confirmed. 

d) Anderson-Carr-Randall Progression 

Recently an attempt has been made by BRUWER (1980) to bring together the 
observations of ANDERSON, CARR and RANDALL into a composite hypothesis of 
stone-formation. He proposes that primary. renal calculi result, under certain 
defined circumstances, from the migration of calcium-containing deposits from 
the inside to the surface of renal papillae through a sequence of events which 
he terms "Anderson-Carr-Randall morphologic progression". According to this 
hypothesis the process begins with the formation of ANDERSON'S "droplets" 
within the parenchyma of the renal pyramids, an observation confirmed by 
other workers (COOKE 1970; HAGGITT and PITCOCK 1971; WELLER et al. 1972). 
These deposits are said to be localised in the collagen bundles of the connective 
tissue around the loops of Henle (WELLER et al. 1972). The second stage of the 
progression is claimed to involve movement of ANDERSON'S droplets from a 
locus within the substance of the papilla to a subepithelial position near to or at 
the surface of the papilla prior to removal of the deposits via the lymphatic sys-



192 W. G. ROBERTSON and M. PEACOCK 

Table 1. Incidence of histological calcification and radio-opaque micro-calculi in recurrent 
stone-formers and male non-stone-formers (ANDERSON 1969) (With the permission of the 
author and publishers) 

Type of case 

Stone-formers 

Non-stone-formers 

Number 

45 
108 

Histological 
calcification 
present 

29 (64%) 

32 (30%) 

Radio-opaque 
microcalculi 
present 

41 (91%) 
8 (7%) 

tern as suggested by CARR. The final stage would then be eruption of the deposit 
through the papillary epithelium and contact with pelvic urine as proposed by 
RANDALL. This composite hypothesis of the initiating process in renal stone-for
mation remains to be confirmed. 

In contrast to these findings, the studies of ANDERSON (1969, 1976, 1979) 
suggest that, although histologically detectable foci of calcification (> 20 /lm in 
diameter) are indeed more common in the renal tissue of stone-formers than in 
that of non-stone-formers, they are absent in more than one third of patients 
with stones and present in one third of those without stones. On the other hand, 
microcalculi consisting of deposits of calcium phosphate or calcium oxalate up 
to 2 mm in diameter are present in all but a handful of stone patients and al
most completely absent in non-stone-formers (Table 1). They usually occur in 
the terminal collecting ducts and are easily detected by serial contact radiog
raphy. Whatever the calcium salt forming the concretions, there is also a vari
able amount of matrix material present which ANDERSON (1979) considers to 
be a co-precipitate. ANDERSON'S (1976) overall conclusion is that calcium stone
formation is essentially a matter of precipitation from supersaturated solution 
and that nephrocalcinosis is largely a by-product of precipitation rather than a 
primary cause of stones. He claims that intrarenal calcification is undoubtedly 
the cause of some stones but that the vast majority are due to biochemical ab
normalities in the urine of stone-formers. 

e) Intranephronic Calculosis 

The process of stone-formation within the nephron has been termed "in
tranephronic calculosis" and was first described by OLIVER et al. (1966) in the 
kidneys of magnesium-depleted rats. The deposits observed in these studies 
consisted of structurally organised microcalculi generally lodged in the thin 
limb of Henle's loop. These were composed essentially of a mucopolysaccha
ride matrix of PAS(periodic-acid-Schiff)-positive substances and calcium phos
phate occurring in a periodic pattern simulating that of Liesegang rings. OLIV
ER considered the formation of these microcalculi to be the first step in the gen
esis of stones. Similar spherular bodies have been since observed in the tubules 
of the squirrel monkey (DRAcHand BOYCE 1972; RESNICK et al. 1978). 
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In man, examination of renal biopsy tissue from patients with stones and 
normal subjects has shown that idiopathic calcium oxalate stone-formers all 
had intranephronic calculi present and the number of these bodies in an indi
vidual kidney was directly related to the severity of the disorder in that patient 
(BOYCE et al. 1973; MALEK and BOYCE 1973, 1977). Non-stone-formers and pa
tients with infection stones, uric acid stones or crystine stones, on the other 
hand, did not appear to have these microliths (MALEK and BOYCE 1973). Exam
ination of the retentate after ultrafiltration of 24-hour urines from stone-for
mers and non-stone-formers showed that, in 24 out of the 26 stone-formers' 
urines studied, there were microscopic spherical bodies' containing calcium, 
phosphorus and proteinpolysaccharide complexes. These were found in only 3 
out of 15 urines from non-stone-formers (RESNICK and BOYCE 1978). No crys
talline elements were detected and it may be that these bodies are precursors of 
the so-called intranephronic calculi. 

It is not known whether or not intranephronic calculi form within the lumen 
of the renal tubule or are derived from deposits actually extruded by the tubu
lar cells (RESNICK and BOYCE 1979a). Laminated spherules of hydroxyapatite
mucosubstance complexes are known to be associated with disruption of the 
mitochondria of the renal tubular cells under a variety of conditions in animals 
and in man. Extrusion of these spherules into the lumen of the nephron and 
further mineralization may represent the initial stage of intranephronic cal
culosis (MALEK and BOYCE 1977). However it may be that the whole process 
takes place in the lumen following precipitation of salts under the highly super
saturated conditions existing in the loop of Henle (WRIGHT and HODGKINSON 
1972; HAUTMANN et al. 1980). 

As with the other hypotheses which invoke localised lesions within the kid
ney as being the cause of stone disease, further studies are clearly required to 
confirm or refute these suggestions. 

2. Hyperexcretion-Crystallization Theory 

a) General Principles 

The simplest theory to account for urinary stone-formation is based on the prin
ciple that it is simply due to the increased excretion of sparingly soluble sub
stances in urine lead'ing to spontaneous precipitation of these salts in
dependently of a pre-formed matrix or of inhibitors of crystallization. This is 
supported to the extent that in most forms of the disorder stone-formers tend to 
have higher excretions of one or more of the constituent ions of the salt or acid 
concerned (see Section III). Since all the stone-forming salts and acids are spar
ingly soluble under normal urinary conditions, any increase in the saturation of 
urine with these increases the risk of precipitation and crystalluria. Persistent 
crystalluria of this nature may eventually result in the formation of some large 
crystal or aggregate of crystals which may become trapped in a narrow portion 
of the urinary tract. Alternatively, blockage may occur by a "log-jamming" 
mechanism in a urinary stream overcrowded with crystals (VERMEULEN et al. 
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1964, 1966, 1967; ROBERTSON et al. 1969). Further crystal growth and aggre
gation on the trapped particle, together with adsorption of urinary mucoprotein 
on the growing crystal faces, is thought to produce a fully developed stone. (See 
section II.5(b) on "Free-particle" theory.) In support of this hypothesis it has 
been shown that periods of spontaneous crystalluria may trigger off stone-for
mation in animals (VERMEULEN et al. 1966) and in man (SENGBUSCH and TIM
MERMANN 1957; ROBERTSON et al. 1969, 1971; ETTINGER and KOLB 1971; CI
FUENTES DELATTE et al. 1973; VALYASEVI and DHANAMITTA 1974). It has also 
been shown that the severity of the disease in a given individual, as measured 
by his stone episode rate is proportional to the percentage of large crystals and 
aggregates in his urine (ROBERTSON et al. 1981 d). 

b) Solubility Concept 

It was recognised by the early crystallographers that crystals will not develop in 
just-saturated solutions. Indeed, a high level of supersaturation is often neces
sary before spontaneous precipitation will take place. This phenomenon is due 
to the existence of a zone of metastable supersaturation lying, in the case of a 
salt, between the classical solubility product and the empirically defined forma
tion product of the salt (Fig. 4). The solubility product is the saturation level at 
which a solution of a given salt is in equilibrium with excess crystals of the salt. 
The formation product is the so-called upper limit of metastability and is de
fined as the level of supersaturation at which spontaneous crystallization of the 
salt takes place. At saturation levels below the solubility product, a solution is 
undersaturated with respect to the salt concerned, and any crystal of that salt 
added to the solution will dissolve. Within the metastable region a solution may 
exist for long periods without precipitation taking place spontaneously. If, how
ever, any nucleating material is added to such a solution, heterogeneous nuclea
tion, followed by crystal growth or epitaxial growth, may take place (ROBERT
SON et al. 1972a; ROBERTSON 1973; COE et al. 1975; MEYER et al. 1975, 1976; 
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Fig. 4. Diagram of the various regions of saturation 
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MEYER and SMITH 1975 a; PAK and ARNOLD 1975; PAK et al. 1976). A feature of 
such a process is the limited number of crystals which it produces compared 
with the vast numbers of new crystals generated by homogeneous nucleation 
(WALTON 1967; FINLAYSON 1978). 

c) Saturation of Urine 

The saturation of a solution of a given salt (CA), which dissociates to according 
to the equilibrium CA ~ C+ + A -, is defined by its activity product ({AP}) un
der a given set of conditions, where {AP} = {C+} {A -} = [C+] fc x 
[A -] fA. In these expressions, { } represents the chemical activity of the enclosed 
ion and [ ] represents its concentration. The activity coefficients of the cation 
(C+) and anion (A -) are represented by fc and fA respectively. Thus, instead of 
measuring the activities of the ions which constitute the stone-forming salts (an 
impossible task at present), it is possible to measure the free (ionized) concen
trations of the ions (in this case [C+] and [A-D and to calculate the activity coef
ficients (fc and fA) from some form of the Debye-Hiickel equation (DEBYE and 
HDcKEL 1923). 

Several procedures have been developed for calculating activity products of 
the main stone-forming salts, namely, calcium oxalate (CaOx), calcium phos
phate (CaP) and magnesium ammonium phosphate (MAP) (RAAFLAUB 1963; 
ROBERTSON et al. 1968; ROBERTSON 1969a, c; FINLAYSON and MILLER 1969; PAK 
1969; SMALES 1972; ACHILLES et al. 1976; LESKOVAR 1979) and also for the 
minor constituents of stones, namely, cystine, uric acid, ammonium acid urate 
and sodium acid urate (MARSHALL and ROBERTSON 1976; PAK et al. 1-976). 

Rigorous calculation of the activity products of these various salts and acids 
in urine involves measuring the concentrations of all the main ionizing species 
in urine and calculating their free (ionized) concentrations from the extent to 
which they interact with one another to form soluble complexes and ion-pairs. 
For CaOx, CaP and MAP this requires the measurement in urine of pH and the 
total concentrations of calcium, magnesium, sodium, potassium, ammonium, 
phosphate, oxalate, citrate, chloride and sulphate. For cystine and the various 
urates, the calculation requires the additional meausrement of the total concen
trations of uric acid and cystine. A computer program is used to calculate the 
ionized concentrations of calcium, magnesium, ammonium, sodium, phos
phate, oxalate, urate and cystinate and the mean activity coefficients for mono
valent, divalent and trivalent ions. The activity products are then obtained by 
multiplying the relevant free ion concentrations and activity coefficients ac
cording to the following equations: 
For calCium oxalate: Kcaox = [Ca2+] [Ox2-] (f2)2 
For octocalci urn 
phosphate: 
For brushite: 
For magnesium ammonium 

Kocp = [Ca2+]4 [H+] [PO!-P f1(f2)4 (f3P 
Kncp = [Ca2+] [HPO;-] (f2)2 

phosphate: KMAP = [Mg2+] [NHt] [PO!-] f1fi3 
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For uric acid: 
For ammonium acid urate: 
For sodium acid urate: 
F or cystine: 

W. G. ROBERTSON and M. PEACOCK 

KUA = [H+] [U-] (f1)2 

KNH,U= [NHt] [U-] (f1)2 
KNaU = [Na+] [U-] (f1)2 
Keys = [H+]2 [Cys2-] (f1)2f2 

To check the validity of these calculations of free ion concentrations it has 
been necessary to develop methods for measuring ionized calcium in urine. 
Several techniques have been reported based on the precipitation of calcium 
salts (NORDIN 1959; LIGHT et al. 1973), colorimetry using murexide (WALSER 
1960; NORDIN and TRIBEDI 1962; MODLIN 1967 a) or tetramethylmurexide 
(RAAFLAUB 1962; HUNT and KING 1963; ROBERTSON 1969a), ion-exchange 
(ACHILLES et al. 1977) and ion-selective electrodes (ROBERTSON 1969a; JA
COBSON et al. 1979 a, b). The last three of these techniques have proved useful 
for research purposes, but only under limited conditions. Both colorimetric 
methods and the electrode method are influenced by differences in sodium con
centration and ionic strength so that standards containing the same concentra
tion of sodi um and ionic strength as the sample being measured have to be pre
pared for each urine. If murexide is used as the ionized calcium-sensitive dye, 
variations in urinary pH must also be taken into account. Calcium electrodes 
too are sensitive to hydrogen ion concentration in the low urinary pH range 
( <5.3). 

The main problem, however, in the determination of ionized calcium in 
whole urine is that many urines are so supersaturated with calcium salts that 
these may precipitate spontaneously thereby altering the original level of ion
ized calcium. The resultant value for ionized calcium measured in the super
natant of urine is oflittle use to the researcher for estimating the risk of precipi
tation of stone-forming salts, since after precipitation this value may bear no re
lationship to that of ionized calcium in the original urine. However, by compar
ing the calculated value of ionized calcium in the crystal1ree supernatant of ur
ine with the measured value in the same fluid it is possible to utilise this com
parison to check the validity of the computer calculation, at least for determin
ing the concentration of ionized calcium in urine. Using both tetramethyl
murexide (RAAFLAUB 1962, 1963; ROBERTSON 1969a) and the calcium-selective 
electrode (ROBERTSON 1969 a; JACOBSON et al. 1979 a, b, 1983) methods there is 
reasonably good agreement between the calculated and the measured values of 
ionized calcium (ROBERTSON 1969 a). Thus the calculation of free ion concen
trations in urine, although essentially an indirect technique, appears to be valid 
at least in the case of calcium. 

Since the measured values of ionized calcium in whole urine containing 
crystals of calcium salts are of little use to the research worker, most studies in 
this area have relied on calculating the theoretical concentration of ionized cal
cium which would have been achieved assuming that all the calcium had remained 
in solution. Analysis in this way shows that on average about 40% to 50% of total 
calcium in urine would be in the free ionized form, although the range is very 
broad (30% to 70%) (RAAFLAUB 1962, 1963; ROBERTSON et al. 1968; JACOBSON 
1979 a). Of the bound fraction, about 25% is bound to citrate, 12% to sulphate, 
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Fig. 5. The various fractions of calcium in urine 

100 

.... 
ffi 50 
(J 
a:: 
w 
Q. 

which contains no crystals 0 

197 

CaOx 1% 
CaHP04 !10% 

CaS04 112% 

CaCiC !25% 
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10% to phosphate and about 1% to oxalate (Fig. 5) (ROBERTSON and NORDIN 
1969a; FINLAYSON 1977; JACOBSON 1979a). 

A simpler procedure has been described for estimating the saturation of 
urine with the above constituents by using a set of nomograms. This technique 
reduces the number of chemical estimations necessary to a minimum. For the 
saturation of urine with calcium salts, the estimations required are those of pH 
and the concentrations of calcium, oxalate and phosphate; for the saturation of 
infected urines - pH, calcium, phosphate, magnesium and ammonium; for the 
saturation of urine with the various urates - pH, urate, sodium and ammonium 
ion; and for the saturation of urine with cystine - pH and cystine (MARSHALL 
and ROBERTSON 1976). 

From a knowledge of the' activity products of the stone-forming salts in 
urine it is a simple matter to determine the relative saturation of urine with re
spect to each constituent by comparing the activity products with the relevant 
solubility (Ksp ) and formation (Krp ) products (ROBERTSON et al. 1968; MAR
SHALL and ROBERTSON 1976; FINLAYSON 1977a). The values may be expressed 
in two ways, either on an absolute scale i.e. as -loglo (activity products), or on a 
loglo (relative supersaturation) scale, where the latter is defined either as loglo 
(activity productiKsp) as used by FINLAYSON (1977a) or as loglo (activity pro
duct/Ksp/loglO(Krp/Ksp» as used by ROBERTSON et al. (1976 c). 

On both these latter scales, a urine, whose activity product for a particular 
salt is at its solubility product, has a loglo (relative supersaturation) value of O. 
A negative value indicates that the urine is undersaturated with the salt and 
should re-dissolve any pre-existing crystals of it and a positive value indicates 
that the urine is supersaturated. On the scale of ROBERTSON et al. (1976 c) a val
ue between 0 and I indicates that the urine is in the metastable region of super
saturation and, therefore, is able to support further growth and aggregation of 
pre-existing crystals, but will not allow the spontaneous formation of new crys
tals in the absence of a nucleating agent. A value greater than 1 indicates that 
spontaneous precipitation of the salt will occur. 

As an alternative to the above computer and nomogram techniques, PAK 
and CHU (1973) have proposed a semi-empirical approach to the determi
nation of relative supersaturation. Instead of measuring all the ions in urine 
necessary for the calculation of the activity product by computer program, PAK 
and CHU determine the initial activity product (APi) (for example, of brushite) 
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in whole urine from the expression: 

where [Ca]i and [HP042-]i are the initial concentration of total calcium and di
valent phosphate (allowing for the dissociation of phosphoric acid at the pH of 
the urine) and (fca)i and (fHPO)i are the corresponding activity coefficients. Af
ter incubation of the urine with crystals of brushite (Ksp = 1.86x 1 0-7) the 
"equilibrium~' product is measured in the supernatant and calculated from the 
expression: 

where the subscript f refers to the final concentrations and activity coefficients 
of calcium and divalent phosphate. The activity product ratio (APR) of initial 
to final activify product, it is claimed, provides a measure of the relative satu
ration of the urine under study. In practice, the initial and final activity coef
ficients are not significantly different and so cancel out in the expression for 
ARP which essentially reduces to (PAK 1969): 

The APR for calcium oxalate (based on the equilibration of urine with crystals 
of calcium oxalate monohydrate and a thermodynamic Ksp = 2.2xlO-9) may be 
calculated from a similar expression (PAK and HOLT 1976). The APRs for uric 
acid, sodium acid urate, potassium acid urate and ammonium acid urate may 
also be obtained after allowing for the dissociation of uric acid at the pH of the 
urine under study (PAK et al. 1977b, 1980a, b). 

Comparison of the various techniques for measuring saturation shows that, 
in terms of the absolute activity product of brushite in urine at equilibrium 
with that salt, the calculated value of ROBERTSON (1969a) is almost identical 
with the thermodynamic Ksp (PAK et al. 1977 a), whereas the estimates of FIN
LAYSON and MILLER (1969) and PAK (1969) are somewhat higher. Since, how
ever, the corresponding activity products of brushite in whole urine before equi
libration are also in the order APRobertson < AP Finlayson < APPak , when the rela
tive saturation value is expressed as the ratio of the initial to the final activity 
product, the values given by the three methods are almost identical. Thus, in 
relative terms the semi-empirical method of PAK and CHU is as good as the 
more rigorous methods of ROBERTSON and of FINLAYSON and MILLER. 
. In terms of the absolute calcium oxalate activity products of urine at equi
librium with that salt, the calculated values are said by PAK et al. (1977 a) to be 
1.5 to 15 times higher than the thermodynamic Ksp of calcium oxalate mono
hydrate. One possible explanation for this is that in the calculation of the free
ion concentrations of calcium and oxalate, some, as yet unidentified, factor(s) 
which bind one or both of these ions have been ignored (NICAR et at. 1980; 
HODGKINSON 1980). Indeed, there is some evidence that about 12% of oxalate 
and 10% of calcium may be bound to urinary macromolecules (SHEINFELD et al. 
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1978). However, in another study, the equilibrium saturation levels were found 
to be almost identical with the Ksp of calcium oxalate (ROBERTSON et al. 
1972a). One of the differences between the studies of PAK et al. (1977 a) and 
ROBERTSON et al. (1972 a) is the longer equilibration time and higher slurry 
den~ity of crystals used by the latter group which might have allowed "true" 
equilibrium to be reached in a given time period by supplying a greater surface 
area of crystals for growth. Ironically, this observation is supported by a study 
of PAK et al. (1975b) which showed that in the presence of ethane-l-hydroxy
l,l-diphosphonate (a well-known inhibitor of crystal growth), a large excess of 
calcium oxalate crystals is required to allow equilibration to the thermo
dynamic Ksp to be reached even in simple aqueous solution. This suggests that 
the measured solubility product after equilibration in PAK'S semi-empirical sys
tem represents only a "pseudoequilibrium state" and that it is greater than the 
true Ksp because of the presence of various crystal growth inhibitors which ef
fectively block active growth sites on the crystal surface and thereby reduce the 
effective surface area available for growth. Thus, in terms of relative saturation 
the semi-empirical APR method of PAK would be expected to give lower values 
than the relative saturation values of ROBERTSON et al. (l976c) and of FIN
LAYSON (1977 a) which are both based on the ratio of the activity product to the 
true K sp , since PAK is employing a denominator which is higher than the true 
thermodynamic Ksp • This is what is observed (PAK et al. 1977 a). However, 
when relative saturation is expressed as an APR in each of the three techniques, 
the values again come very close together, at least in urines whose total calcium 
and oxalate concentrations are less than 5 mmolll and 0.5 mmolll respectively 
(PAK et al. 1977 a). In urines where either the total calcium concentration 
> 5 mmolll or the total oxalate concentration> 0.5 mmolll, the semi-empirical 
estimate of APR of PAK overestimates the saturation of urine compared with 
the APR derived from ROBERTSON'S or FINLAYSON'S programs. In spite of these 
problems with the semi-empirical method, PAK and others (FINLAYSON 1978; 
COE 1978; PYLYPCHUK et al. 1979) have concluded that, in general, it is the 
most useful practical method of estimating the propensity of the calcium salts 
in urine to grow on seed crystals of the appropriate salt. 

It is clear from the above discussion, however, that the semi-empirical esti
mate of the APR (particularly of calcium oxalate) must be more than a simple 
function of urine saturation as the thermodynamic driving force towards crystal 
growth, since the denominator of the expression used to calculate the APR is 
affected by the concentration of inhibitors of crystallization. If the APR is a 
function of the concentration of inhibitors in urine relative to the defined 
amount of crystals (and therefore surface area) added to obtain equilibrium, 
then it must also influence the kinetics of the approach to equilibrium. In 
practical terms, therefore, it may be that the semi-empirical estimation of APR 
may be a better indicator of the overall risk of crystal growth in a given urine 
since it is a function of both saturation and inhibitory activity. A critical 
evaluation of this hypothesis has not yet been made. 

An alternative semi-empirical approach to the measurement of urinary 
saturation with respect to calcium oxalate has been suggested by GILL et al. 
(1974) and GILL and ROMA (1976). The method differs from that of PAK and 



200 w. G. ROBERTSON and M. PEACOCK 

CHU'S (1973) in that an oxalate tracer is added to the system and only changes 
in oxalate concentration are measured. The main drawback to this method is 
that there is appreciable exchange and solid state diffusion of HC-oxalate into 
the crystals of calcium oxalate. The method only becomes completely valid in 
the absence of seed crystals. In the presence of small amounts of seed crystals 
the method is reasonably satisfactory, although there is the same intrinsic ob
jection to the measurement of the pseudo-equilibrium activity product as with 
the method of PAK and CHU (1973). Comparison of the method of GILL et al. 
(1974) with that of FINLAYSON yields a correlation coefficient of 0.86 (ERWIN 
et al. 1976). 

There are now several data on the relative saturation of urine with respect to 
the various stone-forming salts and acids. These are discussed later in the rel
evant sections on the different types of stone-formation (Section III). 

d) Crystal Nucleation 

Nucleation is the initial event in the transformation of a substance from the so
lution phase to the solid phase. Classically there are two main types of nuclea
tion, homogeneous and heterogeneous. The term "homogeneous nucleation" is 
used to describe the first stage in the spontaneous precipitation of a salt. 
Theoretically it occurs without the assistance of any catalytic forces (such as 
heterogeneous nucleating material, temperature changes, physical shock, etc.) 
and usually at a very high level of supersaturation known as the formation 
product of the salt (Fig. 4). The latter is not a true constant but an empirically 
observed upper limit of metastable supersaturation. 

Below the formation product, i.e. within the metastable region of super
saturation, urines may exist for some time without precipitation taking place 
spontaneously. If, however, some nucleating material is added to such a solu
tion "heterogeneous nucleation" followed by crystal growth may take place at 
levels well below the formation product. A feature of this process is the limited 
number of crystals produced compared with the vast numbers of new particles 
generated by homogeneous nucleation (> 106 nuclei/m1) (WALTON 1967). 

Because urine is rich in cellular debris (TRUMP et al. 1972) and possibly 
crystals of other salts which may cause heterogeneous nucleation to occur, and 
because extremely high levels of supersaturation are necessary to produce ho
mogeneous nucleation (80 to 100 times the Ksp for calcium oxalate), in the view 
of some workers it is extremely unlikely that the spontaneous formation prod
uct of any of the stone salts will ever be attained in urine (FINLAYSON 1978; FIN
LAYSON and REID 1978). These workers claim that virtually all nucleation in 
urine is heterogeneous in nature. If FINLAYSON'S data and calculations are cor
rect regarding the unlikelihood of homogeneous nucleation being achieved in 
urine, then it must be concluded that the estimates of the "formation product" 
made in simple salt solutions and in urine 10 to 15 minutes after mixing are a 
measure of the onset of rapid heterogeneous nucleating and not, as previously 
suggested, homogeneous nucleation (ROBERTSON et al. 1968, 1972 a; ROBERTSON 
1973; PAK et al. 1975 b). The value of this empirical formation product for cal-
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cium oxalate corresponds to a supersaturation ratio of about 19 (ROBERTSON 
et al. 1976c). It is time-dependent (ROBERTSON 1973; PAK et al. 1975b) such 
that at long time periods (> I day) the critical level falls to values well down in 
the metastable region. Thus the values for the formation product reported by 
FLEISCH and his co-workers (FLEISCH and BISAZ 1962a, b, 1964) at I day and 3 
days are considerably lower than those quoted by ROBERTSON or PAK at shorter 
time periods down to 10 to 15 minutes (Fig. 6). 

More recent studies, however, suggest that, as far as calcium oxalate is con
cerned, FINLAYSON may have been grossly overestimating the level of super
saturation necessary to attain homogeneous nucleation (SCURR and ROBERTSON 
1984). Indeed, the relative supersaturation value of 22 at which spontaneous 
precipitation occurs with> 106 nuclei/ml, is almost identical with that originally 
published by WALTON (1963) and ROBERTSON et al. (l976c). The question then 
of whether or not homogeneous nucleation of calcium oxalate is possible in 
urine has still to be answered. 

Studies on the appearance of crystals in urine both in vitro (ROBERTSON 
et al. 1972b, 1981 d) and in vivo (ROBERTSON et al. 1971, 1972b) show that sig
nificant crystalluria of both calcium phosphate and calcium oxalate becomes 
observable at or around the IO-minute empirical formation product of these 
two salts as defined both in urine and in simple aqueous solutions (ROBERTSON 
et al. 1968; ROBERTSON 1973). Moreover, the volume of crystals of calcium salts 
produced is proportional to the level of oversaturation of urine above the point 
of spontaneous precipitation (ROBERTSON et al. 1971, 1972b). This is com
patible with a homogeneous nucleation mechanism. 

Based on FINLAYSON'S calculations that homogeneous nucleation of calcium 
oxalate is not likely in urine, other workers have sought potential hetero
geneous nucleators of this salt in urine. It was first suggested that crystals of 
brushite were the initiators of calcium oxalate crystallization (PAK et al. 1971; 
PAK 1969,1981). If this were true, however, calcium oxalate stone disease could 
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be prevented by maintaining urinary pH at values of about 5.6 or less, since cal
cium phosphate crystals would not form in such an environment and, indeed, 
existing crystals of any of the known calcium phosphates would dissolve. Clini
cal experience with treating calcium oxalate stone-formers by simply acidifying 
their urine has been to the contrary (FINLAYSON 1977 a). 

It has also been shown that crystals of uric acid (HARTUNG et al. 1980) or of 
sodium acid urate (PAK and ARNOLD 1975; COE et al. 1975; PAK et al. 1976) 
may cause heterogeneous nucleation of calcium oxalate crystals in vitro 
although this has not been confirmed in another study (MEYER 1981). These ob
servations led to the suggestion that hyperuricosuria, by increasing the risk of 
uric acid and/or sodium acid urate crystalluria, might stimulate the hetero
geneous nucleation of calcium oxalate in urine (PAK and ARNOLD 1975; COE 
et al. 1975; PAK et al. 1977b). In support of this hypothesis, it has been shown in 
several.clinical trials that recurrence of calcium oxalate stone-formation can be 
markedly reduced by treatment with allopurinol (COE and RAISEN 1973; COE 
and KAVALICH 1974; SMITH 1977; SCOTT etal. 1980). The rationale behind this 
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approach is that lowering the excretion of total urate with allopurinol reduces 
the risk of precipitation of uric acid or sodium acid urate in urine thereby re
moving the potential source of heterogeneous nucleation of calcium oxalate. 
This hypothesis has been challenged, however, on the grounds that, first, crys
tals of uric acid (although fairly common in urine of hyperuricosuric individ
uals) are not very active nucleators of calcium oxalate crystallization (PAK and 
ARNOLD 1975; HALLSON et al. 1982b) and secondly, that urine (even in hyper
uricosuric individuals) never becomes sufficiently supersaturated with sodium 
acid urate to allow spontaneous precipitation of that salt (Fig. 7) (ROBERTSON 
et al. 1976b; TAK et al. 1980a, b; LABEEUW et al. 1980). Thus although crystals 
of sodium acid urate may be good heterogeneous nucleators of calcium oxalate 
crystallization in vitro, urine may never become sufficiently supersaturated with 
the salt to produce crystals spontaneously. 

It would appear from the above discussion that the role of heterogeneous 
nucleation in stone-formation, although theoretically possible, is not likely to 
be a major one. Further studies in this area are clearly necessary. 

Apart from homogeneous and heterogeneous nucleation there are other 
nucleation processes by which crystallization may be initiated. These include 
"epitaxial nucleation" and "secondary nucleation". The former is thought to 
occur on surface defects of crystals which are able to catalyze nucleation; the 
latter is due to collisions of crystals with a second solid object which produce 
one or more nuclei. Little has been done in the stone field, however, on these 
aspects of nucleation. 

e) Crystal Growth 

Crystals grow either by a diffusion-controlled process or by a surface-controlled 
process or by a combination of the two. For most salts occurring in stones, the 
process appears to be surface-controlled and the growth rate equation may be 
written in the form: 

-dC/dt = k (C-Co)m 

where C is the concentration of the precipitating salt, k is the rate constant for 
the system, and m is the order of reaction. In the case of the seeded growth of 
calcium oxalate, for example, the reaction has been shown to obey 2nd order 
kinetics for the monohydrate salt (NANCOLLAS and GARDNER 1974; MEYER and 
SMITH 1975a; LIGABUE et al. 1979; To MAZIC and NANCOLLAS 1980a), for the 
dihydrate salt (WERNESS et al. 1979; TOMAZIC and NANCOLLAS 1980a) and for 
the trihydrate salt (GARDNER 1975; TOMAZIC and NANCOLLAS 1980a). An 
alternative kinetic model to that described above has recently been proposed by 
BLOMEN and WILL et al. (1979, 1983) based on the concept of "growth affinity" 
as the driving force for the crystallization of sparingly soluble salts (VAN 
LEEUWEN 1979). 

Parallel studies have examined the rates of transformation of the higher 
hydrates of calcium oxalate to the more stable monohydrate (GARDNER 1976; 
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TOMAZIC and NANCOLLAS 1979, 1980b). These transformations may be impor
tant in that the initial precipitate of calcium oxalate formed in urine may not 
consist of the most stable salt under the conditions prevailing in that urine. 
Conversion to a more stable (and more insoluble) form may take place with 
time. The significance of this phenomenon was, in fact, recognised by the early 
workers in the field (HAMMARSTEN 1929; TOVBORG-JENSEN 1941). 

Studies on the crystal growth of the other main constituents of stones have 
also been carried out. In the case of calcium phosphate, there is a vast literature 
on the crystal growth of brushite and of hydroxyapatite. The reader is referred 
to only a few of these (MARSHALL and NANCOLLAS 1969; NANCOLLAS and To
MAZIC 1974; MEYER and EANES 1978; KOUTSOUKOS and NANCOLLAS 1981; 
MORENO and VARUGHESE 1981; BROWN and CHOW 1981). In the cases of cys
tine (ETTINGER and KOLB 1971), uric acid (LAM et al. 1978) and magnesium 
ammonium phosphate (JOHNSON 1959), however, there are few good data on 
crystal growth. 

One of the disadvantages of the standard seeded crystal growth technique 
employed in most of the above studies is that the level of supersaturation of the 
salt concerned decreases with time and the reaction becomes slower and slower 
as equilibrium is approached. More recently, however, a modification of this 
technique has been developed in which the level of supersaturation is main
tained at a fixed value throughout the study, This so-called "constant compo
sition method" has been applied to the study of growth rates of calcium phos
phates (KOUTSOUKOS et al. 1980 a) and of calcium oxalate (SHEEHAN and NAN
COLLAS 1980; LANZALACO et al. 1982). The main advantage of this technique is 
that it allows the growth rate and the effect of inhibitors on it to be measured 
within 30 minutes. Moreover, whereas the simple seeded growth system re
quires growth rates to be measured at a series of dilutions in order to estimate 
an "inhibitor unit" (MEYER and SMITH 1975a, b), the constant composition 
method requires measurement to be made at only one dilution. 

Crystal growth rates may also be obtained from a variant of the constant 
composition system which employs the "continuous crystallizer" principle. 
Continuous crystallizers are widely used by chemical engineers for the con
trolled production of crystals of a specific size and type on a commercial scale. 
In this system a crystallization chamber continously receives a supersaturated 
solution of constant composition and ejects a slurry of precipitated particles in 
their partially depleted mother liquor. Measurement of the particle size distri
bution in the effluent suspension yields information on both nucleation and 
particle growth rates. In the absence of aggregation (a necessary feature of the 
system if the data are to be analysed according to the continuous crystallizer 
theory (RANDOLPH and LARSON 1971», the calculated growth rates correspond 
to true linear crystal growth rates. FINLAYSON (1972) has argued that the con
tinuous crystallizer more closely reproduces the conditions existing in the kid
ney. To date a number of reports on the crystallization of calcium oxalate have 
been published using this technique (RANDOLPH and LARSON 1971; FINLAYSON 
1972; MILLER et al. 1977; NYVLT 1978; RODGERS and GARSIDE 1981; RANDOLPH 
and DRACH 1981 a; DRACH et al. 1982a, b; ROBERTSON et al. 1984). 
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One other feature of crystal growth, which may be relevant to stone-forma
tion, is the phenomenon of epitaxial over-growth of crystals of one salt on top of 
those of another. This may result when the atomic arrangement of a substrate 
surface is similar to that of the material overgrowing on it, so that the crystal 
lattices of the substrate and the growing material are aligned with respect to 
each other. 

The possible significance of this in stone-formation, where admixtures of 
two, and sometimes more, salts are frequent findings in stones, was first em
phasised by LONSDALE (1968a, b). In her papers, she pointed out the near geo
metrical fits between a number of the salts and acids found in urinary stones. 
This has recently been re-emphasised by MANDEL and MANDEL (1981). How
ever, although epitaxy between certain stone constituents appears to be 
theoretically possible, only a few examples of true epitaxial growth have so far 
been reported. Thus calcium oxalate monohydrate may be grown on crystals of 
anhydrous uric acid (MEYER et al. 1976; ~OUTSOUKOS et al. 1980b), sodium 
acid urate (KOUTSOUKOS et al. 1980b), hydroxyapatite" (MEYER et al. 1975; 
KOUTSOUKOS et al. 1981) and brushite (MEYER et al. 1977 a). Conversely, 
brushite (but not hydroxyapatite (MEYER et al. 1975; KOUTSOUKOS et al. 1981)) 
may be grown on crystals of calcium oxalate monohydrate (MEYER et al. 
1977 a). Hydroxyapatite, on the other hand, may be grown on crystals of cal
cium oxalate trihydrate (KOUTSOUKOS et al. 1981), uric acid or sodium acid 
urate (KOUTSOUKOS et al. 1980b). 

In spite of this in vitro evidence of epitaxial growth between certain of the 
stone-forming salts and acids, there is no substantial evidence to support the 
suggestion that epitaxy plays a major role in the genesis of stones. The crystals 
in stones that have well defined radial growth patterns (such as calcium oxalate 
monohydrate, uric acid and brushite) often have a common crystal axis orient
ed radially with" the other two axes oriented randomly (CARR 1953). Conceiv
ably, this radial orientation could be due to epitaxy (LONSDALE 1968a). How
ever, there is an alternative possible explanation. If a stone surface is randomly 
and densely populated with seed crystallites, the "predominant growth will be on 
the fastest-growing faces, particularly on ~hose faces which are parallel to the 
seeded surface. Radial orientation could then be due to preferential growth on 
a common crystal face. According to FINLAYSON (1974) this interpretation is 
consistent with observation on the relation between radial stone-growth orienta
tion and the composition of urine (MURPHY and PYRAH 1962). 

Many stones appear, on careful examination, to have identifiable nuclei 
(HERRING 1962; PRIEN and PRIEN 1968; TAKASAKI 1971) and it has been pos
tulated that they may be instrumental in the genesis of urinary stones by caus
ing either heterogeneous nucleation or epitaxial growth of a second constituent 
on top of the first. However, most stones constituents tend to be associated with 
each other (FINLAYSON 1974) and it is well-recognised that stone materials will 
grow on a variety of unconnected substrates including rubber catheters, hair 
grips, silk sutures, glass thermometers, ball-point pen refills, etc. This suggests 
that almost any surface can act as a nucleus for any of the common stone-form
ing salts without epitaxy being a necessary factor for the process to occur. 
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t) Crystal Aggregation 

One of the few points of agreement among stone research workers is that stones 
essentially consist of aggregates of smaller particles (CARR 1953; LAGERGREN 
1956; MURPHY and PYRAH 1962; HERRING 1962; LONSDALE 1968a; PRIEN and 
PRIEN 1968; BOYCE 1969a; MEYER et al. 1971; SUTOR 1972). Indeed, the smallest 
stones ('" 1 mg in weight) appear to be no more than polycrystalline aggregates. 
Such aggregates are common findings in the urines of patients with stone dis
ease but not in those of normal subjects (SENGBUSCH and TIMMERMANN 1957; 
VALYASEVI and DHANAMITTA 1974; SMITH 1976; WERNESS et al. 1981; HERING 
et al. 1981). 

The possible importance of aggregation in the initiation of stone-formation 
is that it constitutes the most rapid and effective mechanism for increasing par
ticle size within a given time period. It is, therefore, a more potent risk factor 
than the slower process of crystal growth for the production (within the transit 
time of urine through the kidney) of a particle large enough to be trapped even 
at the narrowest portions of the urinary tract. Indeed, FINLAYSON has calculated 
that, even at high levels of supersaturation, the probability of a single crystal 
growing sufficiently (within the urinary transit time through the collecting sys
tem) to be trapped at the ducts of Bellini is extremely remote (FINLAYSON 1974, 
1977b; FINLAYSON and REID 1978). Thus for trapping to occur by a "free par
ticle" mechanism (Section II, 5(b», aggregation must almost certainly be in
voked. 

There are six basic mechanisms by which aggregates may be held together 
(RUMPF and SCHUBERT 1977; FINLAYSON 1978). In order of increasing energy 
they are electrostatic attraction < van der Waal forces < liquid bridge < capil
larity < viscous binding < crystal bridge. Since the crystals in urine are totally 
immersed, liquid bridge and capillary forces are not likely to playa major role 
in the aggregation phenomena occurring therein. Electrostatic binding may take 
place between two growing crystals of near neutral charge or between two crys
tals of opposite charge. As far as calcium oxalate crystals are concerned, how
ever, the electrostatic forces will be generally repulsive since there is usually a 
net negative zeta potential due to adsorption of negatively charged macromole
cules (glycosaminoglycans, glycoproteins, RNA etc.) on the surface. Solid 
bridges can occur only after particle-to-particle apposition has already taken 
place due to other adhesive forces. Viscous binding involves inter-particle 
bridging by a polymeric material, such as mucoprotein, which can bind separ
ately to the surfaces of at least two crystals thereby linking them together. 

Qualitatively, then, in urine the following equation may be written: 

the force of adhesion ~ van der Waal forces + viscous binding forces -
electrostatic forces. 

Most of the elements of this equation can be measured and some preliminary 
studies have already been carried out on viscous binding forces (LEAL and FIN
LA YSON 1977) and on electrostatic forces (CURRERI et al. 1979; ROBERTSON et al. 
1984). Van der Waal forces, however, have not yet been determined between 
the crystals of the various stone-forming salts. 
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Aggregation, and the effects of various crystallization inhibitors on the pro
cess, may be readily measured in vitro by means of a Coulter Counter (ROBERT
SON 1969b; ROBERTSON and PEACOCK 1972; ROBERTSON et al. 1973a, b; RYALL 
et al. 1981 a, c; HERING et al. 1981; FOREDI-MILHOFER et al. 1981) or by dif
ferential filtration (FLEISCH and MONOD 1973). Essentially these measure the 
particle size distributions of crystals and their aggregates. Provided there is no 
nucleation of new crystal formation during the incubation period, the data may 
be analysed to yield information on the rate and degree of aggregation and on 
the rate of crystal growth separately (MARKOVIC and KOMUNJER 1979; RYALL 
et al. 1981 a, c; ROBERTSON et al. 1981 d; SCURR et al. 1981). 

Some workers, however, are skeptical of the importance of aggregation in 
the stone-forming process. According to FINLAYSON (1978), if aggregation con
stitutes a significant step in the initiation of stone-formation, it might be antici
pated to take place according to the theory of Smoluchowski agglomeration. In
deed, from the early published data on the number of calcium oxalate crystals 
excreted per unit volume of fresh urine (ROBERTSON 1969b; ROBERTSON et al. 
1969) it can be calculated that significant aggregation would be unlikely. How
ever, these early data only included crystals greater than 3.8 J.1m in diameter 
(ROBERTSON 1969 b). By counting down to particle diameters of about 1 J.1m 
much greater numbers of crystals could be found (> 106/ml) (ROBERTSON, un
published results). At this level of crystalluria, aggregation could become high
ly significant. 

More recent studies. (SCURR and ROBERTSON 1984) show that the 
Smoluchowski equation may grossly underestimate the true degree of aggre
gation of newly generated calcium oxalate crystals under a number of situ
ations, in particular when the oxalate/calcium ratio of the precipitating solu
tion is reduced from the normal urinary ratio of about 10 to 1. Clearly, further 
studies in this area are required to elucidate the true importance of aggregation 
in the stone-forming process. 

3. Matrix Theory 

a) General Principles 

Since it was first demonstrated in 1684 by VON HEYDE that renal stones contain 
an organic phase (referred to by SCHADE 1928), it has been an attractive hypoth
esis to suggest, by analogy with what some workers believe to be the initiating 
factor in bone formation, that the matrix plays an active role in the nucleation 
and growth of the mineral phase around it (PAK 1978). Only within the last 25 
to 30 years, however, has the nature of the organic material been elucidated. 
Normally the proportion by weight of matrix to mineral in stones is small. It 
was on average about 2.5% (range 2.0 to 3.2%) in a series of 264 mixed stones 
analyzed by BOYCE and GARVEY (1956). In cystine stones, however, the percent
age of matrix may be as much as 10% (BOYCE 1969 a) and in so-called "matrix 
calculi" the organic phase constitutes 62% (BOYCE and KING 1959; BOYCE 1969a) 
or more (BOMMER et al. 1979) of the total weight of the stone. These "jelly-like 
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stones" are usually found in patients with low or sub-normal urinary calcium 
levels, which may be as low as 0.5 to 1.2 mmol/day (BOYCE and KING 1959; AL
LEN and SPENCE 1966; BOMMER et al. 1979). They are often associated with a 
urinary tract infection (WILLIAMS 1963; MOGG 1964; ALLEN and SPENCE 1966; 
BOMMER et al. 1979). Under these conditions the saturation of urine with cal
cium salts is almost certainly too low to allow spontaneous precipitation of 
either calcium phosphate or calcium oxalate, so the low mineral content of 
these calculi is perhaps not surprising. 

Early microscopic studies of decalcified urinary stones by CARR (1953, 
1956) and by BOYCE and GARVEY (1956) demonstrated the presence of regular 
concentric laminations composed of densely arranged amorphous matrix ma
terial. Radial striations of fibrous matrix were also present in most stones oc
curring at right angles to the concentric laminations (BOYCE et al. 1958 b). These 
observations were confirmed by MURPHY and PYRAH (1962) and by WATANABE 
(1972). In general, calcium phosphate was found in association with fibrous 
matrix, magnesium ammonium phosphate with amorphous matrix, calcium 
oxalate monohydrate in both and calcium oxalate dihydrate in the interlaminar 
zones (BOYCE and KING 1959; BOYCE 1969a). Later studies, however, have dif
ferentiated further morphological forms of matrix (RAo et al. 1978) although 
the significance of these is not yet clear. 

Scanning electron microscopy of a calcium oxalate stone demonstrated the 
presence on some areas of the surface of alternating electron dense and light 
fibrils while in other areas a more amorphous granular material was present 
(BOYCE 1973). The fibrils were noted by BOYCE to assume a parallel orientation 
over the stone surface although others (ALONSO and SOMA CARRERA 1973; SPEC
TOR et al. 1978) have not found this. Transmission electron microscopy showed 
that the "nuclei" of stones consist of organized spherules of matrix and crys
tallites as in intra-nephronic calculosis (Section II.l(e)) rather than of single 
crystals or aggregates of crystals (BOYCE 1973). The highly organized structure 
of the organic matrix, the intimate relationship between the organic and crys
talline phases and the mere fact of its presence in all stones have led BOYCE and 
KING (1959) and others (WICKHAM 1976; HALLSON and ROSE 1979; ROSE and 
SULAIMAN 1982) to put forward the hypothesis that the observed architecture 
could only result from deposition or trapping of crystals upon or within a pre
formed matrix, thus attributing to the matrix a primary role in the genesis of 
stones. 

The chemical analysis of stone matrix shows it to consist essentially of a ser
ies of protein-carbohydrate complexes (mucoproteins) (BOYCE and GARVEY 
1956; KING and BOYCE 1957). However, the relative proportion of the individ
ual components of matrix differs from that of similar macromolecular species 
in urine (Fig. 8) (BOYCE 1968, 1969b; WICKHAM 1976). The constituent amino 
acids and carbohydrate moieties have been identified and reported by BOYCE 
and SULKIN (1956). 

Immunological studies of stone matrix have consistently shown the presence 
of albumin, (l(l- and (l(z-globulins and occasionally y-globulins. Tamm-Horsfall 
mucoprotein (TAMM and HORSFALL 1950) and its closely related mucoprotein 
complex, uromucoid, form a constant but small fraction of matrix. By far the 
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most prominent antigenic constituent of matrix, found in all calculi, is a pro
tein-polysaccharide called by the authors "matrix substance A" (BOYCE et al. 
1962; KING and BOYCE 1963 a). It may account for as much as 85% of the mu
cosubstance content of matrix (BOYCE 1969a). 

Matrix substance A has been shown to consist of two-thirds protein, the re
mainder being made up of the carbohydrate sugars, galactose, mannose, methyl 
pentose, glucosamine and galactosamine with an overall molecular weight of 
30,000-40,000 daltons (BOYCE and KING 1963). It originates from the renal 
parenchyma and has not been detected in the serum of stone-formers, nor in the 
serum or urine of persons with normal renal function (BOYCE et al. 1962; KING 

and BOYCE 1963a; BOYCE 1968). 
The hypothesis that the presence of matrix substance A in urine is essential 

for the formation of stones was later weakened, however, by the observation 
that it was present in the urine of a variety of hospitalized patients - not all of 
whom had had stones (KEUTEL and KING 1964). Out of 104 patients studied, 70 
were stone-formers of whom only 20 (29%) produced detectable amounts of 
matrix substance A in their urine; whereas of the remaining 34 non-stone
formers, 18 (53%) were found to excrete this mucosubstance. On the whole, the 
presence in the urine of matrix substance A was associated with infection of the 
urinary tract, particularly with the microorganisms E. Coli, Klebsiella and Aero
bacter aerogenes (SENECA et al. 1964; KEUTEL and KING 1964). It was also noted 
in diseases involving renal injury and repair, an observation confirmed, in part, 
by FIDALGO and CHORDI (1964). To weaken further the hypothesis that matrix 
substance A promotes stone-formation, it has been shown recently that the frac
tion of matrix which contains matrix substance A actually inhibits the crystal 
growth of calcium oxalate rather than promotes it (GJALDBAEK and ROBERTSON 
1980). Thus, although it is the main component of stone matrix, the precise role 
of matrix substance A in the genesis of stones is far from clear. 
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The concept of stone-formation being due to an immunological mechanism 
was further developed by BURCH and DAWSON (1969). Studying the age- and 
sex-distributions of the incidence of renal lithiasis in various parts of the world, 
they found that each stone type had the same age-of-onset pattern, the only dif
ference being in the length of induction period before the onset. The impli
cation was that there was a single underlying cause of stone-formation and that 
the induction period may be shortened or lengthened by infection or en
vironmental factors. The authors further suggested that stone-formation is initi
ated in genetically predisposed individuals by a forbidden-clone of cells which 
synthesizes "autoantibodies", the growth of the forbidden-clone being triggered 
by spontaneous somatic mutations in lymphoid stem cells. The autoantibodies, 
believed by the authors to be humoral and likely to migrate in the 0(2- globulin 
fraction, are postulated to attack the renal epithelium and act as foci for the ini
tiation of stones. This hypothesis, however, remains untested. 

The chemical analysis of urine shows that the main macromolecule is not 
matrix substance A but the so-called uromucoid group of mucoproteins (Fig. 8) 
which may include the mucoprotein of TAMM and HORSFALL (1950) or a 
condensation product of other unidentified mucoproteins with Tamm-Horsfall 
mucoprotein (WICKHAM 1976). Thi~ complex appears to originate from the nor
mal renal cortex. MAXFIELD (1963) has pointed out that the conditions in urine 
are ideal for the induction of mucoprotein aggregation and that high concentra
tions of Tamm-Horsfall mucoprotein would be likely to coalesce readily with 
other macromolecules into a definable stone matrix. 

Tamm-Horsfall mucoprotein has been shown to occur in two forms (TAMM 
and HORSFALL 1950; MAXFIELD 1959, 1960; KEUTEL et al. 1964; CORNELIUS 
et al. 1965). In the polymerized state, it is insoluble in 0.58 molar sodium chlor
ide and in buffer solutions over the pH range 4.5 to 8.6. In the non-polymerized 
form it is soluble under these conditions. Later studies by McQUEEN and 
ENGEL (1966) showed that lowering pH within the physiological range, additi
on of electrolytes and increase in magnesium concentration all produced aggre
gation. Similar aggregation was observed when urine flow rate fell below 
25 ml/h (HAUGEN et al. 1980). 

The evidence that uromucoid promotes stone-formation is largely cir
cumstantial. First, althoug~ it has been inferred (but never proven) that uromu
coid is the main precursor of the mucoprotein of stone matrix (MALEK and 
BOYCE 1973), it is itself only a minor constituent of stone matrix (KEUTEL et al. 
1964). In this connection, however, MALEK and BOYCE (1973) note that sialic 
acid (which is frequently reported to be the terminal unit of the carbohydrate 
fraction of mucoproteins and is a moderate complexor of calcium (JAQUES et al. 
1980» is found regularly in the uromucoid complexes of urine but is virtually 
absent from stone matrix (KEUTEL et al. 1964; MALEK and BOYCE 1973). They 
go on to suggest that under the action of the urinary enzyme, sialidase (N
acetylneuraminidase), the terminal neuraminic acid group is removed, thereby 
converting uromucoid into the major constituent of matrix, inferred to be 
matrix substance A. Conclusive evidence of this conversion, however, has never 
been produced. Furthermore, more recent data indicate that, in fact, sialic acid 
residues do occur in stone matrix in significant quantities (MELICK et al. 1980). 
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The second point about uromucoid is that it is the most important constitu
ent of hyaline casts (McQUEEN 1962, 1966), thought by some to be important 
for the trapping and gluing together of crystals (VON HEMSBACH 1856; HALLSoN 
and ROSE 1979; ROSE and SULAIMAN 1982). Others, however, have found no sig
nificant relationship between cast formation and uromucoid concentration 
(HAUGEN et al. 1980) and large numbers of such casts have never been shown to 
increase the risk of stones (KING 1967). 

Thirdly, although it has been claimed by some that uromucoid excretion is 
increased in the urine of uninfected calcium stone-formers (BOYCE et al. 1954a; 
GALE et al. 1966), other workers have not been able to confirm this observation 
(THOMAS et al. 1960; KING 1967; BICHLER et al. 1976; SAMUELL 1979; SOPHASAN 
et al. 1980). Indeed, there are two reports that calcium stone-formers actually 
excrete less Tamm-Horsfall mucoprotein than do normal subjects (WILKSTROM 
and WIESLANDER 1981; ROBERTSON et al. 1984). 

Fourthly, it has been pointed out by the proponents of the uromucoid 
matrix theory that racially pure Negroes (who as an ethnic group are known to 
form stones less commonly than Caucasians) have little or no uromucoid in 
their urine (KEUTEL et al. 1964). There may, however, be other reasons why 
Negroes have fewer stones than Whites including differences in level of afflu
ence and composition of the diet (ROBERTSON et al. 1979c, 1980a, 1981 b). 

Finally, in vitro studies on the crystallization of calcium phosphate have 
been claimed to show that, in the presence of uromucoid derived from normal 
urine, the amount of precipitation is proportional to the concentration of 
uromucoid in the crystallizing solution (BOYCE et al. 1954 b). Similar studies on 
calcium oxalate apparently show that crystallization is enhanced in the presence 
of uromucoid and decreased in its absence (HALLSON and ROSE 1979). How
ever, the uncertainty concerning what other materials might be added to or re
moved from urine in this study casts doubt on the authors' conclusions. Indeed, 
other workers have not been able to confirm the promotive role of uromucoid 
in the crystallization of calcium oxalate (SOPHASAN et al. 1980; KITAMURA and 
PAK 1982; KITAMURA et al. 1982) and other still have actually found it to be an 
inhibitor rather than a promoter of crystallization both of calcium oxalate 
(ROBERTSON et al. 1981 d, 1984; SCURR et al. 1981) and of uric acid (SPERLING 
et al. 1965), but only when in its non-polymerized form (SCURR and ROBERTSON 
1984). In the polymerized form it promotes crystal agglomeration (ROBERTSON 
1985). 

Antagonists of the matrix theory have accumulated evidence against 
uromucoid being important in the genesis of stones. First, as mentioned above, 
it is only a minor constituent of stone matrix (KEUTEL et al. 1964) and there is 
no direct evidence to suggest that its presence in stones is other than adven
titious (VERMEULEN et al. 1965). Indeed, simulated stones may be grown in 
urine in vitro, even when all the urinary colloids have been removed by dialysis 
(KING and BOYCE 1963 b; VERMEULEN et al. 1965). Under these circumstances 
the presence of colloids appears only to modify the crystal habit and texture of 
stones (McDONALD et al. 1964). Second, the association of mucoprotein with 
mineral in the composite stone may be largely accounted for in terms of simple 
adsorption (LEAL and FINLAYSON 1977). Indeed, uromucoid has been shown to 
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coat crystals growing in its presence (MAXFIELD 1963). This has also been 
shown to occur in in vivo studies of stone induction both in rats (FINLAYSON 
et al. 1961) and in humans (SUTOR and O'FLYNN 1973). Third, since uromucoid 
originates from kidney tissue (KEUTEL et al. 1964), probably in the cells of the 
loop of Henle, distal convoluted tubules and collecting ducts (POLLAK and AR
BEL 1969), it is possible that its increased production in certain stone-formers, 
particularly those with urinary tract infections may be the result of inflammati
on of the urinary tract either from the infecting organism itself or from the irri
tation caused by the crystals produced by the persistent increased excretion of 
one of the stone-forming salts. Indeed, it is still far from clear which comes first 
- the crystals or the organic matrix. 

Finally, it has been reported by several groups that children excrete higher 
concentrations of Tamm-Horsfall mucoprotein in their urine than do adults 
(GALE et al. 1966; HAUGEN et al. 1978; MEBERG et al. 1979). Since 25 to 30% of 
c:hildren also have levels of calcium oxalate supersaturation as high as those of 
stone-formers and their mean calcium oxalate supersaturation level is as high 
as that of normal adults (ROBERTSON, unpublished results), it would be antici
pated on the basis of their excretion of Tamm-Horsfall mucoprotein that chil
dren would have an incidence of idiopathic calcium stones at least as high as, if 
not higher than, that of adults. On the contrary, there is an extremely low inci
dence of such stones in this section of the population (GHAZALI et al. 1973; BEN
NET and COLODNY 1973; PURl et al. 1975; MALEK and KllLALIS 1975; VAH
LENSIECK and BASTIAN 1976, SINNO et al. 1979; CHURCHILL et al. 1980). Thus 
the hypothesis, that uromucoid is a possible promoter of stone disease is greatly 
weakened. The probable reasons for the low incidence of idiopathic stones in 
children are discussed in more detail in Section III 4(d). 

Stimulated by the work of BOYCE and his colleagues, subsequent workers 
have gone on to shown that there are certain urinary polyelectrolytes, smaller 
than th.ose considered by BOYCE, which interact specifically with calcium ions 
(ANDERSON et al. 1960; CHOW et al. 1968; SHEINFELD et al. 1978; RESNICK and 
BOYCE 1979b). A recent study has demonstrated that the molecular weight of 
these calcium-binding molecules is less than 50,000 daltons and that the cal
cium-binding activity in the urine of active calcium oxalate stone-formers is 
greater than that in the urine of both inactive stone-formers and normal control 
subjects (RESNICK et al. 1980). 

It has also been demonstrated that stone-forming urine has a higher degree 
of sulphated mucopolysaccharides (MPS) than non-stone-forming urine 
although the quantity of total MPS was the same in the two groups. The sul
phate MPS of the stone-formers formed insoluble calcium salts whereas those 
from normal" urines generally remained soluble in the presence of calcium ions 
(FOYE et al. 1976). It is not known, however, whether or not these various cal
cium-binding poly electrolytes are present in stone matrix. 

Acid protein-containing macromolecules which are likely to have a high af
finity for calcium have been identified in the matrix of stones. These proteins 
contain a high proportion of aspartic and glutamic acids (SPECTOR et al. 1976). 
In other studies, y-carboxyglutamic acid (Gla), a constituent of vitamin K-de
pendent blood-clotting protein (NELSESTUEN and SUTTlE 1973), has been identi-
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fled both in bone (HAUSCHKA et al. 1975; PRICE et al. 1976) and in the matrix of 
:alcium-containing stones (LIAN et al. 1977). Gla has also been identified in 
llrine (JOOST et al. 1981 a) and it has been shown that calcium oxalate stone-for
ners excrete more of this in their urine than do normal subjects (JOOST et al. 
1981 b). The presence of Gla in both bone and stone-matrix has led PAK (1978) 
:0 suggest a positive role for this amino acid in the process of mineralization. 
lndeed, it is well documented that acidic proteins, similar to those found in 
;tone matrix, are associated with mineralization in other biological systems 
(GLIMCHER and KRANE 1964; VEIS and PERRY 1967; TRAVIS et al. 1967). 

In spite of 30 years work on the macromolecular constituents of stone matrix 
md of urine, however, the question still remains - is stone matrix a non-spe
:ific adsorbant onto pre-formed crystals or does it form a framework for nucle
ition and/or crystal growth and agglomeration? 

~) Crystal Nucleation 

5everal mechanisms have been suggested by which some suitable component of 
the organic matrix of stone might initiate or promote the formation of urinary 
;tones. The first· of these involves the possible role of organic molecules as nu
;;leating agents for the precipitation of calcium salts. Studies have shown, for 
~xample, tp.at Formvar grids impregnated with the strong calcium-binding 
igent, ethylenediamine-N,N,N',N'-tetraacetate (EDTA), are better nucleators 
:>f calcium phosphate deposition than are uncoated grids (SCHWARTZ 1967), 
presumably because they produce a high local concentration of calcium. Simi
larly, GLIMCHER and KRANE (1964) have shown that serine phosphate, a con
;titu~nt of enamel protein and chelator of calcium ions, is a good nucleator of 
:alcium phosphate. Since some of the macromolecular constituents of both 
;tone and urine are claimed to be good complexors of calcium, it was suggested, 
by analogy, that such molecules may trigger off the crystallization of calcium in 
the urinary tract (BOYCE et al. 1954 b, 1955). In a later study, SPECTOR et al. 
(1976) speculated that the predominance of acidic amino acids in stone matrix 
and the fact that stones of particular mineral composition have a fairly high 
;pecific amino acid composition together indicated that the organic matrix 
might playa role as a nucleating agent. 

An alternative nucleating mechanism has been proposed (PINTO 1973; 
BERNSHTAM and PINTO 1976; PATERNAIN et al. 1980) according to which a mu
:oprotein component of stone matrix nucleates the crystallization of calcium 
;alts through two types of binding site, one specific for calcium and one for 
phosphate. The authors claim that the latter may also bind oxalate via phos
?hate bridges of the type: 

mucoprotein - phosphate - oxalate - oxalate -----

It is difficult, however, to conceive chemically of such a bridging between 
mions without a cation such as calcium or magnesium being involved as an in
:ermediate: There has, as yet; been no corroboration of this hypothesis. 

A third possibility has been recently proposed by DRACH et al. (1980) from 
their study on the effect of urinary macromolecules on the crystallization kinet-
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ics of calcium oxalate in a continuous crystallizer system. This showed that 
when diluted urine (5% v/v) filtered through a 311m pore filter was added to 
synthetic urine, the growth rate of calcium oxalate crystals generated in the 
crystallizer was lower than that in the synthetic urine alone. On the other hand, 
the nucleation rate in the presence of urine was much increased. The decrease 
in growth rate and increase in nucleation rate were greater in the presence of 5% 
stone-forming urine than 5% normal urine. Since uromucoid (at a concentra
tion of approximately 1120 that in normal urine) produced the same order of 
changes in growth and nucleation rates as did 5% urine, the authors concluded 
that it was the macromolecular constituents of urine which were responsible for 
these observed changes. If true, this would imply that stone-formers would have 
more crystals of calcium oxalate in their urine than normal subjects but that 
they would be smaller. This prediction, however, is not consistent with the ob
servation from studies on crystalluria in fresh, warm urine which generally have 
shown that the crystals of calcium oxalate in stone-forming urine tend to be 
larger and more aggregated than those found in normal urine (SENGBUCH and 
TIMMERMANN 1957; ROBERTSON et al. 1969; ROBERTSON and PEACOCK 1972; 
VALYASEVI and DHANAMITTA 1974; ADAMTHWAITE 1983). This discrepancy has 
not yet been reconciled. 

Other studies have shown, however, that macromolecules may not influence 
the nucleation stage of crystallization in whole urine. First, there is no evidence 
that there is any difference either in the type of crystallization or in the pre
cipitability of urinary salts in whole urine from normal as compared with stone
forming subjects (BOYCE et al. 1954c; LIGHT and ZINSSER 1961; ROBERTSON and 
NORDIN 1969). Nor is there any difference in the level of supersaturation at 
which both calcium oxalate and calcium phosphate nucleate in simple inorgan
ic solutions compared with the levels at which these salts precipitate in whole 
urine (ROBERTSON et al. 1972a). It would seem unlikely, therefore, that the 
crystallization of calcium salts is triggered off preferentially in stone-forming 
urine by heterogeneous nucleation since spontaneous crystallization would be 
observed to commence at a lower level of supersaturation than that found in 
inorganic solutions. 

c) Crystal Aggregation 

The second possible mechanism by which urinary macromolecules may pro
mote stone-formation is through the "gluing" together of crystals which have 
already formed in a more proximal portion of the urinary tract. According to 
this model, the matrix may be considered as providing a framework on which 
crystals may be trapped or which itself may act as a bridge between crystals. As 
mentioned earlier, the trapping theory dates back over a century to VON HEMS
BACH (1856) although this concept has been recently revived (HALLSON and 
ROSE 1979; HALLSON et al. 1981). The bridging theory (WATANABE 1972) rests 
on no solid evidence. On the contrary, there is evidence to suggest that crystal 
bridging can take place in urine in the absence of macromolecules FINLAYSON 
et al. 1961; KING and BOYCE 1963b; McDONALD et al. 1964; VERMEULEN et al. 
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1965). To complicate matters, however, SCURR et al. (1981) have recently 
shown that there is a weak-to-moderate promoter of calcium oxalate crystal 
aggregation in the EDTA-insoluble residue from urine and also a very strong 
promoter of aggregation in the EDTA-insoluble fraction of stone matrix. On 
the other hand, when these fractions were re-mixed with the main 
macromolecular constituents of urine and of stone matrix in the same relative 
proportions as in whole urine or matrix, the net reaction of both mixtures is 
strongly inhibitory. It has also been suggested from studies on feeding hy
droxyproline in the diet that this amino acid might stimulate crystal aggre
gation (VALYASEVI et al. 1973). More detailed examination of the data, how
ever, shows that, during the period of hydroxyproline feeding, the urinary ex
cretion of oxalate doubled. Since an increase in urinary oxalate markedly in
creases calcium oxalate crystal growth and aggregation (ROBERTSON and PEA

COCK 1980) and is probably the most important risk factor in the formation of 
calcium oxalate stones (ROBERTSON et al. 1978), it seems that this is a more 
likely explanation of the effect of feeding hydroxyproline than any effect of the 
amino acid per se in urine. 

The most likely mechanism by which a polyelectrolyte such as uromucoid 
or a glycosaminoglycan might stimulate aggregation is one involving reduction 
of the surface potential on the crystal. Normally the stability of a hydrophobic 
colloid or suspension (such as a spontaneously crystallizing system) is main
tained when the resultant force of attraction due to the combination of van der 
Waal's forces and viscous binding forces and the repulsion due to the surface 
potential of the particles is greater than the kinetic energy of the particles (FIN

LAYSON 1978). The surface potential of a particle is represented by the charge 
of the ionized layer adsorbed on this surface (Stern's layer).This is measurable 
experimentally as the (-potential (zeta potential). Calcium oxalate crystals in 
synthetic urine (in the absence of polyelectrolytes) have a net positive (-po-
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Fig. 9. The effect of various polyanionic inhibitors of aggregation on the zeta potential as
sociated with crystals of calcium oxalate monohydrate (MARSHALL and ROBERTSON, in prep
aration) 
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tential of about + 10 to + 20 mV (CURRERI et al. 1979; ROBERTSON et al. 1984). 
Addition of polyanions such as heparin, sodium alginate, chondroitin-4-sul
phate and the glycosaminoglycan inhibitory fraction from urine negates the 
positive (-potential in a dose-response manner (Fig. 9). At the mean concentra
tions of the polyelectrolytes generally found in urine there is a net negative 
(-potential of - 15 to - 30 mV and so the crystals repel each other (ROBERTSON 
et al. 1984). At these concentrations the poly electrolytes are inhibitors of aggre
gation (see Section II. 4 (d) ). If, however, these polyanions are added at lower 
concentrations than found in normal urine, a (-potential is established which is 
close to zero. Under these conditions"the crystals may aggregate much more 
readily. Such a phenomenon has been observed in a study of the effect on the 
sedimentation rate of calcium carbonate suspensions in the presence of sodium 
alginate, stone matrix substance, albumin and chondroitin-4-sulphate (KIMURA 
et al. 1976). Thus a reduced amount of inhibitors of aggregation in urine may 
be worse than having no inhibitors at all as this may produce a situation in 
which aggregation is actually stimulated. " 

d) Crystal Adhesion to Cell Walls 

From a consideration of the kinetics of crystallization and urinary flow (FIN
LAYSON 1977b; FINLAYSON and REID 1978) it has been calculated that there 
must be crystal-to-membrane adhesion before stone-formation can occur in the 
renal tubules or in the renal pelvis (the so-called "fixed particle theory"which is 
discussed in more detail in Section II.5 (c)). Basically, this requires crystals 
formed in the renal tubules (or pelvis) to be actively sequestered to the cell 
walls of some part of the renal system. Scanning electron micrographs of cal
cium oxalate crystals apparently attached to tubule walls by strands of organic 
material have been demonstrated in a patient with primary hyperoxaluria 
(MORGENROTH et al. 1968) and in rats given large intraperitoneal injections of 
sodium oxalate (KHAN et al. 1979; DYKSTRA and HACKETT 1979). No evidence 
of this phenomenon has so far been produced, however, in patients with idio
pathic urinary stones. 

e) Inhibition of Crystal Dissolution 

It has been shown that as much as 70% of the surface of urinary crystals of cal
cium oxalate may be coated by adsorbed proteins and mucoproteins (LEAL and 
FINLAYSON 1977). Crystals of calcium phosphate (HANSEN et aL 1976) and uric 
acid (SPERLING et al. 1965) are also known to adsorb macromolecules. It seems 
possible that such a coating might limit the rate of re-dissolution of the salt con
cerned which may be achieved in urine. This is theoretically possible in the case 
of calcium phosphate, uric acid, magnesium ammonium phosphate and cystine 
crystals but is less likely to be achieved for calcium oxalate. There is evidence 
that the rate of dissolution of both calcium-containing stones (ROBERTSON, un
published results) (Fig. 10) and uric acid stones (ISMAIL and TAWASHI 1980) is 
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Fig. 10. The effect of increasing matrix content of calcium phosphate stones (expressed as 
protein nitrogen w/w%) on the rate of dissolution of the stone in saline buffered at pH 6 

inversely proportional to the matrix content of the stone. Thus the matrix may 
act as a barrier for dissolution of the mineral associated with it. Indeed, it has 
been shown recently that crystals in stones are surrounded by a matrix skin 
(KHAN et al. 1983). Although perhaps not the primary function of the matrix, it 
may be an important factor both during the initiation phase of the stone (when 
any process hindering the re-dissolution of the critical particle before it has be
come established as the nucleus of a stone must be considered as an additional 
hazard to the patient) and during treatment (where optimal conditions are 
necessary to re-dissolve the stone). 

4. Inhibitor Theory 

a) General Principles 

As an alternative to the matrix theory, a diametrically opposite, but equally at
tractive hypothesis was put forward which primarily attributes the disorder, not 
to the presence of excessive amounts of macromolecules in the urine of stone
formers, but to an absence on deficiency in their urine of certain protective 
agents. These are considered to inhibit one or more of the various processes of 
crystallization of stone-forming salts, much in the same way as water-con
ditioners prevent the formation of boiler-scale in water pipes in hard water 
areas. According to this hypothesis, normal urine is postulated to contain suf
ficient of these "crystal poisons" to protect the individual against the formation 
of crystals and stones in the urinary tract, whereas urine from stone-formers is 
deficient in protective inhibitors. 

Over the years many constituents of urine have been invoked to account for 
the relative stability of normal urine to precipitation. The first reference to the 
presence of crystal modifiers came as early as 1879 in a book by ORD entitled 
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"On the Influence of Colloids upon Crystalline Form and Cohesion". In it ORD 
described the modifying effects of certain organic colloids on the crystal habit 
of calcium oxalate, calcium carbonate and uric acid. In particular, he empha
sized the globular form often assumed by precipitates of these salts in the pres
ence of such colloids and suggested that this phenomenon might have some 
bearing on the formation of stones. Similar observations were made by SCHADE 
(1928) and LICHTWITZ (1944). 

Another observed property of the hydrophilic colloids in urine was their 
ability to stabilize precipitating salt solutions which were themselves still in the 
colloidal state. This led LICHTWITZ and ROSENBACH (1909) to suggest that pro
tective colloids were essential to preventing supersaturated urine from crys
tallizing out. It was also suggested that, by lowering the surface tension of urine, 
these protective colloids enabled urine to wet the mucous membrane lining the 
urinary tract and prevent enrichment of salts at the urinary-mucosal interface 
(SPITZER and HILLKOWITZ 1924). 

The concept of protective colloids was later re-emphasized by BUTT (1952). 
He postulated that stone-formation was initiated either by the growth of crys
tals of the stone-forming salts from' highly concentrated urines or by the coagu
lation of dispersed colloidal solutions of these salts owing to a reduction (or re
moval) of the zeta potential on the colloid particle surface. BUTT suggested that 
if sufficient charged colloids were present, these might be adsorbed on to the 
particle surface and possibly prevent both growth and coagulation of the sol 
taking place. In a further study (BUTT 1956) it was claimed that normal urine 
had more of this protective material than stone-forming urine. 

Several workers have since refuted the suggestion that protective colloids 
are important for the prevention of stone-formation. Firstly, it was shown that 
the solubilities of calcium oxalate, uric acid and the alkaline earth phosphates 
are not enhanced by various hydrophilic colloids (NEwCOMB 1930; SISK and 
TOENHART 1937; DULCE 1958a, b, c), although this would not be anticipated to 
be the main effect of macromolecular inhibitors' since their concentration in 
urine is insufficient to complex enough calcium to. increase the solubility of cal
cium salts to any significant degree (SHEINFELD et al. 1978). The second ob
jection to the protective colloid hypothesis comes from early studies (GOLD
BERG 1934). These suggested that normai urine did not, in fact, reduce the rate 
of coagulation of calcium oxalate suspensions although more recent research 
has provided convincing evidence that the degree of aggregation of seed crys
tals of both calcium oxalate (ROBERTsoNet al. 1973a, 1976a, 1981 d; FELIX 
et al. 1977; BAUMANN et al. 1977; BOWYER et al. 1979; RYALL et al. 1981 c; 
SCURR et al. 1981) and calcium phosphate (HANSEN et al. 1976) may be inhibit
ed by a macromolecular constituent of urine. Furthermore, the macromolecular 
constituents of urine decrease the adhesion between crystals and glass surfaces 
(GILL et al. 1977). The importance of macromolecular weight inhibitors will be 
dealt with in more detail in a later section. 

After the initial objections to the protective colloid hypothesis, attention 
was directed to the lower molecular weight constituents of urine following the 
observation of VERMEULEN et al. (1958) that there was an unidentified, dialyz
able (and therefore non-colloidal) substance which inhibited the precipitation 
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of calcium phosphate in vitro. HOWARD and THOMAS (1958) (and THOMAS and 
HOWARD 1959) confirmed these findings using the technique developed by 
YENDT et al. (1955). Likening stone-formation on an organic matrix to the calci
fication of cartilage, HOWARD showed that if poorly mineralized cartilage from 
rachitic rats is incubated in urine from normal subjects, calcification will not 
readily take place, even in the 'presence of high cencentrations of calcium and 
phosphate. On the other hand urine from stone-formers frequently, but by no 
means always, induced mineralization of the cartilage. Urines which failed to 
mineralize the cartilage were referred to as "good" and those which induced 
calcification as "evil" (HOWARD 1962). The difference was attributed to the 
presence of an inhibitor of crystallization in "good" urine and its absence in 
"evil" urine. From their observations, HOWARD and his colleagues suggested 
that it was a phosphopeptide (HOWARD et al. 1962). Further studies led to the 
belief that there were at least three acidic peptides in urine (HOWARD et al. 
1967; SMITH and MCCALL 1969) which had the ability to inhibit both the miner
alization of rachitic rat cartilage and the spontaneous precipitation of calcium 
phosphate in vitro using the system devised by SOLOMONS and NEUMAN (1960). 
although some were later considered to be artefactual (SMITH et al. 1973a). 

The technique of studying inhibitors by observing their effect on the miner
alization of rachitic rat cartilage has been heavily criticised by FLEISCH (1978) 
on the basis that the cartilage contains many active enzymes which may destroy 
some of the inhibitors being tested but not others. Furthermore, the test sub
stance or urine may influence the activity of such enzymes thereby altering the 
precipitation of calcium phosphate by a mechanism unrelated to that by which 
crystal growth inhibitors are thought to act. 

During the investigations on "good" and "evil" urine, it was notea mat 
magnesium conferred a marked inhibitory effect on the mineralization of 
rachitic rat cartilage (MUKAI and HOWARD 1963; JETHI and WADKINS 1971) 
although it could no account for all the inhibitory activity in this system. Mag
nesium was also found to inhibit the re-hardening of tooth enamel (FEAGIN 
et al. 1969), the nucleation and crystal growth of hydroxyapatite (BACHRA and 
FISCHER 1969; BISAZ et al. 1978), and the conversion. of amorphous calcium 
phosphate to crystalline hydroxyapatite (EANES and POSNER 1968; TERMINE 
et al. 1970; BOSKEY and POSNER 1974; NANCOLLAS et al. 1976). It has only a 
small effect, however, on the aggregation of hydroxyapatite crystals (HANSEN 
et al. 1976). 

Magnesium has also been claimed to inhibit the in vitro precipitation of cal
cium oxalate (HAMMARSTEN 1929; DULCE 1958a, b, c; DESMARS and TAWAsm 
1973) although subsequent studies have not confirmed this (SUTOR 1969; 
WELSHMAN and McGEOWN 1972; ROBERTSON et al. 1973b; MEYER and SMITH 
1975b; FETNER et al. 1978) except at concentrations of magnesium sufficiently 
high to increase the complexing of oxalate (ROBERTSON et al. 1973b; MEYER 
and SMITH 1975b; FELIX et al. 1977; RYALL et al. 1981 b; HALLSON et al. 1982a). 

This emphasises one of the problems of studying the effect of magnesium 
on the crystallization of calcium salts, namely that at the concentrations neces
sary to produce an observable effect on the rates of crystal nucleation, growth 
or aggregation, magnesium complexes significant amounts of the precipitating 
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anion concerned. This reduces both the saturation level of the crystallizing solu
tion with respect to the salt concerned and, consequently, the rate of crystalliza
tion. Whether or not magnesium acts as a "crystal poison" in its own right is not 
clear, although in one study on factors affecting the crystal growth of calcium 
oxalate, there appeared to be no significant inhibition of growth after the com
plexing of oxalate with the added magnesium had been taken into account 
(MEYER and SMITH 1975b). 

In vivo studies in which urinary magnesium has been increased by oral ad
ministration of magnesium supplements have also failed to influence signifi
cantly the in vitro crystallization of either calcium phosphate or calcium oxa
late when added to the urines concerned (HODGKINSON and MARSHALL 1972; 
FETNER et al. 1978), although dietary magnesium supplementation has been 
claimed to have a marked beneficial effect on the rate of calcium stone re
currence in multiple stone-formers (MOORE and BUNCE 1964; DANIELSON et al. 
1979; JOHANSSON et al. 1980a, 1981). There are, however, several puzzling 
features about the latter observation. First, if a high urinary magnesium is im
portant for the prevention of calcium stone-formation, then it might be antici
pated that a low urinary magnesium excretion would increase the risk of stone 
disease. Indeed, some studies claim to show that stone-formers, as a population, 
have a lower urinary excretion of magnesium (SUTTON and WATSON 1968; 
OREOPOULOS et al. 1968; HODGKINSON 1974; TISELIUS et al. 1978) or a lower 
magnesium/(calcium x oxalate) concentration ratio (TAKASAKI and SHIMA NO 
1967) than normal subjects. Since, however, urinary magnesium falls with age 
in both sexes and since males excrete more magnesium than females (ROBERT
SON 1976a; JOHANSSON et al. 1980b), it is vital to match the populations being 
compared for these factors. Indeed, when care is taken to match stone-formers 
and controls for both age and sex, the difference in the urinary magnesium be
tween the two groups is eliminated (ROBERTSON et al. 1968; ZECHNER and 
LATAL 1978; JOHANSSON et al. 1980b; BACH et al. 1981; ROBERTSON et al. 1984). 
For example, the effect of age on magnesium excretion (ROBERTSON 1976 a) al
most certainly explains the apparent difference in urinary magnesium of about 
1 mmol/day between stone-formers (mean age 46 years) and normal controls 
(mean age 35 years) as reported by HODGKINSON (1974). It may also account 
for the apparent differences reported by other workers since there is a tendency 
in many studies to use laboratory staff as controls which may result in the selec
tion of a control population whose mean age is at least 10 years less than that of 
a randomly selected group of stone-formers. 

The urinary inhibitor which undoubtedly has commanded most attention is 
pyrophosphate (FLEISCH and NEUMAN 1961). This was first identified in urine 
by FLEISCH and BISAZ (1962a) and shown to be a potent inhibitor of both cal
cium phosphate (FLEISCH and BISAZ 1962a, b; FLEISCH et al. 1966, 1968) and 
calcium oxalate precipitation (FLEISCH and BISAZ 1964). However, it requires 
almost 10 times the concentration of pyrophosphate to inhibit calcium oxalate 
precipitation as that to inhibit calcium phosphate precipitation. Furthermore, 
pyrophosphate does not influence the precipitation of the other main constitu
ents of stones, namely, magnesium ammonium phosphate and uric acid 
(FLEISCH et al. 1967). 
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Since the initial work of FLEISCH'S group there have been many reports con
firming the potency of pyrophosphate as an inhibitor of the crystallization of 
calcium phosphate (LEWIS et al. 1966; FRANCIS 1969; FEAGIN et al. 1969; MAR
SHALL and NANCOLLAS 1969; TERMINE et al. 1970; ROBERTSON 1973; SMITH 
et al. 1973 b; SUTOR et al. 1978; LEGEROS and MORALES 1973; MEYER et al. 1974; 
HANSEN et al. 1976; BISAZ et al. 1978; EVANS et al. 1980) and of calcium oxalate 
(SUTOR 1969; WELSHMAN and McGEOWN 1972; ROBERTSON et al. 1973b; NAN
COLLAS and GARDNER 1974; MEYER and SMITH 1975b; GARDNER 1975, 1976, 
1978; FELIX et al. 1977; DOREMUS et al. 1978; DRACH et al. 1978), although 
others have not confirmed this latter observation (SARIG et al. 1973; LEGEROS 
and MORALES 1973). 

In spite of the potency of pyrophosphate as an inhibitor of many crystalli
zation processes, however, it is not clear what role, if any, it has in the pre
vention of calcium stone-formation. Although preliminary reports indicated 
that some stone-formers might have a decreased excretion of pyrophosphate 
(FLEISCH and BISAZ 1962b; RUSSELL et al. 1964), this has not been confirmed in 
larger series of patients (LEWIS et al. 1966; RUSSELL and HODGKINSON 1966; 
O'BRIEN et al. 1967) apart from one report from FLEISCH'S own group (BAU
MANN et al. 1977). Furthermore, it has been claimed that at normal urinary con
centrations of pyrophosphate (10-50 ~molll), its contribution towards the 
overall inhibitory activity of urine is very small with respect to both calcium 
oxalate (10-15%) (ROBERTSON et al. 1973a; MEYER and SMITH 1975b; DRACH 
et al. 1978) and calcium phosphate (9%) (BISAZ et al. 1978). Therefore any re
duction in pyrophosphate excretion from normal would be of little consequence 
as regards the crystallization of calcium salts in urine. However, if py
rophosphate excretion is increased above normal, the contribution towards the 
overall level of inhibitory activity may be increased (ROBERTSON et al. 1976 d; 
ROBERTSON 1985). This may be achieved by oral administration of orthophos
phate (FLEISCH et al. 1964; RUSSEL et al. 1964; LEWIS et al. 1966; RUSSELL and 
HODGKINSON 1966; O'BRIEN et al. 1967; ROBERTSON et al. 1976d; THOMAS 1978). 
This increases pyrophosphate excretion through some renal mechanism which 
results in the rapid clearance of pyrophosphate without a change in the 
blood concentration (RUSSELL et al. 1976). 

Many Qther urinary ions, many of them trace constituents, have been shown 
to modify the in vitro precipitation of calcium salts. For calcium phosphate, 
zinc, cadmium, magnesium and cobalt inhibit both the mineralization of rach
itic rat cartilage and the precipitation of calcium phosphate in vitro (THOMAS 
et al. 1963; BIRD and THOMAS 1963; MEYER and ANGINO 1977). Other suggested 
inhibitors for this salt include sodium (SOBEL and HANOK 1952; MODLIN 
1967b), fluoride (TAVES and NEUMAN 1964; BACHRA and FISCHER 1969; JETHI 
and WADKINS 1971; MEYER and NANCOLLAS 1972), tin (MEYER and NANCOLLAS 
1972; MEYER and AN GINO 1977), copper and aluminium (MEYER and ANGINO 
1977), citrate (SMITH et al. 1973 a; SUTOR et al. 1978; BISAZ et al. 1978; BRECEVIC 
and FUREDI-MILHOFER 1979) and its trace metal complexes with iron, chro
mium and aluminium (MEYER and THOMAS 1982a), nucleoside phosphate 
(MEYER et al. 1974) and, more recently, phosphocitrate (HOWARD and BECKER 
1976; WILLIAMS and SALLIS 1981; TEW et al. 1981) and N-sulpho-2-amino tri-



222 w. G. ROBERTSON and M. PEACOCK 

carbyllate (a sulphamate analogue of phosphocitrate (BROWN and SALLIS 
1983». Non-physiological ions, such as imidodiphosphate (ROBERTSON and 
FLEISCH 1970) and diphosphonates (FRANCIS 1969; FLEISCH et al. 1970; MEYER 
and NANCOLLAS 1973; OHATA and PAK 1973), are also potent inhibitors of cal
cium phosphate precipitation. 

Many of the above-mentioned ions are also known to inhibit the crystalli
sation of calcium oxalate, namely, tin (EUSEBIO and ELLIOT 1967), although not 
in the physiological concentration range (MEYER and ANGINO 1977), and 
phosphocitrate (HOWARD 1976; WILLIAMS and SALLIS 1981). Of the other trace 
metals, vanadium and lead are said to be effective inhibitors of calcium oxalate 
crystal growth in physiological concentrations (EUSEBIO and ELLIOT 1967) but 
copper, zinc and aluminium are not (MEYER and ANGINO 1977). Some trace 
metal complexes with citrate have been shown to inhibit crystal growth (MEYER 
and THOMAS 1982b). Certain non-physiological ions are also'effective inhibi
tors of calcium oxalate crystallization and some may be of interest from the 
point of view of treatment of the disorder. These include phytate (SUTOR 1969), 
certain synthetic dye-stuffs (SUTOR 1969), methylene blue (SUTOR 1969; ROL
LINS and FINLAYSON 1973) (although others have not confirmed this (ROBERT
SON et al. 1973b», N-su1pho-2-amino tricarbyllate (BROWN and SALLIS 1983) 
and diphosphonates (FRASER et al. 1972; ROBERTSON et al. 1973 b; PAK et al. 
19756; WILL et al. 1976; MEYER et al. 1977 b). 

One of the most commonly studied ions is citrate (LIGHT and ZINSSER 1961; 
WELSHMAN and McGEOWN 1972; SMITH et al. 1973b; MEYER and SMITH 1975b; 
DOREMUS et al. 1978; BAUMANN and WACKER 1979) but this appears only to be 
active at concentrations high enough to cause significant comp1exing of calcium 
ions (MEYER and SMITH 1975b; FELIX et al. 1977). Several reports claim that 
idiopathic stone-formers excrete significantly less citrate in their urine than do 
normal subjects (HODGKINSON 1962; ELLIOT and RIBEIRO 1972; WELSHMAN and 
MCGEOWN 1976; SCHWILLE et al. 1979; PYLYPCHUK et al. 1979; BUTZ 1982; 
RUDMAN et al. 1982; NICAR et al. 1983; MENON and MAHLE 1983). Others, how
ever, have not confirmed this difference (ROBERTSON et al. 1968, 1971, 1978; 
MODI,.IN 1969; MARSHALL and BARRY 1973; RUDMAN et al. 1980). One of the 
problems with citrate excretion, as with that of magnesium, is that it is de
pendent on age and sex; it changes with age (WELSHMAN and MCGEOWN 1976; 
ROBERTSON (unpublished results) and is generally higher in women than in 
men (HODGKINSON 1962; ROBERTSON et al. 1968; ELLIOT and RIBEIRO 1972; 
WELSHMAN and McGEOWN 1976, SCHWILLE et al. 1979). Since several of the 
above studies did not take these factors (particularly the age-related changes) 
into account when comparing stone-formers and normals, the comparisons are 
often between groups whose average age is 10 or more years different (HODG
KINSON 1962; WELSHMAN and McGEOWN 1976; PYLYPCHUK et al. 1979). Since a 
difference of 10 years reduces urinary citrate by about 0.4 mmollday, this alone 
accounts for a large proportion of the supposed differences between patients 
and normals in these studies. When normals and stone-formers are matched for 
age and sex, the apparent difference between them is almost completely lost 
(ROBERTSON et al. 1968). 
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Other factors which may cause a reduction in urinary citrate (and must 
therefore be taken into account in any comparison between stone-formers and 
normals) are renal tubular acidosis (FOURMAN and ROBINSON 1953; ROBERTSON 
et al. 1968), renal failure (HODGKINSON 1962), primary hyperoxaluria (ROBERT
SON et al. 1968), bowel disease (ELLIOT and SOLES 1974; SMITH et al. 1979; RUD
MAN et al. 1980) and, to some extent, urinary tract infection (CONWAY et al. 
1949; HODGKINSON 1962; ROBERTSON et al. 1968). If the stone-formers are not 
well screened to remove patients with these abnormalities, the data of the 
stone-formers may be biased towards low values. 

Since only a small fraction of total urinary inhibitory activity towards cal
cium oxalate appears to be due to small ions such as magnesium, py
rophosphate and citrate (ROBERTSON et al. 1973a, b; MEYER and SMITH 1975b), 
attention has again been drawn to the effectiveness of certain urinary poly
electrolytes as inhibitors of the crystallization of this salt in urine (CRAWFORD 
etal. ·1968; ROBERTSON etal. 1973a, b, 1976a; GILL etal. 1977; ITO and COE 
1977; FELIX et al. 1977; GARDNER and DOREMUS 1978; DOREMUS et al. 1978; 
NAKAGAWA et al. 1978, 1981; SALLIS and LUMLEY 1979; BOWYER et al. 1979; 
SCHRIER et al. 1979, 1981; COE et al. 1980; SCURR et al. 1981; ROBERTSON et al. 
1981 d;:RYALL et al. 1981 b). These macromolecular inhibitors have been vari
ously claimed to be glycosaminoglycans (ROBERTSON et al. 1973a, b, 1976a, 
1981 b; GARDNER and DOREMUS 1978; SALLIS and LUMLEY 1979; BOWYER et al. 
1979; SCURR et al. 1981; RYALL et al. 1981 b; RESNICK et al. 1982; GJALDBAEK 
1982), acidic peptides (ITO and .COE 1977), glycoproteins (GILL et al. 1977; 
NAKAGAWA et al. 1981, 1983) and RNA-like material (SCHRIER et al. 1979, 
J981). More ·recently, non-polymerized Tamm-Horsfall mucoprotein has also 
been shown to be an inhibitor of the crystallization of this salt (SCURR et al. 
1981; ROBERTSON et al. 1981 d, 1984). 

Studies on the effect of macromolecular inhibitors on the crystallization of 
calcium phosphate have shown that although they may inhibit the aggregation 
of pre-formed crystals of the salt (HANSEN et al. 1976), quantitatively they only 
account for a small percentage of the overall inhibition of the precipitation of 
this salt (BAUMANN et al. 1977; BISAZ et al. 1978; SUTOR et al. 1979). 

When comparisons have been made between idiopathic stone-formers and 
normals, some workers claim that the patients have less net inhibitory activity 
than do normals in their urine towards the crystallization of both calcium oxa
late (DENT and SUTOR 1971; ROBERTSON and PEACOCK 1972; TEOTIA and 
TEOTIA 1975; ROBERTSON et al. 1976c; LIGABUE et al. 1979; COE et al. 1980; 
TISELIUS and FORNANDER 1981) and calcium phosphate (BAUMANN et al. 1977). 
Others, however, have not been able to show any such difference between the 
two groups (ROSE 1975; PYLYPCHUK et al. 1979; BAUMANN and WACKER 1979). 

One problem arising from the comparison of urinary inhibitor measure
ments from different centres is that each group of workers tends to use a dif
ferent method for assessing "inhibitory activity" in urine. Furthermore, some 
have concentrated on factors affecting the crystallization of calcium oxalate, 
while others have studied inhibitors of calcium phosphate crystallization. An
other problem is that there is no concensus in the literature about the definition 
of "inhibitory activity" or of "inhibitors of crystallization". Some workers have 
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used these terms to refer to ions (or fractions of urine) which reduce the rate of 
nucleation (homogeneous or, more usually, heterogeneous) of new crystals of 
calcium salts; others refer to inhibitors as factor which reduce the rate of crystal 
growth of added or newly formed seed crystals of the salt concerned; and others 
still describe them as inhibitors of the growth and aggregation (or agglomer
ation) of added or newly formed crystals. 

A further problem in the definition of an inhibitor is deciding on whether it 
acts as a complexor of calcium, oxalate or phosphate (thereby reducing the rate 
of some crystallization process by reducing the supersaturation pressure on the 
system) or whether it functions primarily as a "crystal poison" at concentrations 
below those at which significant complexation occurs. Some inhibitors, such as 
citrate, may even operate through both mechanisms (MEYER and SMITH 1975 b). 
In future, studies on inhibitory activity should state clearly which particular 
stage in the crystallization is being retarded and which salt is being studied 
(RANDOLPH and DRACH 1981 b). 

However, even when the use of the term "inhibitor" is properly defined, 
there is the problem of how to treat and store urine between the time of voiding 
and the time of measurement of inhibitory activity. The main concern must be 
to ensure the survival of any labile inhibitors during the collection and storage 
period. The main causes of loss of activity are infection of the urine and pre
cipitation on cooling and standing of one or more of the stone-forming salts 
which may adsorb inhibitors thereby reducing the concentration in the urine 
supernatant. Usually the first problem can be avoided by using either freshly 
voided urine, deep-frozen urine or urine collected and stored with some pre
servative added, provided the latter has no effect on any of the inhibitors. If, 
however, urine does become infected with (say) a urea-splitting organism, this 
may alter the balance between the inhibitors and promoters in urine since py
rophosphate and citrate may be destroyed. Urinary pH is increased thereby in
creasing the risk of precipitation of phosphatic salts which may adsorb the very 
inhibitors in which one is interested. 

The problem of precipitation of stone-forming salts and adsorption of in
hibitors, however, is more difficult to overcome since the measures taken to 
prevent the crystallization of one salt (or to dissolve any crystals which do pre
cipitate) may initiate the precipitation of another. For example, acidification of 
urine to dissolve any phosphatic deposits will cause uric acid to precipitate out 
and conversely alkalinization to dissolve uric acid crystals will initiate calcium 
phosphate precipitation. 

At first sight, the answer to these problems is to use freshly voided urine, 
diluted to between 1 % and 5% in (say) saline to re-dissolve any crystals present 
and at the same time re-solubilize any inhibitors (or promoters) bound to the 
crystal surfaces. There are, however, possible objections to using diluted urine 
(FLEISCH 1978; ROBERTSON 1985). There are also objections to using freshly 
voided samples of urine, since the inhibitor level in anyone sample may not be 
typical for that individual. It is known, for example, that there are diurnal varia
tions in the excretion of the glycosaminoglycan inhibitors (ROBERTSON 1976 b), 
magnesium and citrate (ROBERTSON 1969c; MARSHALL et al. 1972b) and this 
probably applies to pyrophosphate as well since its excretion rate is strongly 
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related to that of orthophosphate (RUSSELL et al. 1976) which is known to 
have a diurnal rhythm (ROBERTSON 1969c). To compare individuals correctly, 
urine samples would have to be collected over a standard period of time at a set 
point during the day. 

To overcome the problem of diurnal fluctuations, one alternative is to col
lect a 24-hour sample of urine (assuming that infection can be prevented by 
deep-freezing or by adding a preservative). Provided that precautions are taken 
to re-dissolve any crystals which form during the collection period, it might be 
possible to measure the inhibitory effect of various extracts of the 24-hour 
sample at the same concentration as in the whole urine. 

The main problem, however, in assessing inhibitory activity in urine con
cerns the choice of a suitable test system which will measure the effect of the 
inhibitor under study only on the rate processes occurring at the crystal-solution 
intelface and not some secondary effect on the rate of crystallization such as a 
reduction in urinary supersaturation owing to the complexation of one of the 
crystallizing species. Ideally, the test should be carried out in whole urine 
(FLEISCH 1978; FLEISCH et at. 1984) but, under these conditions, the rate of crys
tallization will also be influenced by the level of supersaturation and the oxa
late/calcium or calcium/phosphate ratio of the urine (ROBERTSON and PEA
COCK 1980). These latter factors must be fixed since at any given initial level of 
supersaturation, the amount of crystalline material forming before equilibrium 
is reached is dependent on these ratios (ROBERTSON et al. 1981 c, d). There is a 
further problem if the voided urine has already exceeded the formation prod
uct of either calcium oxalate or calcium phosphate since it will have crystals of 
one of these salts present in it. These cannot be re-dissolved without drastically 
reducing the saturation of the urine. There is therefore an immediate impasse. 
Prior removal of any such crystals to provide a clear supernatant is also un
desirable since, firstly, this may remove inhibitors (and/or promoters) adsorbed 
on the surface of the crystals and, secondly, will leave behind a saturation level 
which is unknown and bears no relationship to that of the original urine. Even 
if this saturation level were known precisely (by taking into account all the pos
sible, complexing of calcium, oxalate and phosphate ions), some, standard ac
tivity product with a fixed oxalate/calcium or calcium/phosphate ratio would 
have to be established in the urine before measuring the inhibitory activity. 
Urinary pH too would have to be fixed as both the calcium phosphate satu
ration level (ROBERTSON and NORDIN 1969, 1976) and the activities of certain 
of the known inhibitors in urine, particularly pyrophosphate (FELIX et al. 1977), 
are strongly dependent on hydrogen ion activity. To achieve this set of con
ditions, carefully calculated amounts of calcium, oxalate and buffered phos
phate would have to be added to the urine. In theory, this would be possible, 
but in practice it would be extremely difficult to carry out. Some attempts have 
been made to measure the inhibitory activity of whole urine with respect to 
both calcium phosphate (BISAZ et al. 1978) and calcium oxalate (BAUMANN and 
WACKER 1980) but there are criticisms with both procedures. Clearly it is not 
going to be simple to measure inhibitory activity satisfactorily in whole urine. 

The alternative to working with whole (or nearly whole) urine is to add an 
aliquot or an extract of urine to a standard metastable inorganic solution. This 
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may consist either ora simple calcium oxalate or calcium phosphate solution in 
buffered saline (ROBERTSON et al. 1973b; MEYER and SMITH 1975a, b; LIGABUE 
et al. 1979) or of a more complex "artificial urine" containing many of the ions 
at the concentrations found in urine (BARKER et al. 1974; ROSE 1975; MILLER 
et al. 1977; GARDNER and DOREMUS 1978; DOREMUS et al. 1978; BURNS and FIN
LAYSON 1980). The concentrations used by some of these workers, however, are 
much higher than normal (for review see BURNS and FINLAYSON 1980). Indeed, 
some authors (including BURNS and FINLAYSON themselves) have merely 
adopted the average 24-hour excretion of the various ions (DIEM and LENTNER 
1970) and have assumed that these are excreted in 1 litre of urine. It seems un
likely that this volume can be considered as average for a 24-hour sample from 
a normal individual, the true mean figure lying between 1.4 and 1.7 litres. In
deed the "artificial urine" recommended by BURNS and FINLAYSON exceeds the 
upper limit of metastability for calcium oxalate and crystals of the salt form 
spontaneously. Since this should be preferably avoided, it would seem reason
able to increase the volume of the "artificial urine" from 1 litre to 1.4 litres or 
more, thereby bringing the saturation level within the metastable region. 

Using a standard metastable solution of calcium oxalate of this type, with a 
known initial level of supersaturation and oxalate/calcium ratio, the crystal 
growth and/or aggregation of calcium oxalate on to seed crystals of that salt 
may be followed until the supersaturation eventually becomes depleted and an 
equilibrium of "quasi equilibrium state" is attained (ROBERTSON et al. 1973 b; 
MEYER and SMITH 1975a). Addition of between 1% and 5% (v/v) of urine to the 
metastable solution is usually sufficient to modify the rate of crystal growth 
and/or aggregation (ROBERTSON et al. 1973b; MEYER and SMITH 1975b; 
LIGABUE et al. 1979). This addition is usually insufficient, however, to perturb 
significantly the saturation of the metastable solution and any reduction in the 
rate of growth and/or aggregation can be attributed solely to the influence of 
inhibitors in the urine. The main argument against the use of diluted urine is 
that theoretically some inhibitor(s) or promoter(s), which may be active in 
whole urine, may be diluted out and therefore underestimated or missed al
together (FLEISCH 1978). 

A modification to this system is one in which the level of supersaturation is 
kept constant throughout the study. This "constant composition" technique 
avoids the problems associated with the depletion of ions and possible change 
of crystal phase (KOUTSOUKOS et al. 1980a; SHEEHAN and NANCOLLAS 1980). 
The effect of inhibitors can be tested very quickly using such a system (i.e. 
within 30 minutes). 

Another improvement to the seeded growth system is to add various urinary 
extracts of amounts of known inhibitors to the metastable growth solution in the 
concentrations in which they are found in whole urine. Even this measure may be 
criticised, however, on the grounds that the level of metastable supersaturation 
of calcium oxalate generally used (log relative supersaturation value of 0.75 on 
the scale of ROBERTSON et al. {l976 c) ) is not as high as the mean value found 
in the urine of recurrent stone-formers (log relative supersaturation of 1.15), 
although it is almost the same as that in normal urine (log relative supersatu
ration of 0.82). Furthermore, the time of incubation (usually 3 to 4 hours) is 
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considered too long in comparison with normal urinary transit times. Some of 
these objections may be overcome by using a test system in which the initial 
supersaturation exceeds the formation product of calcium oxalate (thereby al
lowing crystals to form spontaneously) and by incubation over a shorter time 
period. The initial level of supersaturation (log relative supersaturation of 1.17) 
(ROBERTSON et al. 1981 d) is set close to that of recurrent calcium oxalate stone
formers (ROBERTSON et al. 1976c) and is similar to that employed in the test 
system of GARDNER and DOREMUS (1978) (log relative supersaturation of 1.18). 
By adding various urinary extracts or amounts of known inhibitors in the con
centrations found in whole urine, the effects on the rates of nucleation, crystal 
growth and aggregation can be measured separately (ROBERTSON et al. 1973 b; 
RYALL et al. 1981 a, b, c). 

More recently, a variation on this technique has been reported which also 
employs a high initial level of calcium oxalate supersaturation but which main
tains a high level by continuously supplying calcium and oxalate solutions to 
the crystallization vessel at a steady rate (RANDOLPH and LARSON 1971; FIN
LAYSON 1972; MILLER et al. 1977; NYVLT 1978; ROBERTSON et al. 1984). This dy
namic system is termed "mixed suspension mixed product removal" (MSMPR) 
and is based on the continuous crystallizer principle described in Section II. 
2( e). It has been argued that by maintaining a high level, of supersaturation, the 
MSMPR system reproduces more closely the situation occurring in the kidney 
(FINLAYSON 1972). 

After the initial surge of nucleation in the MSMPR system a steady state is 
reached at which the rate of production of calcium oxalate crystals is constant 
and a "pseudo-equilibrium" state of saturation is attained. Analysis of the crys
tal size distributions at various times allows both nucleation and growth rates to 
be measured but the system suffers from the disadvantage that for the theory to 
be followed rigorously, the degree of aggregation occurring during the crystalli
zation process should be nil. Whereas this may be an ideal system from the 
chemical engineer's viewpoint, it may be less satisfactory for the stone re
searcher, since aggregation is the most rapid process by which particle size may 
be increased and as such may be the most important factor in the initiation of 
stone-formation. In practice, however, most MSMPR systems do generate a 
small amount of aggregation. This may only amount to as little as 1 to 2% by 
weight of the total crystalline product and may be negligible as far as the 
chemical engineer is concerned, but from the stone researcher's standpoint this 
would be more than adequate to increase the risk of stone initiation. The 
MSMPR system has already been used to study the effects of various inhibitors 
and promoters on the nucleation and growth rates of calciuD;l oxalate (MILLER 
et al. 1977; DRACH et al. 1978, 1980; RODGERS and GARSIDE 1981; RANDOLPH 
and DRACH 1981; RANDOLPH et al. 1981) and aggregation may be taken into ac
count (ROBERTSON et al. 1984). 

The choice of which inhibitory process to measure and which system to use 
depends on'the model of stone-formation being tested. Those workers who feel 
that the critical step in the initiation of a stone is nucleation (either hetero
geneous or homogeneous) will choose a test system which basically measures 
effects on the nucleation rate of crystals (for example, the MSMPR system). 
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Those who believe in the "free particle theory" of stone-formation (Section 
ll.5(b) ), see the critical stage as one involving the growth rates of crystals or 
particles as they pass down the renal tubules and will use a system which pri
marily measures crystal growth or some combination of growth and aggre
gation. Of the various possibilities, the last is by far the most potent means of 
rapidly increasing particle size such that a critical particle may be produced 
within the transit time of urine through the urinary system, for, unless crystal 
growth is extremely fast, individual crystals will be expelled from the urinary 
system before they are large enough to become trapped. Proponents of the "fix
ed particle theory" (Section ll.5(c) ) may also be interested in factors which in
fluence growth rates, although rapid growth may not be so important in this 
situation, since once the nucleus is "fixed" at some site in the urinary tract the 
time necessary for growth into a stone nucleus will be less critical than that for 
the "free particle theory". 

b) Inhibitors of Nucleation 

As mentioned earlier, classically there are two types of nucleation - homo
geneous and heterogeneous. The question arises as to what effect inhibitors 
have on these two processes. The answer, unfortunately, is clouded by the lack 
of agreement among stone researchers on whether or not homogeneous nuclea
tion of calcium salts ever actually occurs in urine. ROBERTSON (1973) reviewing 
the published data on the spontaneous precipitation of c~llcium phosphate, con
cluded that the then known inhibitors of calcium phosphate precipitation main
ly acted on the heterogeneous nucleation of that salt at supersaturation levels 
up to the empirical formation product. They had little or no effect on nucle
ation beyond this point, an observation recently confirmed by BAUMANN and 
WACKER (1980). In his papers, however, PAK disagrees with this conclusion 
and claims to show that the empirical formation products of both calcium 
phosphate and calcium oxalate are increased by a variety of inhibitors includ
ing pyrophosphate (PAK 1972), a diphosphonate (OHATA and PAK 1973; PAK 
et al. 1975b), heparin and chondroitin sulphate (PAK et al. 1979). However, 
PAK'S value for the empirical formation product of calcium (which he measures 
after a 3-hour incubation) is lower than· that of MARSHALL and ROBERTSON 
(1976) (measured after a 10-minute incubation) and only approaches the latter 
value in the presence of inhibitors such as pyrophosphate and diphosphonates 
(OHATA and PAK 1973). Furthermore, the apparent increase in the formation 
product of calcium oxalate in the presence of inhibitors reported by PAK et al. 
(1975b) must also be suspect since the point of precipitation, although mea
sured after only 15 to 20 minutes incubation, was detected "by eye". Since, 
however, the inhibitors concerned are known to retard both the crystal growth 
and aggregation of calcium oxalate, it is likely that the initial microcrystals of 
calcium oxalate which form after nucleation would not grow sufficiently to be
come visible to the naked eye within the 15 minutes of the experiment. For this, 
a higher level of supersaturation would be necessary even although nucleation 
may have already occurred at the normal formation product. This is evident 
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from more recent studies which show that the lO-minute formation product, as 
detected by a light-scattering technique (a more sensitive method than that 
relying on the human eye) is, in fact, independent of the concentration of in
hibitor added (ROBERTSON, unpublished results). The rate of increase of light
scattering after initiation of crystallization, on the other hand, is considerably 
retarded in the presence of inhibitors, indicating that the rate of crystal growth 
is reduced. 

Studies comparing the inhibitors of nucleation in the urine of stone-formers 
and normals have produced conflicting results. According to ROBERTSON et al. 
(1972a, b), there is no difference in the empirical formation product (as deter
mined in whole urine by a light-scattering technique) between stone-formers 
and normals. Nor is this level of spontaneous precipitation in urine different 
from that in simple inorganic solutions. PAK, however, using his formation 
product ratio (FPR) (defined as the ratio of the activity product at which a pre
cipitate forms in 3 hours divided by the activity product in the supernatant so
lution after "equilibrium" is reached), claims that urine from stone-formers 
precipitates at a lower level of supersaturation than does normal urine (PAK 

and GALOSY 1980). This suggests either that there is some heterogeneous nu
cleating agent present in stone-forming, but not in normal, urine or that there is 
some inhibitor present in normal urine which is absent from or deficient in 
stone-forming urine. The problem with the determination of FPR, however:, is 
that it may not be measuring only inhibitory activity since it is also some func
tion of supersaturation and the calcium/oxalate (or calcium/phosphate) ratio. 
Moreover, the measurement of FPR requires the prior removal of any crystals 
present in the urine on voiding or which precipitate before the FPR is mea
sured. This would predictably reduce the concentrations of any inhibitors pres
ent by adsorption on the precipitates removed. Another complication of PAK'S 

method is his use of an empirically derived "apparent solubility product" in the 
denominator of the expression for FPR. In the presence of inhibitors, this "ap
parent solubility product" is often higher than the true thermodynamic solubil
ity product (as determined in simple aqueous solution) and is undoubtedly in
fluenced by the presence of inhibitors (FINLAYSON 1978; ROBERTSON 1981). 
Thus the FPR represents the ratio of two variables which are both to some de
gree affected by the presence of inhibitors. 

The most likely explanation for the apparent difference between PAK'S ob
servations and those of ROBERTSON is that the 10-minute empirical formation 
product measured by the latter approximates to that of homogeneous nuclea
tion, and as such is probably independent of inhibitors, whereas the 3-hour val
ue determined by PAK represents heterogeneous nucleation and is almost cer
tainly influenced by trace inhibitors (ROBERTSON 1973). In this context; 
FLEISCH'S data on long-term (I-day or 3-day) formation products probably also 
represent the effect of inhibitors on heterogeneous nucleation (FLEISCH and 
BISAZ 1962a, b, 1964) since the maximum value of the formation product 
achieved is equal to the lO-minute formation product found by ROBERTSON 

(1973) for spontaneous (homogeneous) nucleation. Assuming that the 10-min
ute formation product of ROBERTSON are near approximations to homogeneous 
nucleation, then it would appear that no inhibitors have yet been found to in-
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crease this upper limit of metastability apart from those which reduce the level 
of supersaturation by complexing with one or other of the precipitating ions. 

Assuming that both PAK'S and FLEISCH'S techniques for the measurement of 
the formation product of calcium phosphate and calcium oxalate are measuring 
heterogeneous nucleation, then their subsequent data show that urine from 
stone-formers inhibits heterogeneous nucleation less than does normal urine 
(PAK and HOLT 1976; BAUMANN et al. 1977; PAK and GALOSY 1980). BAUMANN 
et al. (1977) attribute this mainly to an increase in calcium phosphate nuclea
tion caused by a decrease in pyrophosphate excretion, and PAK and GALOSY 
(1980) attribute it to increases in both the nucleation of brushite and calcium 
oxalate in stone-formers. Several inhibitors are now known to affect hetero
geneous nucleation (Tables 2 and 3). These may act either by complexing or by 
blocking active growth sites on poten~ial heterogeneous nuclei. 

c) Inhibitors of Crystal Growth 

Most of the system developed for measuring inhibitory activity are based on 
measuring the growth of seed crystals of calcium oxalate or hydroxyapatite 
added to the corresponding metastable solutions of these salts. The findings are 
summarised in Tables 2 and 3. 

Inhibitors of crystal growth fall into three main categories. Firstly, there are 
those which act by complexing one of the ions constituting the growing salt, for 
example, citrate (MEYER and SMITH 1975b; BAUMANN and WACKER 1979; BRE
CEVIC and FUREDI-MILHOFER 1979), magnesium (ROBERTSON et al. 1973b; 
MEYER and SMITH 1975b; FELIX et al. 1977), phosphate and sulphate (ROBERT
SON 1969 a; FINLAYSON 1977 a) and chondroitin 4-sulphate (CRAWFORD et al. 
1968). Secondly, there are those which act in trace concentrations as true crystal 
poisons by adsorption to active growth sites on the seed crystal surface (NAN
COLLAS 1976). Examples of these are pyrophosphate (FLEISCH and BISAZ 1962a, 
b, 1964; ROBERTSON et al. 1973b; NANCOLLAS and GARDNER 1974; MEYER and 
SMITH 1975b; GARDNER and DOREMUS 1978; WERNESS et al. 1979), phospho
citrate (WILLIAMS and SALLIS 1981), diphosphonates (FRANCIS 1969; FLEISCH 
et al. 1970; FRASER et al. 1972; MEYER and NANCOLLAS 1973; OHATA and PAK 
1973; ROBERTSON et al. 1973b; PAK et al. 1975b; MEYER et al. 1977b), 
imidodiphosphate (ROBERTSON and FLEISCH 1970), acidic peptides .(ITO and 
COE 1977; NAKAGAWA et al. 1978, 1981), nucleoside phosphates (MEYER et al. 
1974), fluoride (MEYER and NANCOLLAS 1972), RNA (ITO and COE 1977; ITO 
and SHIMAZAKI 1978; SCHRIER et al. 1979,1981; SCURR et al. 1981) and certain 
trace metals (MEYER and ANGINO 1977). Thirdly, there are those substances, 
usually of high molecular weight, which, if present in high enough concentra
tion, inhibit the crystal growth of calcium salts (GILL et al. 1977; GJALDBAEK 
and ROBERTSON 1980). These include certain glycosaminoglycans (CRAWFORD 
et al. 1968), an acidic glycoprotein (NAKAGAWA et al. 1983) and non-polymeriz
ed Tamm-Horsfall mucoprotein (ROBERTSON et al. 1981 d, 1984; SCURR et al. 
1981 ). 
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Some studies on urine have shown that stone-formers have less inhibitory 
activity towards the crystal growth of calcium oxalate than normals (DENT and 
SUTOR 1971; TEOTIA and TEOTIA 1975; LIGABUE et al. 1979; COE et al. 1980) 
although others have failed to show this (ROSE 1975; BAUMANN and WACKER 
1979). 

d) Inhibitors of Aggregation 

As mentioned earlier, the most effective means of increasing particle size within 
a short space of time is crystal aggregation. According to the "free-particle 
theory" of stone-formation, the combination of aggregation and crystal growth 
ate likely to playa major role in determining the risk of stones forming in a 
given individual. Consequently, any factor which inhibits the aggregation 
phase will be of importance in reducing the risk of stones. 

In recent years evidence for a number of such inhibitors of aggregation in 
urine have been identified. These include, for inhibition of calcium phosphate 
aggregation, citrate (HANSEN et al. 1976), pyrophosphate (ROBERTSON 1973; 
HANSEN et al. 1976; BISAZ et al. 1976), chondroitin-4-sulphate and heparin 
(HANSEN et al. 1976; BISAZ et al. 1976) and to a lesser extent magnesium and 
trace metals (HANSEN et al. 1976). Inhibitors of calcium oxalate aggregation in
clude citrate (FELIX et al. 1977), pyrophosphate (ROBERTSON et al. 1973 b; 
FLEISCH and MONOD 1973; FELIX et al. 1977; RYALL et al. 1981 b), phospho
citrate (ROBERTSON and SALLIS unpublished results), chondroitin-4-sulphate 
(ROBERTSON et al. 1973b, 1976a; BOWYER et al. 1979; SALLIS and LUMLEY 1979; 
RYALL et al. 1981 b), alcian blue precipitable material (ROBERTSqN et al. 
1976a), RNA and non-polymerized Tamm-Horsfall mucoprotein (SCURR et al. 
1981; ROBERTSON et al. 1984). 

The most likely mechanism by which these inhibitors function is by ad
sorption to the crystal surface, establishment of a large negative charge on the 
surface and mutual repulsion of other similary-coated crystals. Studies on both 
the adsorption of these ions to crystal surfaces (JUNG et al. 1973; LEAL and FIN
LAYSON 1977; WAGNER and FINLAYSON 1978) and on the zeta potential pro
duced (CURRERI et al. 1979; ROBERTSON et al. 1984) (Fig. 9) support this mech
anism. 

Studies on the inhibitory activity of urine towards aggregation have shown 
that the urine of stone-formers has less such activity than urine from normal 
subjects (ROBERTSON and PEACOCK 1972; ROBERTSON et al. 1976c; KOIDE et al. 
1981). Both groups attribute this difference to a reduction in the amount of 
macromolecular inhibitor but one claims that it is primarily due to a reduction 
in alcian blue precipitable material, namely, glycosaminoglycans, non-poly
merized Tamm-Horsfall mucoprotein and RNA (ROBERTSON et al. 1976c, 1978, 
1981 d, 1984), whereas the other suggests that the reduction is in the protein 
fraction of urine (KOIDE et al. 1981). The latter group states that it is not in the 
"RNA-like fraction" of urine as suggested by SCHRIER et al. (1979, 1981). 
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e) Modifiers of Inhibitory Activity 

A number of urinary factors are now known to modify the effects of certain in
hibitors in urine. The commonest of these is urinary pH which affects the in
hibitory activity of pyrophosphate (WILL et al. 1976; FELIX et al. 1977; SCHRIER 
et al. 1979; ROBERTSON (unpublished results», diphosphonates (MEYER et al. 
1977 b) and probably citrate (WAGNER and FINLAYSON 1978). 

It has been suggested that the inhibitory activity of the glycosaminoglycans 
may- be influenced by the presence of high concentrations of urates (ROBERT
SON 1976b, ROBERTSON et al. 1976a; PAK et al. 1979; ROBERTSON and PAK (un
published results», although others have not found this (MCCULLOCH et al. 
1981). One possible explanation for this effect is that hyperuricosuria leads to 
an increase in the saturation of urine with sodium acid urate (ROBERTSON 
et al. 1976a, b; PAK et al. 1977b, 1978, 1980a, b) which, in tum, may lead to the 
formation of colloidal sodium or ammonium acid urate (PORTER 1963, 1966; 
ROBERTSON et al. 1976a; PAK et a11978) or calcium urate (ROBERTSON and PAK 
(unpublished results) ). Since urates are known to adsorb proteoglycans (KATZ 
and SCHUBERT 1970), proteins (KoZIN and MCCARTY 1977) and gly
cosaminoglycans (KATZ 1973; ROBERTSON et al. 1976a; FINLAYSON and DUBOIS 
1978; PAK et al. 1979), this effectively reduces the concentration of macro
molecular inhibitor available to inhibit the crystallization of calcium oxa
late. It follows that the mechanism by which hyperuricosuria appears to in
crease the risk of calcium oxalate stone-formation (COE and RAISEN 1973; COE 
and KAVALICH 1974; ROBERTSON et al. 1978) may involve urate acting, not as a 
heterogeneous nucleator as originally suggested by COE et al. (1975) and by 
PAK and ARNOLD (1975), but by interfering with the glycosaminoglycan inhibi
tors of calcium oxalate crystal growth and aggregation ROBERTSON et al. 
1976a). This hypothesis is supported by later data (PAK et al. 1979, 1980a, b; 
FELLSTROM et al. 1982) whi<;h show that sodium acid urate attenuated the in
hibitory effect of glycosaminoglycans on the crystallization of calcium oxalate. 
Polymerized Tamm-Horsfall mucoprotein may also interfere with the inhibi
tors (ROBERTSON 1985). 

f) Naturally Occurring Inhibitors 

It is clear from the above sections that there is a considerable number of in
hibitors of crystallization in urine. There is also considerable controversy about 
which are the most important. Tables 2 and 3 summarise the current state of 
knowledge in this field. 

g) Synthetic Inhibitors 

During the various studies on inhibitors a number of synthetic material have 
been identified which are good inhibitors of the crystallization of one or both 
calcium salts. The interest in these derives from their possible therapeutic ap
plications. The list includes a number of dye-stuffs (SUTOR 1969) including 
methylene blue (ROLLINS and FINLAYSON 1973; DRACH et al. 1978) (although 
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others have not confirmed this except in very high concentrations (WELSHMAN 
and McGEOWN 1972; ROBERTSON et al. 1973 b», various diphosphonates 
(FRANCIS 1969; FLEISCH et al. 1970; ROBERTSON et al. 1973b; OHATA and PAK 
1973; MEYER and NANCOLLAS 1973; PAK et al. 1975; FELIX et al. 1977; MEYER 
et al. 1977b; DOREMUS et al. 1978), heparin (CRAWFORD et aI. 1978; ROBERTSON 
et al. 1973 b; FELIX et al. 1977; GARDNER and DOREMUS 1978; BOWYER et al. 
1979; WERNESS et al. 1979)" polyphosphates (NANCOLLAS and GARDNER 1974; 
TOMAZIC and NANCOLLAS 1980a) and certain polyacidic peptides (GARTI et al. 
1980). 

Some of these synthetic inhibitors have been tried in vivo with varying de
grees of success. Methylene blue, although originally claimed to be beneficial in 
reducing stone recurrence (BOYCE et al. 1967), has not been confirmed as a 
good inhibitor of calcium oxalate crystallization in vitro (ROBERTSON et al. 
1973b) except in high concentrations (SUTOR 1969; WELSHMAN and McGEOWN 
1972; ROLLINS and FINLAYSON 1973). Diphosphonates, although found to have 
some beneficial effect on urinary inhibitory activity (ROBERTSON et al. 1974) al
so increase urinary oxalate (ROBERTSON et al. 1974; BAUMANN et al. 1978). The 
net result in many instances is to increase the overall risk of calcium oxalate 
stones (ROBERTSON et al. 1980b). They may, however, be more beneficial in the 
treatment of calcium phosphate stones (FRASER et al. 1972; BAUMAN et al. 
1978). 

5. Unified Theories 

a) General Principles 

It is clear from the foregoing sections that stone disease is a multifactorial dis
order of some complexity. In recent years, however, attempts have been made 
to integrate certain features of the various theories into composite models of 
stone-formation. In essence, this involves combining the factors which influence 
the thermodynamic and kinetic aspects of crystallization in order to define a 
measure of the risk of forming stones in a given individual. There are two main 
groups of such theories; firstly, the "free particle" theories and secondly, the 
"fixed particle" theory, the phrases having been originally coined by FIN
LAYSON (l977b). 

b) "Free-Particle"Theories of Stone-Formation 

The concept of free particle stone disease was first advanced by VERMEULEN 
and his colleagues (VERMEULEN et al. 1967; VERMEULEN and LYON 1968) when 
they reported that diets containing small amounts of a lithogenic substance (in 
this instance, oxamide) only caused stones in rats if they had initially been fed a 
large "trigger" dose of the same substance. In the papillae of these animals crys
tals of oxamide were found growing in the collecting tubules and ducts of Bel
lini. The particles grew fast enough to become trapped in the ducts by virtue of 
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their size and identifiable stones of oxamide were formed. Rats fed only the low 
dose of oxamide did not have crystals and rats fed only the trigger dose had in
itial crystalluria which eventually cleared. Neither of the latter groups formed 
stones. Thus the concept developed that stone-formation might be an episodic 
process, occurring after a period of excessive urinary supersaturation (during 
which the urinary system fails to rid itself of the stone nuclei produced) fol
lowed by a period of metastable supersaturation during which the initial em
bryos grow into papillary stones (VERMEULEN et al. 1967). 

Studies on crystalluria of the various stone salts and acids has shown that, 
indeed, periods of abnormal crystalluria may trigger off stone-formation both 
in animals (VERMEULEN et al. 1966) and in man (DENT and SENlOR 1955; SENG
BUSCH and TIMMERMANN 1957; ROBERTSON et al. 1969; ETTINGER and KOLB 
1971; CIFUENTES DELATTE et al. 1973; VALYASEVI and DHANAMITTA 1974; EL
LIOT and RABINOWITZ 1976; SMITH 1976; BERG et al. 1976; WERNESS et al. 
1981). In the case of calcium oxalate stone-formation, for example, patients 
with recurrent stones pass more calcium oxalate crystals in their urine than do 
normal subjects and their crystals are generally larger and more aggregated 
(SENGBUSCH and TIMMERMANN 1957; ROBERTSON et al. 1969; ROBERTSON and 
PEACOCK 1972; WERNESS et al. 1981; BRANDES et al. 1981). These abnormal 
crystals and aggregates (which may be up to 300 ~m in diameter) have also 
been shown to exist in calyceal urine and are therefore likely to have started 
forming in the collecting ducts whose maximum diameter is 200 ~m at the 
ducts of Bellini. There is, therefore, considerable risk that the largest of these 
particles might become trapped in the papillary region or become lodged in 
one of the lower calyces of the kidney. Alternatively, blockage may come about 
by a "log-jamming" mechanism in a urinary stream overcrowded with crystals. 
Indeed, it has been reported that the passage of large crystals and aggregates 
(gravel) of calcium oxalate in the urine is often accompanied by attacks of renal 
colic (ROBERTSON et al. 1969) and the passage of stones (SENGBUSCH and TIM
MERMANN 1957; VALYASEVI and DHANAMITTA 1974). Furthermore, the severity 
of the disorder in a given individual, as defined by his number of stone episo
des per year, is related to the percentage of large crystals and aggregates of cal
cium oxalate excreted in his urine (Fig. 11) (ROBERTSON et al. 1981 d) . 

Fig. 11. The relationship be
tween the severity of stone-for
mation (as defined by the stone 
episode rate) in calcium oxa
late stone-formers and the pro
portion of large calcium oxa
late crystals and aggregates in 
their urine: (.) untreated pa
tients; (0) patients on ortho
phosphate treatment 
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In recent years attempts have been made to account biochemically for ab
normal crystalluria by combining various factors which influence the nuclea
tion, crystal growth and aggregation of free particles in the urinary stream. In 
essence this involves measuring, firstly, urinary saturation with the various 
stone salts and acids, secondly, any inhibitors of crystal nucleation, growth or 
aggregation and, thirdly, any promoters of crystallization. The majority of the 
methods apply to calcium stone-formation, although it would be a simple exer
cise to extend these models to cover cystine, uric acid and infected stone-forma
tion. 

rx) Saturation-Inhibition Index (SII) 

In the first of these, which applies to CaOx stone-formation, urine saturation 
with calcium oxalate and the inhibitory activity towards crystal growth and 
aggregation are combined into a "saturation-inhibition index" of stone-forma
tion (ROBERTSON et aL 1976c). This model was developed from the observation 
(ROBERTSON 1976b) that calcium oxalate stone-formation is due to an imbal
ance between the degree of supersaturation (which was higher in recurrent, 
idiopathic stone-formers than normals (ROBERTSON et al. 1971)) and the level 
of protective inhibitory activity (which was lower in stone-formers than nor
mals (ROBERTSON and PEACOCK 1972; ROBERTSON et al. 1976c; COE et al. 1980). 
This is seen in Fig. 12, which shows the relationship between inhibitory activity 
and saturation with CaOx in two groups of recurrent stone-formers and nor
mals. Clearly, the best separation between the groups is defined, not by either 
variable alone, but by a line relating the two variables. The line of best separa
tion is calculated using discriminant analysis when the distance of each individ
ual from the discriminant line is calculated and replotted, the overlap between 
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Fig. 12. The relationship between inhibitory activity and urine saturation with calcium oxa
late in the urines of normal controls (0), "pure" CaOx stone-formers (e), and "mixed" CaOx/ 
CaP stone-formers (4). The discriminant line of best separation between the stone-formers 
and controls is shown by the dotted line (- - - - -) 
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Fig. 13. The saturation-inhibition in
dex in the urines of normal controls 
(0), "pure" CaOx stone-formers (e) 
and "mixed" CaOx/CaP stone-for
mers (A) in relation to the dis
criminant line (- - - - -) 
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the three populations is markedly reduced (Fig. 13). Points to the right of the 
discriminant line in Fig. 12 are defined as having positive values, and points to 
the left as having negative values. This value has been termed the "saturation
inhibition index" (SII). It appears to be a quantitative indicator of the risk of 
forming calcium oxalate-containing stones since both the passage of large crys
tals and the severity of the disorder correlate with the mean SII of the individual 
patient (ROBERTSON 1976 b). 

The main disadvantages with the SII model is that it requires some 13 bio
chemical measurements in urine to obtain a single SII value. Furthermore, it 
does not necessarily apply to stone-formation in which calcium phosphate is the 
major constituent. 

fJ) Crystal Growth Factor (CGF) 

The second model does overcome this last criticism in that it incorporates satu
ration and inhibition measurements on both calcium oxalate and calcium phos
phate (SMITH 1976). The composite measure of the risk of calcium stone-forma
tion is termed the "crystal growth factor" and is given by the expression: 

CGF = Supersaturation of CaOx Supersaturation of brushite 
Inhibition of CaOx growth + Inhibition of hydroxyapatite growth' 

From data published by SMITH and his colleagues, it is clear that idiopathic 
calcium stone-formers and stone-formers with enteric or congenital hyperoxa
luria have abnormal CGF values (SMITH 1976; SMITH et al. 1980a, b). The main 
disadvantage of this technique is again the large number of laboratory esti
mations necessary to evaluate the risk. 

It should be noted that in the determination of both the SII and the CGF, 
the measurement of inhibitory activity represents the net effect of inhibitors 
and promoters of crystallization in urine. In both instances, the dominant factor 
appears to be the protective effect of the inhibitors. 
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y) Urinary Formation Product Ratio-Activity Product Ratio (FPR-APR) Dis
criminant Score 

More recently another method has been described which combines the forma
tion product ratio and activity product ratio measurements on both calcium 
oxalate and calcium phosphate to produce a discriminant score which is 
claimed to give a quantitative measure of the propensity for spontaneous nucle
ation of calcium stone disease (PAK and GALOSY 1980). Since, as discussed ear
lier, the FPR-APR discriminant incorporate factors which are a function of 
saturation, inhibitory activity and heterogeneous nucleating activity, then it 
probably represents another expression of the balance between the agonistic 
and protective factors, which influence the risk of the disorder. 

The FPR-APR score also discriminates well between various groups of 
stone-formers and their controls and there is a relationship between the severity 
of the disorder and the degree of abnormality of the score (PAK and GALOSY 
1980). However, in the latter instance, the FPR-APR score in terms of calcium 
oxalate appears to be a better indicator of the risk of stones than the combined 
calcium oxalate and brushite scores. 

One again a large number of laboratory estimations (about 20) are neces
sary to evaluate the overall score and the technique would appear to be un
wieldy for large numbers of samples. 

6) Risk factor model 

In order to reduce the amount of analytical work necessary for the determi
nation of an overall measure of the risk of calcium stones, an alternative ap
proach has been proposed by ROBERTSON and his colleagues (ROBERTSON et al. 
1978, 1981 a). This has the advantage of requiring only 6 measurements in each 
urine sample and does not depend directly on any particular physical chemical 
model of stone-formation. As it happens, however, each of the 6 urinary risk 
factors can be ascribed a possible chemical role in the stone-forming process. 

To understand the risk factor model of calcium stone-formation it is helpful 
to look first of all at cystine stone-formation. As will be shown later, the forma
tion of cystine stones has a simple physical chemical explanation and depends 
solely on the abnormally high excretion of cystine found in the urines of those 
affected by the disorder. Indeed, urinary cystine is so much higher in cystine 
stone-formers than in normals that there is no overlap at all between the fre
quency distribution of urinary cystine in the two groups (eRA WHALL et al. 
1969). In calcium stone disease, on the other hand, there is no such clear-cut 
separation between stone-formers and normals in terms of any individual uri
nary constituent or even of combinations of these such as saturation levels and 
inhibitory activities (ROBERTSON et al. 1978). It follows that there is unlikely to 
be a single cause of calcium stone-formation and it must therefore be due to a 
combination of factors, each one of which contributes towards the overall risk 
of the disorder. Out of all the urinary factors measured over many years in 
Leeds, only six had mean values which were significantly different between 
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age- and sex-matched groups of stone-formers and normal controls (ROBERT

SON et al. 1978, 1981 a). In this approach, it was assumed that only those factors 
whose mean values were significantly different between the two groups, are the 
main risk factors for the disorder. The six risk factors so far identified using this 
criterion are urinary volume and pH and the excretions of calcium, oxalate, 
uric acid and the alcian blue precipitable macromolecular inhibitors (mainly 
glycosaminoglycans and glycoproteins) of calcium oxalate crystal growth and 
aggregation. In the case of each risk factor, there is a considerable overlap 
between the frequency distribution of values in the two popUlations (Fig. 14a, 
b). 

It is possible to make use of the overlapping distributions to quantitate the 
contribution of each risk factor to the overall probability of forming stones. The 
method is shown in Fig. 15 for the case of urinary calcium. The top half of the 
diagram shows the smoothed frequency distributions for urinary calcium ex
cretion in stone formers and normals. The mean values of the two populations 
are significantly different (5.95 mmol/day in normals and 8.00 mmol/day in re
current stone-formers; P < 0.001) but there is a large degree of overlap between 
the distributions. The lower half of Fig. 15 shows the ratio (0() of the (frequency 
of stone-formers) divided by the (frequency of normals) which provides a mea
sure of the relative "odds" of being a stone-former rather than a normal at each 
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Fig. 14a, b. Frequency distributions of a the 24-h urinary excretions of calcium and oxalate 
and urinary pH and b the 24-h urinary excretions of polyanionic inhibitiors (mainly 
GAGS) and uric acid in normal subjects (0) and recurrent stone formers (e). The shaded areas 
define the regions of overlap between the two populations 
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Fig. 15. A diagram showing the derivation of the 
relative risk (lXca) 
Top: Frequency distributions of 24-h urinary cal
cium in male normals (0) and in male recurrent 
stone-formers (.). 
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Fig. 16. The "risk curves" for urinary volume, calcium, oxalate, pH, glycosaminoglycans 
(GAGS) and uric acid plotted in relation to the number of standard deviation (SD) units above 
and below the mean value for each risk factor in the normal male population 

level of calcium excretion. Clearly, the "odds" of being a stone-former increase 
as urinary calcium increases, the risk rising sharply above an excretion of 9 to 
10 mmol/day. The relationship between (XCa and urinary calcium is called the 
"risk curve" for calcium. 

Similarly, risk curves for urinary volume, pH, oxalate, uric acid and the 
polyanionic macromolecular inhibitors (GAGS) may be derived from the cor-
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responding frequency distributions of these factors in stone-formers and nor
mals. Figure 16 shows the relative risk attributable to each risk factor plotted in 
relation to the number of standard deviations (SD) about the mean value (0) 
for each constituent in the normal population. From Fig. 16 it is possible to 
compare the relative importance of each constituent as a risk factor in the gen
esis of calcium-containing stones. Clearly, by themselves a decrease in urine 
volume or an increase in urinary oxalate are the most critical factors in increas
ing the risk of stones whereas hypercalciuria per se is much less important than 
has been previously considered. 

It can be shown from a simple multiplicative model for combining odds that 
the overall relative probability of forming stones (PSF) is given by the equation: 

where IlVol etc. are the relative risks for each of the six urinary risk factors. By 
measuring each of these factors in a 24-hour urine sample from a given individ
ual on a free diet, it is therefore possible to derive a measure of his risk of form
ing calcium-containing stones. 

As will be shown in the section on calcium stone-formation PSF generally 
discriminates well between calcium stone-formers and normal subjects and also 
correlates with the severity of the disorder (ROBERTSON et al. 1978, 1981 a). 
Furthermore, the determination of PSF requires only 4 biochemical estimations 
plus urinary volume and pH on each urine sample and is useful for testing the 
possible efficacy of a treatment for the disorder. The technique of risk factor 
analysis has also been applied to uric acid stone-formation (BAMBACH et al. 
1981). 

Based on the concept of stone-formation being a multifactorial disorder re
sulting from the combination of a number of urinary constituents, a general risk 
factor model may be constructed to describe the disorder (Fig. 17). This defines 

Age & Sex 

Chemical 

risk factors 

Abnormal 

crystalluria 

Fig. 17. General risk factor model of stone-formation 
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the first prerequisite of stones as being a period of abnormal crystalluria when, 
for some reason, large crystals and/or aggregates of one of the stone-forming 
salts are produced in the urine. In tum, the risk of forming large crystals de
pends on a set of "chemical risk factors", including urine saturation, the con
centration of inhibitors of crystallization and, perhaps, also the concentration of 
nucleating material. These chemical risk factors are controlled by a number of 
"urinary risk factors" which are basically the concentrations of ions which con
stitute the stone-forming salts and the concentrations of the various inhibitors 
and anti-inhibitors in urine. Beyond the urinary risk factors, however, are a 
multitude of "pre-urinary risk factors" including the metabolic state of the pa
tient, the disease state, genetic factors, hormonal imbalance, environmental fac
tors and dietary composition and intake. 

c) "Fixed Particle" Theory of Stone-Formation 

In spite of the reasonable success of the four preceding approaches to the prob
lem of discriminating biochemically between patients who have had stones and 
those who have not, some workers have expressed doubt about the probability 
of the "free particle" mechanism of stone-formation which is implicit in most 
of the purely chemical models (FINLAYSON 1977 b; FINLAYSON and REID 1978). 
These authors have attempted to calculate the expectation of stone-formation 
being initiated by a "free particle"mechanism in the renal tubules, in the renal 
pelvis and in the bladder. On the basis of certain assumptions concerning urine 
flow rate, the dimensions of collecting ducts, urinary composition and calcium 
oxalate crystal growth rates, it appears that the probability of a crystal growing 
to a sufficient size (within the transit time of urine through the urinary collect
ing system) to be trapped is extremely low. Similar calculations indicate that ini
tiation of stone-formation by a "free-particle" mechanism in the renal pelvis is 
also unlikely but that in the bladder it is quite feasible. FINLAYSON concludes 
that upper urinary tract stone disease can only be initiated if the urinary crys
tals become attached in some way to the renal epithelium. This he terms the 
"fixed particle" theory. . 

According to FINLAYSON, there is much evidence to support the "fixed par
ticle" theory of stone-formation. In particular, there are reports of particles be
ing attached to tubular epithelium, such as in intranephronic calculosis (OLIVER 
et al. 1966) and in primary hyperoxaluria (MORGENROTH et al. 1968). More re
cent studies have shown that in rats given large intraperitoneal injections of 
sodium oxalate, there is some evidence of crystal-cell wall adhesion (DYKSTRA 
and HACKETT 1979). Since, however, there is evidence of some renal damage in 
rats treated in this way (KHAN et al. 1981 a, b), some doubt must be cast on this 
being a representative model of idiopathic stone-formation in man. 

A major problem with FINLAYSON'S calculations on the probability of "free 
particle" stone-formation concerns the assumptions made in his model regard
ing urine and particle flow. For example, he does not include any allowance for 
Stokes drag and the effect of gravity on crystals moving in the collecting tu
bules. At any point in time a proportion of the collecting tubules must be drain-
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ing uphill against the force of gravity. If the urine contains growing crystals of 
only I to 2 11m in diameter it can be shown that some of these may become 
stationary in the urine flow (ROBERTSON, unpublished results). If held for only 
5 to 10 minutes, and if the saturation-inhibitor relationship in the urine is ab
normal, then the crystals may grow sufficiently to fall back in the collecting tu
bule. Unless the collecting tubule is inverted or urine flow increases, the re
tained crystals may continue to grow and aggregate, since now other smaller 
crystals may be impinging on them, and eventually reach a critical size which 
prevents the particle being excreted. A stone would then be initiated. 

Another possible objection to the model of FINLAYSON (1977b) is that it as
sumes that urinary flow is laminar. This implies firstly, that there is no signifi
cant turbulence which would allow crystals to make contact, thereby reducing 
the probability of aggregation. Secondly, the model implies that there are no 
vortices where retention of particles may be long enough to allow them to reach 
a critical size above which they cannot be easily passed out in the urine. A re
cent study by SCHULZ and SCHNEIDER (1981) has shown, however, that there 
are a number of such possible sites in the urinary system where the local flow is 
reduced relative to the main urinary stream. The region of highest expectation 
of such risk sites is the pyelocalyceal system. Together the above modifications 
to FINLAYSON'S original model suggest that the initiation of stones by a "free 
particle" mechanism may not be as improbable as first suggested. 

ID. Types of Stone Disease 

Urinary stone disease can be classified into five main types in terms of patho
genesis and clinical features. The most common is calcium stone disease which 
can be further subdivided into a number of diseases each with a set of distinct 
clinical features and causes. Infected stone disease is the second most common 
type and arises directly from bacterial infection within the urinary tract. Uric 
acid stone disease and cystine stone disease occur less frequently accounting be
tween them for about 5 to 6% of all stone patients and lastly there are a few 
such as xanthine stone disease which only occur very rarely . 

. This classification corresponds, in general, with the chemical composition of 
the stones formed and reflects, to a large extent, the urinary abnormalities re
sponsible for the stones. Sometimes, however, the stone may be of mixed 
composition, often indicating a combination of these disease types. Infection of 
the urinary tract, for example, can complicate any of the non-infected types of 
stone disease and, as a result, the stone will contain calcium phosphate and 
magnesium ammonium phosphate in addition to the main stone component. 
Mixed stones of calcium oxalate and uric acid, or calcium phosphate and cys
tine (or xanthine) are sometimes encountered. Calcium stones can themselves 
be considered as "mixed stones" since "pure" calcium oxalate and "pure"cal
cium phosphate form only in diseases such as hereditary hyperoxaluria and 
renal tubular acidosis. However, it is common practice to consider calcium 
stone disease as a single type although this probably overemphasises the role of 
calcium in its pathogenesis at the expense of oxalate. 
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In each type of stone disease a number of urinary factors are involved. 
Some, such as urine volume and pH, are common to more than one type be
cause of their major role in determining solubility. Others, such as cystine ex
cretion in cystine stone disease, are unique. Abnormalities in these urinary fac
tors which put the patient at risk of forming stones are always due to a derange
ment in metabolism which may be due to disease, to environment or to diet. 
Proper management of patients with stone disease, therefore, rests on an accu
rate diagnosis of the type of stone disease present, on the elucidation of the uri
nary factors increasing the risk of forming a particular type of stone, and on 
understanding the pathogenesis responsible for the urinary abnormalities. 

1. Cystine Stone Disease 

a) Introduction 

Urinary stone formation is the sole manifestation of the disease cystinuria. In
deed the discovery of cystine in bladder stones (WOLLASTON 1810; BERZELIUS 
1833) as its name implies, initiated the studies which culminated in showing 
that cystine stone-formation resulted from an inherited metabolic disorder of 
amino acid transport (THIER and SEGAL 1978). It is now generally agreed that 
cystinuria involves not only the amino cystine but also lysine, arginine and orni
thine (Fig. 18) (YEH et al. 1951; STEIN 1951) and that the transport defect is 
present both in the renal tubule (DENT et al. 1954; ARNOW and WESTALL 1958) 
and in the gut epithelium (MILNE et al. 1961). Cystinuria is distinct from the 
inherited disease, cystinosis, in which there is an accumulation of cystine within 
cells and it is only part of a generalised aminoaciduria due to tubular damage 
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with no specific increase in urinary cystine excretion (SCHNEIDER et al. 1978. 
Patients with cystinosis present in childhood with various manifestations of 
tubular disfunction and renal impairment but do not form cystine stones. 

b) Urinary Risk Factors 

r:J.) Cystine 

Biochemistry. Cystine, cysteine and methionine are the main sources of sul
phur in humans. Methionine is an essential amino acid although about 90% of 
it can be replaced by cystine and cysteine (ROSE and WIXOM 1955). The major 
fraction of the ingested sulphur-containing amino acids, however, is catabolised 
in the liver - the nitrogen appearing in urine as urea and the sulphur as sul
phate. The trans-sulphuration pathway (Fig. 19) is the main disposal route for 
methionine and converts the sulphur of methionine through cysteine, cystine 
and finally to sulphates which are excreted in the urine. Intracellula:rly, 
cyst(e)ine exists mainly as cysteine (the free thiol) (CRAWHALL and SEGAL 
1967). The sulphur-containing amino acids are used in the formation and repair 
of tissue proteins and for the production of vital hormones and polypeptides 
(MUDD and LEVY 1978). 

Physiology. Over 99% of the filtered amino acid load in the kidney is re
absorbed in the proximal tubule (SILBERNAGL 1976). Hyperaminoaciduria 
arises, either because of a rise in the plasma amino acid concentration with a 
subsequent increased urinary excretion or because of a defect in tubular re-

Fig. 19. The trans-sulphuration pathway 
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absorption giving rise to increased urinary excretion in the presence of normal 
or low plasma concentrations. In cystinuria the latter occurs (DENT et al. 1954; 
ARNOW and WESTALL 1958). To account for the decreased tubular reabsorption 
of cysteine, arginine, lysine and ornithine, it has been postulated that they share 
the same transport system in the renal tubule as a result of their common di
basic amino acid structure (Fig. 18) (DENT and ROSE 1951). To a large extent 
this is true since infusion of one amino acid both in normal subjects and in 
cystinuric patients affects the reabsorption of the other three (ROBSON and 
ROSE 1957; LESTER and CUSWORTH 1973). This simple hypothesis, however, 
may not be the total explanation for the aminoaciduria. It has been shown in 
the rat kidney cortex, for example, that lysine and cystine do not share the same 
transport system (SEGAL et al. 1967) and cystinuria without dibasic aminoaci
duria (BRODEHL et al. 1967) and dibasic aminoaciduria without cystinuria 
(OYANAGI et al. 1970) do occur. Although increased excretion of cystine, orni
thine, lysine and arginine are the main urinary amino acid abnormalities, other 
have been reported including glycine (FRIMPTER et al. 1962), methionine (KING 
and WAINER 1967), cystathionine (FRIMPTER 1969) and homocysteine-cysteine 
disulphide (FRIMPTER 1961). 

In addition to the transport defect in the renal tubule cystinurics have the 
same abnormality in the gut epithelium. The initial clue to the gut abnormali
ties was that urinary diamines and heterocyclic amines, which result from the 
bacterial breakdown of lysine, arginine and ornithine, are excreted in excessive 
amounts in cystinuric patients (MILNE et al. 1961). Failure of the plasma cystine 
concentration to rise after ora110ading with cystine confirmed that the defect in 
the gut epithelium was similar to that in the renal tubule (LONDON and FOLEY 
1965; ROSENBERG et al. 1965; SILK et al. 1974) and in vitro examination of the 
amino acid transport in jejunal mucosal biopsies confirmed that the failure in 
transport involved all the dibasic amino acids (MCCARTHY et al. 1964; THIER 
et al. 1964). 

The prevalence of cystinuria depends on the population studied. In the 
United Kingdom and in Sweden it has been estimated to be about 1 in 20,000 
(CRAWHALL et al. 1969) and 1 in 100,000 (BOSTROM and HAMBRAEUS 1964) re
spectively. On the other hand, it has been estimated to be as high as 1 in 2500 in 
certain Jewish groups (WEINBERGER et al. 1974). In populations where cysti
nuria has been screened for in babies the prevalence is approximately 1 in 7000 
with an equal distribution between both sexes (LEVY 1973). 

The genetic abnormality is inherited as a recessive trait. Homozygous sub
jects excrete more than 1 mmol of cystine per g of creatinine and their excretion 
of lysine, ornithine and arginine is almost always increased. In subjects hetero
zygous for the trait the excretion of the dibasic amino acids may be normal or 
increased although never as great as that seen in the homozygous subject 
(CRA WHALL et al. 1969). 

Taking into account the renal and intestinal abnormalities and the plasma 
response after ingesting a cystine load, homozygous cystinuria subjects can be 
classified into three types (ROSENBERG et al. 1966b): in heterozygous members 
of the families of Type 1 there is no abnormality in the urinary excretion of the 
dibasic amino acids; in the heterozygous members of the families of Type 2 and 
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Type 3 increased amounts of the dibasic amino acids are excreted in the urine 
but Type 2 excretes higher amounts than Type 3. It appears, therefore, that 
multiple genetic factors affect the amount of the amino acids excreted in the 
urine and the final phenotypic expression (ROSENBERG et al. 1966a). 

c) Stone Disease 

The main urinary risk factor for cystine stone-formation is the concentration of 
cystine in the urine. Stone-formation, the sole clinical manifestation of cysti
nuria, is only seen in subjects homozygous for the disease (CRAWHALL et al. 
1969). Although urinary pH and volume affect the solubility of cystine in urine 
(DENT and SENIOR 1955), the range of these two variables is such that they play 
only a minor role in stone-formation. However, the increased morbidity and 
prevalence of stones in males, the variable recurrence rate, and the wide age 
range of presentation (THIER and SEGAL 1978) may be partly explained by 
minor urinary risk factors such as urinary pH and volume. 

Stone-formation usually presents by the second or third decade of life 
(ROSENBERG and SCRIVER 1974). The stones are radio-opaque due to their high 
sulphur content (SHAW and SUTOR 1972) and may occur in any part of the uri
nary tract. In the pelvis of the kidney they often grow to large size and may even 
assume a staghom shape similar to that of infected stones. Like all other forms 
of recurrent stone disease they can give rise to secondary infection and im
paired renal function. The stones have a yellow beeswax appearance and micro
scopically are composed of characteristic hexagonal crystals. Occasionally crys
tals of other urinary salts may be present, particularly if the patient has been 
treated with large doses of alkali which increases the risk of calcium phosphate 
precipitation in the urine. 

The diagnosis is made by establishing the presence of an increased excretion 
of cystine, the formation of cystine stones and the passage of characteristic crys
tals in the urine. The cyanide-nitroprusside test is a simple test for screening for 
increased cystine concentration in urine and can be used to analyse for cystine 
in stones (HODGKINSON 1971). It is sound clinical practice to screen every pa
tient with stone disease for cystinuria and every stone passed should be anal
ysed for the presence of cystine. Urinary screening of relatives of cystinurics 
will yield a number of patients at risk of developing stone. 

d) Stone Formation 

The chemical cause of cystine stone-formation is fairly simple to understand. 
Cystine is normally excreted in urine in low concentrations within the range 
1O-10011molll. In cystinuria this is increased to 20-600 I1molll in the hetero
zygous patients and to l400-420011molll in the homozygotes (as calculated 
from the data of CRAWHALL et al. 1969). Since the limit of solubility of cystine 
in physiological saline within the pH range 5-7 at 37° is about l25011molll, 
urine from normal subjects and heterozygous cystinurics is well undersaturated 
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with cystine (Fig. 20) (ROBERTSON and PEACOCK 1981) and both groups are free 
of stone symptoms (CRAWHALL et al. 1969). Urine from homozygous cystin
urics, on the other hand, is excessively supersaturated with cystine (Fig. 20). 
This accounts for the frequent crystalluria (ETTINGER and KOLB 1971; DAHL
BERG et al. 1977; VAN DEN BERG et al. 1980) and stone-formation in this group 
since most of the urines exceed the upper limit of solubility of cystine (ROBERT
SON and PEACOCK 1981). 

Chemically, cystine exists in an undissociated form (H2Cys) under acid con
ditions. It is this form which is insoluble in urine. As urinary pH is increased, 
the acid dissociates to from the more soluble cystinate ion (Cys2-) according to 
the equilibrium: H2Cys ~ 2H+ + Cys2-. Since the pKa values of cystine are 
about 8.2 and 9.1, essentially all the cystine is present in the relatively insoluble 
H2Cys form at normal urinary pH levels. The true activity product may be cal
culated from the expression: 

where {H+} and {Cys2-} are the activities of the hydrogen ion and the fully dis
sociated cystine ion respectively (MARSHALL and ROBERTSON 1976). This more 
accurate measure of cystine saturation (NORDIN et al. 1979) supports the sim
pler assessment of the risk of cystine stones made from Fig. 20. 

In the general model of stone-formation (Fig. 17), the criterion of excessive 
supersaturation leading to spontaneous crystalluria is satisfied. There is no evi
dence that inhibitors or promoters playa role in the formation of such stones. 
This form of the disorder is therefore the simplest to explain in chemical terms. 
The risk factor model of cystine stone- formation is summarised in Fig. 21. 
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2. Uric Acid Stone Disease 

a) Introduction 
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The association of urinary stone disease with gout has been recognised for cen
turies. In the seventeenth century SYDENHAM (1683), one of the first physicians 
to recognise gout as an entity, suffered from both conditions and clearly recog
nised their close association. These clinical observations on the association be
tween gout and stones were confirmed when uric acid was isolated first from 
urinary stones in 1776 (SCHEELE 1776) and later in tophi of patients with gout 
(WOLLASTON 1797; PEARSON 1798). More recently it has been established in a 
large number of patients that over 20% with primary gout and over 40% with 
secondary gout have uric acid stone disease (YU and GUTMAN 1967). 

Geographically there are wide variations in the prevalence of uric acid 
stone disease in the general population and values between 5 and 33% have 
been reported (ATSMON et al. 1963; WYNGAARDEN and KELLEY 1976). Uric acid 
stone disease is also closely associated with small bowel disease (CLARKE and 
McKENZIE 1969) particularly if it results in a permanent ileostomy (DAREN 
et al. 1962; BENNETT and JEPSON 1966). In a number of patients, with uric acid 
stones, however, no underlying disease nor hyperuricosuric state is present and 
such patients are classified as having idiopathic uric acid stone disease. It is 
clear, therefore, that increased uric acid excretion is not the only urinary risk 
factor for stone-formation. Both decreased urinary pH and volume induce over
saturation of urine with acid even in subjects with a normal uric acid excretion 
(PEACOCK and ROBERTSON 1980). Inhibitors of uric acid crystallization may al
so be involved but their role in uric acid stone-formation has not been clearly 
established (SPERLING et al. 1965). 
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b) Urinary Risk Factors 

,I) Uric Acid 

Biochemistry. Uric acid is an end-product of purine metabolism which 
plays a fundamental role in nucleic acid production. The two common bases of 
nucleic acid are pyrimidine and purine (Fig. 22). The pyrimidine bases - cyto
sine, uracil, thymine and 5-methylcytosine - are catabolised to If-alanine and to 
If-aminoisobutyric acid whereas the purine bases adenine and guanine (Fig. 22) 
are catabolised to uric acid which is excreted in the urine. 

Studies using labelled substrates have defined the origins of the individual 
atoms in the purine ring (Fig. 22). The first step in the synthesis of the purine 
ring is the formation of phosphoribosylamine, from phosphoribo
sylpyrophosphate and the amido nitrogen of glutamine which reacts with gly
cine to form glycinamide ribonucleotide. This compund acquires a carbon 
atom from formate, in the form of the formyl derivative of tetrahydrofolic acid, 
and after reacting with a second molecule of glutamine undergoes ring closure 
to give aminoimidazole ribonucleotide. The latter compound accepts carbon 
dioxide from bicarbonate reacts with aspartic acid and forms aminoimidazole 
carboxamide ribonucleotide. Ring closure occurs by accepting a further carbon 
atom from formate to form inosine-5-monophosphate, the latter readily con
verts to adenosine monophosphate or guanosine mono phosphate. It is probable 
that the reaction of pyrophosphoribosly pyrophosphate with glutamine to form 
phosphoribosyl-I-amine is the rate determining reaction for the entire sequence 
of purine nucleotide production. The enzyme catalysing this reaction, ami do
phosphoribosyltransferase, catalyses the reaction irreversibly and can be in
hibited by purine nucleotide end-products. 
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Both adenine and guanine are catabolysed to uric acid (Fig. 23). Adenine is 
deaminated by adenase to yield hypoxanthine and guanine by guanase to xan
thine. Further oxidation is brought about by the liver enzyme, xanthine oxi
dase, to yield uric acid which is excreted in the urine. Humans are unable to 
oxidise uric acid to allantoin- the major end product of purine metabolism in 
most mammals - because they, like the anthropoid apes, lack the enzyme uri
case responsible for this final oxidation step. 

Not all of the purines are oxidised completely to uric acid. Salvage path
ways exist allowing the purine bases or their ribonucleotides to be re-used in 
the synthesis of ribonucleotides. These bases are condensed with phosphoribo
sylpyrophosphate with the acid of the enzyme phosphoribosyltransferase. 
There are two main enzymes, one acting on adenine (APRT) and the other on 
hypoxanthine and guanine (HGPRT). 

Purine biosynthesis can be inhibited by several compounts, including al
lopurinol, an analogue of hypoxanthine, which competes for the phosphoribo
sylpyrophosphate in the phosphoribosyltransferase reactions (Fox et al. 1970). 
Allopurinol and its metabolic product oxypurinol also directly inhibit xanthine 
oxidase (Fig. 22) (FEIGELSON et al. 1957; EUON 1966). Maximum depression of 
uric acid production occurs within a few days after starting treatment and is 
constant thereafter (YD and GUTMAN 1964). 

Physiology. The main metabolic pathways of uric acid in man are illustrat
ed in Fig. 24. The diet supplies only small amounts of uric acid, the main dieta
ry source being the purines in food. Dietary purines are readily absorbed and 
taken into the purine body pool which is largely concerned with the production 
of nucleoproteins. Purine catabolism releases uric acid into a 'pool' of about 
7 mmol, about half of which is turned over daily, with two thirds of the ex
cretion appearing in the urine and one third passing into the gut where it is 
largely degraded by bacterial action (BENEDICT et al. 1949; SCOTT et al. 1969; 
RIESELBACH et al. 1970). A small amount, about 5%, of uric acid is bound to 
plasma proteins (POSTLETHWAITE et al. 1974; KOVARSKY et al. 1976) and is not 
filtered by the kidney. The remainder is freely available for filtration yielding 
a clearance of uric acid in normal subjects of about 5.8 mllmin (SNAITH and 
SCOTT 1971). It is now generally considered that the renal tubule reabsorbs uric 
acid proximally and distally and secretes it between these two sites (STEELE and 
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BONER 1973; DIAMOND and PAOLINO 1973). The tubular reabsorption and se
cretion of uric acid are affected by certain drugs and vary with the age and sex 
of the subjects. As glomerular filtration falls in renal disease, plasma urate rises 
despite a concomitant fall in tubular reabsorption. 

Diseases leading to increased urinary uric acid are associated with uric acid 
stone formation (Table 4). The hyperuricosuria may be due to increased intake 
or production of purine in which case there is a rise in plasma uric acid concen
tration and the greater the hyperuricaemia, the higher prevalence of stone dis
ease (YD and GUTMAN 1967). On the other hand, where hyperuricaemia is due 
to changes in renal handling of uric acid, as in treatment with thiazides, there is 
only a marginal increase in the risk of uric acid stone-formation since urinary 
uric acid excretion remains normal in about half of patients treated and in
creases slightly in the remainder (PAK et al. 1978). Hyperuricaemia, therefore, 
may alert the investigator to the fact that there is an abnormality in uric acid 
metabolism but it is the hyperuricosuria which increases the risk of forming 
stones. 

Table 4. Causes of hyperuricosuria 

Primary gout 
Increased purine intake 
Glycogen storage disease - Glucose-6-phosphatase deficiency 
Increased phosphoribosyl pyrophosphate synthetase activity 
Hypoxanthine-guanine phosphoribosyltransferase deficiency (Lesch-Nyhan syndrome) 
Neoplastic disease 
Secondary polycythaemia 
Anaemia and haemoglobinopathy 
Psoriasis 
Cystinuria 
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P) Hydrogen Ion 

Biochemistry. Urinary pH is a complex function of the body's response to its 
dietary acid/base intake and to the metabolic needs of maintaining a con
stant plasma pH. Plasma hydrogen ion concentration is kept within fairly strict 
limits of between pH 7.35 and 7.45. This is achieved by chemical buffers in in
tra- and extracellular fluid and by regulation of carbon dioxide excretion by the 
lung and hydrogen ion excretion by the kidney. Extracellularly the main chemi
cal buffer is bi~arbonate, with protein and inorganic phosphate having a minor 
role. Within the c~ll, haemoglobin, other intracellular proteins, and organic 
phosphate complexes are of greater importance. 

Physiology. The normal diet supplies about 50 mEq of acid per day. In diets 
composed largely of vegetables there may be little acid produced and converse
ly diets mainly composed of foods from animal sources, particularly proteins 
and fats, may yield a net acid production several times normal. The hydrogen 
ion of strong acids produced from protein and fat metabolism, namely sulphur
ic and phosphoric acid, are 'neutralised by the anions of the buffer salts to form 
undissociated weaks acids. The hydroxyl ions, formed by the oxidation of salts 
of inorganic acids, are buffered by the hydrogen ions dissociated from the 
body's weak buffer acids. The carbon dioxide produced by the action of acids 
with bicarbonate is excreted by the lung. The excretion of the fixed acids (i.e. 
non-volatile) is achieved by the kidney which is also the major organ con
cerned with the conservation of bicarbonate. 

The kidney regulates acid excretion by three mechanisms: by regulating the 
tubular reabsorption of bicarbonate, by excreting acid salts and by its ability to 
produce ammonia. It is now generally accepted that bicarbonate reabsorption is 
accomplished by the renal tubule cell exchanging secreted hydrogen ion for 
sodium (PITTS 1968). This mechanism is largely dependent on an efficient sodi
um pump and on carbonic anhydrase production which catalyses the hydration 
of carbon dioxide to carbonic acid: The hydrogen from the carbonic acid is 
then available for secretion into the tubular fluid and the bicarbonate to return 
to the interstitial fluid (Fig. 25). Most of the bicarbonate is reabsorbed in the 
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Fig. 25. Regulation of bicarbonate resorption by the renal tubule 
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proximal tubule when the plasma bicarbonate concentration is 25 mEqll or 
less. Above this value a maximum reabsorptive capacity is quickly attained. 
However, this is not a true tubular reabsorptive capacity maximum in terms of 
mmollminute since it is independent of glomerular filtration rate. The same 
phenomenon occurs with chloride and it is probable that this mechanism re
flects the reabsorption characteristics of sodium to which both are closely 
linked in the proximal tubule (PITTS and LOTSPEICH 1946). The ability of the 
kidney to reabsorb bicarbonate is influenced by several factors. The first is the 
activity of carbonic anhydrase in the tubule, which can be altered by carbonic 
anhydrate inhibitors such as acetazolamide (RECTOR et al. 1960). Plasma car
bon dioxide tension also plays a role: a high plasma CO2 tension increases the 
capacity to reabsorb bicarbonate whereas a low tension decreases the capacity 
(BRAZEAU and GILMAN 1953; RELMAN et al. 1953; RECTOR et al. 1960). Plasma 
potassium also alters bicarbonate reabsorption: hypokalaemia increases re
absorption whereas hyperkalaemia decreases it (FULLER et al. 1955; RECTOR 
et al. 1964). High plasma concentrations of mineral corticoids increase bi
carbonate reabsorption probably by their action on potassium (GIEBISCH et al. 
1955). 

In the process of buffering strong acids bicarbonate is lost. The deficit is 
made good by regeneration of bicarbonate in the kidney. Buffer salts of the 
strong acids within the tubular fluid are transformed into the acid salts or into 
free acids. Thus disodium hydrogen phosphate is converted to sodium dihy
drogen phosphate and sodium hydroxide. The amount of acid fixed in the 
urine in these forms is referred to as the titratable acids i.e. the amount of acid 
required to neutralize the urine (PITTS 1950). Other important urinary buffers 
apart from phosphate are creatinine and fJ-hydroxybutyrate. The rate at which 
titratable acid is produced is determined by the rate of excretion of the buffer 
(for example, disodium hydrogenphosphate), by its pK and the degree of aci
daemia itself. 

The kidney also secretes hydrogen ion by its ability to synthesize ammonia 
which diffuses rapidly into the tubular urine. There it acts as a base, accepts a 
hydrogen ion and forms the ammonium ion which can be excreted as a salt of 
strong acids, thus further conserving sodium bicarbonate (ORLOFF and BERLIN
ER 1956). The reserves for ammonia production are greater than that for titrat
able acid and, in acidosis, ammonia production can be increased by several
fold. Precursors are delivered from arterial blood to the kidney and it has been 
shown that over 70% of the ammonia produced by the kidney is from plasma 
glutamine, although alanine, glycine and glutamic acid account for a small pro
portion of this total (VAN SLYKE et al. 1943). Most of the remainder is derived 
from preformed arterial ammonia (OWEN et al. 1960; PITTS 1968). The ex
cretion of ammonia is controlled by the hydrogen ion content of the body. On a 
normal diet which supplies 50 - 100 mEq of fixed acid the ammonia excretion 
is between 30 and 50 mEq/day. In acidosis, this can be increased by a factor of 
10 and, in alkalosis, ammonia may disappear from the urine altogether. 

The transfer of ammonia to urine is largely determined by the hydrogen ion 
content of urine. Under acid urine conditions the ammonia diffuses from the 
cell down a gradient created by its "capture" in the urine as the ammonium ion. 
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If the urine is suddenly alkalinised the ammonium diffuses back into the blood 
with no immediate change in the ammonia production by the renal cell (OWEN 
et al. 1960). Under any particular state of acid-base balance ammonia pro
duction is controlled in an unknown way by the plasma hydrogen ion concen
tration. At the same time, however, ammonia excretion in the urine is deter
mined by the urinary pH. In the urine of acidotic patients there is more am
monia at a particular pH than in the urine at the same pH of a non-acidotic 
subject. The control of ammonia production by hydrogen ion concentration re
mains unclear. 

There is a diurnal variation in urinary pH such that with the onset of sleep 
there is a small but gradual decrease in urinary pH. Throughout the 24 hours, 
however, the urinary pH fluctuates widely from near 5 up to 7 (Fig. 26). These 
changes are mainly due to food intake and its subsequent digestion which in
volves the transfer of large amounts of acid and alkali to and from the ex
tracellular space and gastrointestinal tract. During the early part of digestion 
there is loss of acid into the stomach and the production of alkaline urine but as 
the food passes down into the small intestine these changes are reversed and 
eventually compensated. Exercise, particularly if it is severe or prolonged, pro
duces an acid urine and starvation with excessive metabolism of fats and pro
teins has the same effect. 

The overall urinary pH is dependent on the composition of the diet. The 
higher the protein and fat content of the diet the lower will be the urinary pH. 
Conversely, diets composed mainly of vegetable matter give rise to alkaline 
urine. The pH value of 24-hour urinary collections in normal subjects has a wide 
range but is normally distributed (ROBERTSON et al. 1978). 

A persistently low urinary pH is found in most conditions causing acidosis 
(Table 5). Increased acid ingestion (ammonium chloride), excessive loss of 
stomach secretions (pyloric stenosis or gastric fistula), diabetes, starvation, ren
al failure, respiratory acidosis and uretero-colic anastomosis are among some of 
the many causes of a persistently low urinary pH. In patients with gout the uri-
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Table 5. Causes of chronic urinary pH changes 

Low pH 

High protein/fat diet 
Chronic acid ingestion 
Loss of stomach secretions 
Starvation 
Diabetes 
Renal failure 
Ureterocolic anastomosis 
Gout 
Idiopathic defect in ammonia production 

w. G. ROBERTSON and M. PEAOOCK 

High pH 

High vegetable diet 
Chronic alkali ingestion 
Loss of small bowel secretions 
Hypokalaemia 
Renal tubular acidosis 
Respiratory alkalosis 
Urinary infection 
Acetazolamide 

nary pH also tends to be low (HENNEMAN et al. 1962; BARZEL et al. 1964; MET
CALFE-GIBSON et al. 1965; Yu and GUTMAN 1967) and oral alkali gives a sub
normal rise in urinary pH. This abnormality has been attributed by some to a 
low ammonia excretion for a given pH (HENNEMAN et al. 1962; GUTMAN and 
Yu 1965) and by others to increased values of titratable acidity (BARZEL et al. 
1964; METCALFE-GIBSON et al. 1965; RApOPORT et al. 1967). It is probable that 
both mechanisms are involved since dietary intake determines whether a 
change is observed in ammonia or in titratable acidity (FALLS 1972). A familial 
form of uric acid stone disease has been described (ATSMON et al. 1963) in 
which the urinary pH is low suggesting that genetic factors may influence uri
nary pH - although through what mechanism is not clear. 

A persistently high urinary pH is caused by alkalosis. This occurs after ex
cessive alkali ingestion (sodium bicarbonate), after excessive loss of small 
bowel secretions (ileostomy or pancreatic fistula), in hypokalaemia, in respi
ratory alkalosis, and after drugs which inhibit carbonic anhydrase activity such 
as acetazolamide. 

In some patients a high urinary pH is due to congenital defects in the re
absorption of bicarbonate or in the ability of the tubule to achieve a normal hy
drogen ion gradient between the tubule cell and the urine. Less severe defects 
may be acquired through diseases such as the Fanconi syndrome and infection 
which result in tubular damage. The failure to excrete acid or leak bicarbonate 
results in a low blood pH and these conditions are usually referred to as renal 
tubular acidosis (Table 5). 

y ) Water Excretion 

Physiology. The concentration of a stone-forming salt or acid in the urine is 
due not only to the amount excreted but also to the volume of urine in which it 
is excreted. The volume of urine produced, therefore, may be one of the risk 
factors involved in any type of stone disease. The osmolality of the extracellular 
fluid is regulated through water excretion. The volume of the extracellular 
fluid, on the other hand, is regulated by excretion of both water and sodium. 
Both salt appetite and thirst are integral parts of these control mechanisms. The 
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Fig. 27. Daily fluid balance 
in a normal adult 

Food 

Drink 

Gut 

Water 0.8 litre 

Oxidation 0.3 litre 

1.6 litre 

10.4 litre 

8 litre 

0.3 litre 
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Kidney 

Extracellular 

Fluid Pool 

15 litre 
144 litre 

142.5 litre 

Lung_ Skin 

! 
0.4 litre 0.5 litre 1.5 litre 

(0.7 litre obligatory) 

volume of urine in health has a diurnal variation, being lower during sleep. It 
varies widely from hourto hour depending on the volume of fluid ingested, the 
amount of fluid lost by routes other than the kidney and by the type of food 
consumed. Figure 27 illustrates the normal throughput of fluid in the body. 
About 500 ml of urine is the minimum amount which must be passed daily to 
allow the kidneys to eliminate the end-products of normal protein metabolism. 
This is often referred to as the obligatory urine output. If salt or protein intake 
is greater than normal then this obligatory loss has to be increased. About 100 g 
of water is lost daily in the faeces although over 8 litres per day is secreted into 
the gastrointestinal tract and in certain bowel diseases fluid loss from the bowel 
can be very high. Water is continuously lost through the skin by evaporation as 
insensible perspiration and in a normal environment amounts to about 500 mil 
day. In hot environments, either due to geographical or occupational factors, 
sweating can increase the loss of water many times this value. Water is also lost 
through the expired air which is saturated with water vapour. Excessive exer
cise, particularly in a dry atmosphere can increase the water loss by respiration 
from 300 mllday to several times this value. Shortage of water gives rise to 
thirst and conservation of water is achieved in the kidney by the posterior pitu
itary anti-diuretic hormone. 

Environmental temperature is probably the commonest cause of low urinary 
volumes. In certain parts of the world, near the Equator, it may be virtually im
possible under normal circumstances to maintain a normal urinary volume in 
the face of such excessive losses from the skin and from respiration. Loss of 
fluid through the bowel is another common cause of reduced urinary volume. 
Nowadays, ileostomy patients are particularly at risk but any gastrointestinal 
fistula which is freely draining can deplete body fluid rapidly. 

c) Stone Disease 

Uric acid stone usually accounts for less than 10% of patients with urinary stone 
disease (BOYCE et al. 1956; HERRING 1962; PRIEN 1963) although there are wide 
geographical variations reaching as high as 40% in some South American coun-
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tries (MATOUSCHEK and HUBER 1981). Uric acid stone must not be confused with 
stones composed of ammonium hydrogen urate/calcium oxalate which are charac
teristic of endemic bladder stone (LONSDALE 1968a; SUTOR 1976; THALUT et al. 
1976), a disease with a quite different pathogenesis (VALYASEVI et al. 1967; 
VALYASEVI and DHANAMITTA 1981; BROCKIS et al. 1981) from that of upper uri
nary tract uric acid stone disease. Uric acid stones are more common in men 
than in women and their prevalence is increased at both extremes of life with 
elderly males having the highest incidence (PEACOCK et al. 1979a). 

These stones are friable, have a characteristic cinnamon appearance and are 
composed of a mixture of anhydrous and dihydrate uric acid crystals (LONS
DALE and MASON 1966; SHIRLEY 1966; HESSE et al. 1975). They are radiolucent 
on radiography. The stones may form in any part of the urinary tract. In the 
kidney they tend to be small and visible only when lodged in the ureter block
ing the excretion of dye given for pyelography. In the bladder, they may grow 
to a large size. They occasionally appear as small mixed stones with calcium 
oxalate or in larger stones with calcium phosphate and magnesium ammonium 
phosphate. The diagnosis of uric acid stone can often be suspected when uri
nary flow can be shown to be obstructed on intravenous pyelography by a non
radio-opaque stone and the presence of gout or an ileostomy make the diagnos
is of uric acid stone very probable. But, as in other stone types, diagnosis must 
be established by screening all stone-forming patients after their first episode of 
stone, by stone and urine analysis for uric acid. 

The frequency of uric acid stone-formation is increased in all conditions 
causing a raised uric acid excretion (Table 4). A diet rich in purines is an in
creasing cause of such stones in many industrialised countries because of their 
higher dietary intake of animal protein and, pari passu, purine intake (ROBERT
SON et al. 1980a, 1981 b). The high purine intake increases urinary uric acid and 
the high protein intake decreases urinary pH, both of which increase the risk of 
uric acid stone-formation. In countries such as Australia where a high meat in
take is common and where the ambient temperature is high (BATESON 1973) 
(and therefore the urinary volume low), the prevalence of uric acid stone is 
relatively high (LAVAN et al. 1971). This partly accounts for the wide geo
graphical variations in uric acid stone prevalence. 

The majority of patients with idiopathic uric acid stone are accounted for 
by some combination of these urinary risk factors. Of those with secondary uric 
acid stones, gout is probably the commonest disease associated with uric acid 
stones and as discussed this is not only due to an increased urinary excretion of 
uric acid but also to a defect in urinary acidification in some patients. Patients 
with bowel disease, particularly if it has resulted in an ileostomy, are at particu
lar risk of forming uric acid stones (CLARKE and McKENZIE 1969; BAMBACH 
et al. 1981). The main urinary factors leading to stone-formation in this conditi
on are the low urine volume and low urine pH due to loss of water and bicarbo
nate through the ileostomy. The prevalence of stone is less in patients with 
bowel disease where colonic function has been retained although these patients 
run an increased risk of calcium oxalate stones. 

Familial stone disease is probably due to a hereditary defect in urine acidi
fication. 
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d) Stone-Formation 

Since uric acid has a dissociation constant (pKa) of 5.46, at urinary pH values 
below 5 most of the uric acid is in the undissociated form of the acid (HU) ac
cording to the equilibrium: HU ~ H+ + U-. It is the undissociated form of the 
acid which is insoluble in acid urine. Under these conditions urine is nearly al
ways oversaturated with uric acid to such an extent that crystalluria is likely to 
be persistent. As urinary pH increases, uric acid dissociates to give the relative
ly soluble urate ion (U-). The concentration of HU then falls to levels at which 
spontaneous crystalluria does not occur. At pH levels above 6.5, urine is nearly 
always undersaturated with uric acid and any pre-existing crystals of the acid 
would be expected to dissolve. The true uric acid activity product (KUA) may 
be calculated from the expression: 

where {U-} is the activity of the free urate ion. 
Studies have shown that most normal urines are undersaturated with uric 

acid (SPERLING and DE VRIES 1964; NORDIN et al. 1979). In contrast, patients 
with idiopathic uric acid stones have significantly higher uric acid saturation 
levels than normal, most values being close to or exceeding the level of spon
taneous crystalluria (Fig. 28) (NORDIN et al. 1979). Ileostomy patients also have 
a high level of uric acid saturation (BAMBACH et al. 1981). In terms of our risk 
factor model, both groups have abnormal PSF values (Fig. 29). Crystalluria is a 
common finding in the majority of uric acid stone-formers (CLARKE and 
McKENZIE 1969; CIFUENTES DELATTE et al. 1973). In most idiopathic patients, 
the high uric acid saturation levels result from the passage of a relatively acid 
urine (mean 24-hour urinary pH of the group is 5.32) and in ileostomy patients 
from the combination of an acid urine (mean 24-hour pH of 5.24) and a low 
urine volume (0.99 litre/day). In our general model of stone-formation (Fig. 
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Fig. 28. Cluster diagrams of urinary uric acid concentration plotted against urinary pH in nor
mal subjects and in patients with uric acid stones. The data are shown in relation to the upper 
and lower limits of solubility of uric acid in urine 



262 

0.9999 

.. .. 
:::; 
iii 
<C 

0 .999 

0 .99 

0 .9 

8 0 .5 -- -
a: 
a. 

"' > ;:: 
:l 0 . 1 

'" a: 

0 .0 1 

0.001 

0.0001 

• -.. • • L~ w 
•. ~ ~ 

;~ 

: :. ~ · ~~ 

W. G. ROBERTSON and M. PEACOCK 

x 

... ~ Upper limit 
- lj ------ -.----------------~ -- ----- ~-------- --- ---- -

. """ x of normal 

0 • I<X 

0 ~ x 
~ XI< 

00 
xx 

00 x 
00 • ~ 
0 x 
0 xxx 
000 xx 
0000 

QOO 
Normal Uric Acid "eostomy Heostomy + Bowal Re •• ctlon 

Stone-formers Bowel Resection 

Fig. 29. The relative probability of forming uric acid stones (PsF ) in norrp.al subjects, in uric 
acid stone-formers and in various groups of patients 

Pre-Urinary 
Risk Factors 

Age 

Sex Id'>~ ) 
Genet ic 

Urinary 
Risk Factors 

Chemical 
Risk factors 

L..-__ ..l-I Stone I 

Fig. 30. A risk factor model of uric acid stone-formation 

17), the criterion of high supersaturation leading to periods of crystalluria is 
again satisfied. 

There is little evidence to suggest that heterogeneous nucleators are neces
sary to promote either uric acid or urate crystalluria. However, there is some 
evidence that urine contains a high molecular weight compound (possibly a 
glycosaminoglycan or glycoprotein) which is able to reduce the rate of crystal
lisation of both uric acid and urates from urine (SPERLING et al. 1965; PORTER 

1966). One possibility is that the inhibitor stabilises uric acid or urate in the 
colloidal state by adsorption to the surface of colloidal-sized particles of urate 
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as they start to crystallize out, thereby allowing the precipitating urate to be 
passed harmlessly in the urine in the form of colloidal particles. Interestingly, it 
has been reported that proteoglycans can inhibit the crystallization of sodium 
acid urate (KATZ and SCHUBERT 1970). Low molecular weight inhibitors, how
ever, such as pyrophosphate, have no modifying effect on the crystallization of 
uric acid (FLEISCH et al. 1967). The risk factor model of uric acid stone-forma
tion, based on the general model shown in Fig. 17, is summarised in Fig. 30. In 
addition to the urinary risk factors are a number of "pre-urinary risk factors" 
which include abnormal purine metabolism, ammonia production, purine in
gestion and environmental factors. 

3. Infected Stone Disease 

a) Introduction 

The association between urinary stone disease and urinary infection has been 
clearly recognised by clinicians for centuries (ADAMS 1939). By 1803 it was ap
preciated that it was ammonia produced by certain infections which was in part 
responsible for the formation of these stones (BUTT 1956) and by the early part 
of this century the biochemical relationship between urinary infection and 
stone-formation was being actively investigated (BROWN 1901; JOLY 1929; 
HELLSTROM 1938). In 1925 it was suggested that the enzyme urease, produced 
by the infecting organisms, catabolized urea thereby creating the abnormal 
urine chemistry from which stones were likely to form (HAGAR and MAGRATH 
1925). Since then this hypothesis has become increasingly accepted, that only 
organisms possessing the enzyme, urease, produce an alkaline urine with a high 
ammonia concentration in which mixed stones of magnesium ammonium phos
phate and calcium phosphate are likely to form. 

b) Urinary Risk Factors 

In most industrialised societies infected stone disease accounts for between 
20- 30% of all stone-formers (HELLSTROM 1938; PRIEN and PRIEN 1968; HODG
KINSON et al. 1969; WESTBURY 1974; NORDIN et al. 1979). The main urinary risk 
factors responsible for the formation of magnesium ammonium phosphate/cal
cium phosphate stones are bacterial infection within the urinary tract and the 
excretion of urinary mucoproteins (PEACOCK and ROBERTSON 1979). 

l/.) Infection 

Urinary tract infection is a common disease which is often asymptomatic (covert 
bacteriuria). In the United Kingdom it accounts for up to 6% of all consultations 
in general practice and is three times more common in women that men. Chil
dren and the elderly, particularly males, are also frequently affected (Fig. 31). In 
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Fig. 31. Prevalence of urinary tract infection and covert bacteriuria according to age (Taken 
from BROWN 1980, with the permission of the author and publisher) 

children, the main predisposing factors are congenital abnormalities of the uri
nary tract, particularly those causing obstruction such as ureteric reflux, ureth
ral valve or ectopia vesicae. In women, sexual activity and pregnancy are im
portant. In the elderly, particularly males in whom there is a high prevalence of 
bladder neck obstruction from prostate disease, poor bladder function is fre
quently complicated by infection. In any patient, however, who has had surgery 
or frequent instrumentation to the urinary tract, infection is a common sequela 
(Cox 1974). 

Not all urinary tract infections, however, lead to stone-formation since only 
a number of the commonly infecting organisms produce urease (Table 6) and 
even in these not all colonies which are isolated are capable of doing so 

Table 6. The relative prevalence of organisms causing urinary tract infection (BRUMFITT 1972) 
and their ability to produce urease (COWAN and STEELE 1965) 

Organisms causing % Patients with infection Ability to produce urease 
urinary tract infection 

In hospital At home Frequently Occasionally 

Escherichia 59 90 0 0 
Proteus 16 5 + 0 
Klebsiella 9 2 0 + 
Streptococcus 7 0 0 0 
Staphylococcus 5 3 + 0 
Pseudomonas 3 0 0 + 
Others 1 0 
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(COWAN and STEELE 1965). Proteus infections are probably the commonest of
fenders but stone-formation does not necessarily develop (HALLETT et al. 1976). 
However, the recurrent nature of urinary tract infection particularly with anti
biotic-resistant organisms, its increased frequency in diseases such as diabetes, 
steroid and antimitotic drug treatment often leads to uncommon organisms, 
which are capable of producing urease, infecting the urinary tract. 

Ureolysis. Urease was one of the first enzymes to be crystallized (SUMMER 
1926). It is present in bacteria and in plants but not in vertebrates. In man, 
urease is present in the gastrointestinal tract but is bacterial in origin (DELLUVA 
et al. 1968). Urease hydrolyses urea, probably with ammonium carbamate as an 
intermediate, to ammonium carbonate which undergoes spontaneous hydroly
sis to ammonia and carbon dioxide (WANG and TARR 1955). Other systems are 
capable of catalysing urea to ammonia and carbon dioxide but they are prob
ably of no clinical significance. 

Urease inhibitors. One of the most potent groups of compounds which in
hibit urease are the hydroxamic acids (KOBASHI et al. 1962), the structure of 
which are shown in Fig. 32. Studies on structural activity indicate that the ali
phatic hydroxymates are more potent inhibitors than the aromatic and that 
toxicity increases as the carbon chain lengthens (KUMAKI et al. 1972; KOBASHI 
et al. 1975). 

Fig. 32. The chemical structures of 
hydroxamic acid and urea 
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Both hydroxyurea and acetylhydroxamic acid have been used in patients 
with infected stone disease to inhibit bacterial urease (SMITH 1978; GRIFFITH 
et al. 1978). In these studies it has been shown that urinary pH and ammonia 
concentration can be effectively reduced by both agents and in some patients 
long-term treatment with acetylhydroxamic acid has resulted in partial disso
lution of stones (GRIFFITH et al. 1979). Both compounds, however, have toxic 
side effects since they are potent inhibitors of DNA synthesis; the haemopoietic 
system is frequently involved with leukopenia, haemolytic anaemia and aplas
tic anaemia sometimes occurring (SMITH 1978; GRIFFITH et al. 1978). 

Matrix proteins. The percentage of matrix in infected stones is usually much 
higher than in the other stone types. It is probable that matrix protein ac
cumulates in the stone by non-specific absorption of proteins normally present 
in urine and is, therefore, invariably a mixture of serum proteins and mu
coproteins (BOYCE 1968). Immunological studies on stone matrix have shown 
the presence of albumin, 0(1- and 0(2-g1obulins and occasionally y-globulins. 
Tamm-Horsfall mucoprotein and uromucoid are also present. It is clear that 
there is preferential uptake of some urinary proteins to form matrix since their 
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concentrations are higher in the matrix than in the corresponding urine. So it 
still remains a possibility that these proteins may play a role in promoting 
stone-formation and growth. In some patients with infected stone disease, par
ticularly those with low urinary calcium concentrations due to renal failure, the 
stone may be almost completely composed of matrix protein; the so-called 
matrix stone. The increased excretion of protein and mucoprotein in infected 
stone disease probably represents a response of the renal cells to inflammation 
and there are no data to suggest that bacterial production of protein itself plays 
any part. 

c) Stone Disease 

The patient with infected stones usually gives a history of urinary tract disease. 
In the child, this is usually due to a congenital abnormality resulting in ob
struction of urinary flow. Urethral valve syndrome, ureteric reflux, ectopia vesi
cae and neurogenic bladder secondary to spina bifida, are often the cause. In 
the young adult, traumatic quadriplegia, neurological disease or a prolonged 
period of immobilization following an accident are the commonest causes. In 
the elderly, prostatic enlargement, urethral structure and bladder dysfunction 
are frequently present. In all age groups, however, and particularly in women, 
there may be no history of renal disease and only an uneventful history of oc
casional dysuria and frequency. Women usually date the appearance of symp
toms, when they are present, to marriage or their first pregnancy. The stone, 
however, in many patients is first discovered on radiographs taken for investi
gation of a suspected urinary tract abnormality, for investigation of recurrent 
urinary infection, for haematuria or, indeed, during investigation of completely 
unrelated conditions. The stones are rarely passed spontaneously since they 
tend to grow rapidly in situ often to a large size and may fill the pelvis and caly
ces where they assume a staghom appearance. Radiographs of the urinary tract 
are, therefore, of particular importance in this type of stone disease for the di
agnosis of the stone type and for establishing the presence of anatomical abnor
malities. 

The stone is usually composed of a mixture of magnesium ammonium 
phosphate and calcium phosphate. Matrix protein is often conspicuous, in con
trast to the other types of stone, and gives this type of stone a variable density 
on radiographs. Infected stones may form secondary to any of the other types of 
stone disease, particularly if it has been recurrent and has resulted in frequent 
surgery and instrumentation of the urinary tract. 

Renal failure is a frequent result of infected stone disease. Unlike most 
other types of stone disease the onset of and increase in renal failure does not 
noticeably decrease the rate of stone growth or recurrence of infected stones. 
The ren~l failure is due to the combined effects of the anatomical abnormality, 
the destr~ction of renal tissue by infection and obstruction by the stone. In se
vere renal failure urinary calcium and magnesium become so low that their 
salts fail to precipitate and a matrix stone results. 
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The diagnosis of infected stone disease is usually straightforward in patients 
with anatomical abnormalities of the urinary tract or haematuria and clinical 
evidence of recurrent urinary infection. In patients with more silent forms of the 
disease, a past history of dysuria, frequency, urgency and nocturia, particularly 
in relation to pregnancy, should be sought. Frequent cultures and white cell and 
bacterial counts on urine collected asceptically may be required before a di
agnosis of infection can be established, but even when these are negative, it 
may be possible to diagnose chronic pyelonephritis radiographically. The 
stones are usually large,. obstructing the urinary tract and almost always have to 
be removed surgically. Stone analysis and histological examination of renal tis
sue biopsied at operation establishes the diagnosis. The presence of chronic 
renal failure usually indicates that the type of stone present is infected. The 
measurement of urinary pH and ammonia may be helpful but are often normal 
once the infection is eradicated with antibiotics. 

d) Stone-Formation 

As mentioned above, infection-induced stones usually consist of a mixture of 
magnesium ammonium phosphate (MAP) and calcium phosphate (CaP). MAP 
is relatively soluble in urine within the normal pH range of 5 -7, but becomes 
increasingly insoluble under more alkaline conditions owing to the formation of 
the insoluble PO~- ion. Normal urine is well undersaturated with MAP (ELLIOT 
et al. 1959; ROBERTSON et al. 1968). Only in patients with urinary infections in
volving urea-splitting organisms, which produce a high ammonium i6n concen
tration, does urine become sufficiently alkaline to cause MAP to precipitate 
(ROBERTSON et al. 1968; GRIFFITH et al. 1976; NORDIN et al. 1979). This is 
depicted in the form of cluster diagrams in Fig. 33 in which the two main uri
nary risk factors for infected stone-formation, namely, pH and ammonium ion 
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Fig. 33. Cluster diagrams of values of urinary ammonia concentration plotted against urinary 
pH in normal subjects and in stone-formers with a urinary tract infection involving a urea 
splitting-organism. The data are shown in relation to the upper and lower limits of solubility 
of magnesium ammonium phosphate in urine 
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concentration, are plotted against each other in infected stone-formers and nor
mals. The clusters are shown in relation to the formation and solubility levels of 
MAP under average urinary conditions. This simple assessment of the risk of 
MAP crystalluria and stone-formation is in agreement with the more accurate 
activity product analysis (NORDIN et al. 1979). The true MAP activity product 
(KMAP) may be calculated from the expression: 

K MAP = {Mg2+} {NHt} {PO!-} 

where { } contain the activities of the free ion concentrations of Mg2+ , NHt 
and PO~-. 

Although phosphatic stones arise in many patients from persistent over
saturation of urine with MAP, very few stones consist solely of this salt. The 
main constituent of infection stones is calcium phosphate (CaP) (HODGKINSON 

et al. 1969). Indeed CaP crystalluria is likely to be more common than MAP 
crystalluria in these patients (GRIFFITH et al. 1976), since the saturation levels 
with CaP more often exceed the level of spontaneous precipitation than do 
those of MAP (NORDIN et al. 1979). This may be seen in Fig. 34 which shows 
cluster diagrams in terms of the three main urinary risk factors for CaP precipi
tation, namely, calcium and phosphate (combined into a simple concentration 
product) and pH. Clearly infected stone-formers are at considerable risk of per
sistent CaP crystalluria. These data are consistent with the activity products of 
CaP (KcaP) expressed in terms of octocalcium phosphate and calculated from 
the expression: 

where { } contain the activities of the free ion concentrations of Ca2+ , H+ and 
PO~- . 

A small number of patients with urinary tract infections form calculi con
sisting only of a "jelly-like" matrix which contains little or no mineral. Usually 
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this occurs in urines with very low calcium levels some of which may be as low 
as 1 to 1.2 mmol/day (BOYCE and KING 1959; ALLEN and SPENCE 1966). Under 
these conditions the saturation of urine is too low to allow spontaneous precipi
tation of CaP. Whether this matrix material, mainly a mucoprotein, actually 
promotes mineral deposition under more saturated conditions is not yet clear 
but remains a possible additional risk factor (FINLAYSON et al. 1961; WICKHAM 
1976). 

As far as inhibitors of crystallization are concerned, there is no evidence that 
urine contains any inhibitor of the crystallization of MAP. Pyrophosphate, 
however, is a potent inhibitor of the crystallization of calcium salts, particularly 
CaP (FLEISCH and BISAZ 1962a, b). Since urinary pyrophosphate levels may be 
reduced in patients with urinary tract infections, this may allow crystals of CaP 
to grow and aggregate more readily than in normal urine. Moreover, the ex
cretion of citrate, another inhibitor of CaP crystallization (SMITH et al. 1973 a; 
BISAZ et al. 1978) is also slightly reduced in some patients with urinary tract in
fections (ROBERTSON et al. 1968) and this will contribute to the risk of large 
crystals and aggregates of CaP forming in urine. 

In the general model of stone-formation (Fig. 17), the criterion of abnormal 
urine biochemistry leading to spontaneous crystalluria is again satisfied. The 
detailed risk factor model of infected stone-formation is summarised in Fig. 35. 

4. Calcium Stone Disease 

a) Introduction 

Calcium stones are the commonest type of stone formed in the urinary tract 
(PRIEN and FRONDEL 1947; HERRING 1962; HODGKINSON et al. 1969; HESSE and 
SCHNEIDER 1976; PEACOCK et al. 1979a, b). They are composed of a mixture of 
calcium oxalate and calcium phosphate with calcium oxalate predominating 
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but a number of stones of "pure" calcium oxalate and, less commonly, of 
"pure" calcium phosphate do occur. Stones can be present throughout the uri
nary tract but most occur in the kidney (Fig. 36). The majority of stones are 
small enough to be passed spontaneously in the urine, but a number remain 
within the urinary tract. There they may enlarge or become lodged in the nar
rower sites of the urinary tract and have to be removed surgically (Fig. 36). 

In only about 15% of patients with calcium stone is the condition secondary 
to an underlying disease (Fig. 37). By far the commonest of these is primary 
hyperparathyroidism. Less commonly, enteric hyperoxaluria, hereditary hy
peroxaluria, renal tubular acidosis, Cushing's syndrome, steroid treatment, vi
tamin D intoxication, immobilization, high alkali and calcium ingestion (for 
the treatment of peptic ulceration) and medullary sponge kidney may be pres
ent. In the majority of patients, however, none of these diseases is present and 
the stone disease is referred to as "idiopathic" or primary. 

The prevalence of calcium stone disease is rising in most industrialised 
countries (ANDERSEN 1969, 1973; BLACKLOCK 1976, 1979). The rise mainly re
flects the increasing incidence of idiopathic disease in the adult male (ROBERT-
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SON and PEACOCK 1982; ROBERTSON et al. 1983) and is probably related to in
creasing standards of living. Increasing affluence could affect the prevalence of 
calcium stone disease in many ways but a change in dietary habits is probably 
one of the most important. Several dietary factors have been considered includ
ing animal protein (ROBERTSON et al. 1979 a, b, 1981 b), refined carbohydrate 
(BLACKLOCK 1976; RAo et al. 1982) and dietary fibre (BLACKLOCK 1979). In our 
view, dietary animal protein plays a major role since differences in intake of 
this constituent of the diet reflect, both nationally and internationally, the tem
poral, geographical and social class changes in stone prevalence rates (ROBERT
SON et al. 1979a, b, 1980a, 1981 b, 1983). 

b) Urinary Risk Factors 

As mentioned earlier, the main urinary factors responsible for calcium stone 
disease are volume, calcium, oxalate, pH, uric acid, GAGS. In addition, a num
ber of urinary factors such as magnesium, citrate and pyrophosphate excretion 
may also be involved in a few specific cases. Calcium stone-formation is in
variably due to an interaction of several of these urinary abnormalities. Where 
it is secondary to an underlying disease, particular urinary risk factors are af
fected. However, not all patients with the underlying disease develop stones, in
dicating that the effect of the disease on the urinary risk factors can be modi
fied. In primary stone disease, the abnormalities in urine tend to be less pro
nounced but more are involved (ROBERTSON et al. 1978, 1980a, 1981 a), 
although these data have not been confirmed by RYALL and MARSHALL (1983). 

IY.) Calcium 

Biochemistry and Physiology. FLOCKS (1939, 1940) was the first to point out 
that in a proportion of patients with calcium stone the daily urinary calcium ex
cretion was above the normal range. He suggested that the increased urinary 
calcium might be the result of an abnormal sensitivity to vitamin D although he 
failed to confirm the hypothesis (FLOCKS 1940). Subsequent workers estab
lished that these patients had normal plasma calcium concentrations and were 
unlikely, therefore, to have primary hyperparathyroidism. Nor could they de
fine an underlying disease such as sarcoidosis, hyperthyroidism, Cushing's syn
drome, malignant tumor, or osteoporosis to account for the increased urinary 
calcium and they therefore classified the hypercalciuria as being "idiopathic" 
(ALBRIGHT et al. 1953; HENNEMAN et al. 1958), thus confirming FLOCK'S orig
inal concept that those patients constituted a new syndrome of unknown 
aetiology. A number of these patients also had hypophosphataemia, an in
creased calcium absorption, and a higher urinary calcium than normal subjects 
on a low calcium intake. It was suggested, therefore, that this hypercalciuria 
represented a defect in the tubular reabsorption of calcium. HENNEMAN et al. 
(1958) suggested that this was an acquired defect due to urinary tract infection. 
Others, however, proposed that it was a primary defect and that the increased 
calcium absorption represented a compensatory response to the loss of calcium 
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in the urine (MELICK and HENNEMAN 1958; JACKSON and DANCASTER 1959; ED
WARDS and HODGKINSON 1965). On the other hand, the relationship between 
urinary and dietary calcium in idiopathic hypercalciuria is steeper than normal 
and at a theoretical zero calcium intake there is no difference in the urinary cal
cium between normal and hypercalciuric subjects (PEACOCK et al. 1967). Fur
thermore, no defect in tubular reabsorption of calcium was found in studies of 
renal calcium clearance in patients with idiopathic hypercalciuria (PEACOCK 
and NORDIN 1968). 

At about the same time it became clear that hypercalciuria occurred not only 
in calcium stone-formers but also in normal subjects and that the condition 
lacked a clear definition to separate it from other types of increased urinary cal
cium. If it was defined on a 24-hour urinary excretion, the dietary intake of cal
cium had to be considered (PEACOCK et al. 1967) and if it was defined on the 
urinary excretion in the fasting state (i.e. the relationship between urinary and 
plasma calcium), the subject had to be fasted so that the previously absorbed 
dietary intake had been cleared from the plasma (PEACOCK et al. 1968). 
Measurements of calcium absorption, using either stable calcium (PEACOCK 
et al. 1968) or radiocalcium (CANIGGIA et al. 1965; NORDIN et al. 1972), were 
introduced in an attempt to quantitate the degree of absorption. This lead to 
formulation· of criteria for various types of hypercalciuria (CANIGGIA et al. 
1965; PEACOCK and NORDIN 1969; NORDIN et al. 1972; PAK et al. 1974) accord
ing to the organ responsible for the increased urine calcium, namely the gut, the 
bone or the kidney. 

With the development of immunoassays to measure plasma parathyroid 
hormone and plasma and urinary cyclic AMP, it became possible to test 
whether the hypercalciuria was primarily an absorption problem, or whether 
the kidney and bone were involved. In absorptive hypercalciuria, the levels of 
parathyroid hormone (PTH) and cyclic AMP should be within the normal 
range, or indeed suppressed, whereas in renal hypercalciuria plasma PTH 
should be high-normal or elevated since the compensation in absorption should 
act through a fall in plasma calcium causing secondary hyperparathyroidism. 
Some workers reported that renal hypercalciuria based on raised PTH plasma 
levels occurred in over 70% of patients with idiopathic hypercalciuria, and the 
resulting secondary hyperparathyroidism probably accounted for the observed 
hypophosphataemia (COE et al. 1973). Others, however, found that it occurred 
in only about 20% of idiopathic hypercalciuric patients (PAK et al. 1975 a; PAK 
and GALOSY 1979). The nature of the defect in tubular calcium reabsorption as 
defined by these workers has not yet been defined and remains elusive. On the 
other hand, many centres studying calcium stone disease have found renal hy
percalciuria to be uncommon and consider that the main defect is a primary 
increase in calcium absorption (PEACOCK et al. 1976a, b; SMITH et al. 1973b; 
BORDIER et al. 1976; BROADUS et al. 1978). More recently it has been shown that 
plasma 1,25(OH)2 vitamin D, the main vitamin D metabolite controlling cal
cium absorption, is increased in idiopathic hypercalciuria (SHEN et al. 1977; 
PEACOCK et al. 1981 b). The cause of the increased plasma 1,25(OH)2 vitamin D 
has been considered to be hypophosphataemia although this is not universally 
agreed (KAPLAN et al. 1977; GRAY et al. 1977; CALDAS et al. 1978). 
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The hypophosphataemia of patients with idiopathic calcium stone disease 
has also been the centre of much investigation (HENNEMAN et al. 1958; COE 
et al. 1973; PEACOCK et al. 1976a, b; SHEN et al. 1977; GRAY et al. 1977). Most 
workers agree that it is largely due to a decrease in tubular reabsorption of 
phosphate but the mechanism remains obscure and its role in controlling cal
cium absorption controversial (GRAY et al. 1977; PEACOCK and ROBERTSON 
1978). It is difficult at the present time to fit the various abnormalities which 
have been described in patients with idiopathic calcium stone into one cause. 
On the other hand, they may be considered as pre-urinary risk factors for stone 
disease and if stone-formers are selected from the outer limits of the normal 
distribution then these "abnormalities" will have a higher frequency in the 
stone-forming population (NORDIN et al. 1976). . 

In most industrialised countries the intake of calcium in the diet varies from 
IS to 35 mmol/day. About two-thirds Of the dietary calcium is taken in the 
form of milk products, which also have a high phosphate content. Changes in 
calcium intake are, therefore, usually associated with corresponding changes in 
phosphate. In some countries, however, supplementation of the diet with cal
cium is practised. In the United Kingdom, for example, calcium carbonate 
was added to flour for many years. 

Many dietary factors are known to affect the availability of calcium for ab
sorption by the intestine. Phytic acid, phosphate, oxalic acid and fats can be 
shown to decrease calcium absorption whereas proteins and sugars increase it. 
The importance, however, of these digestive factors in determining the absolute 
amount of calcium absorbed remains unclear (IRVING 1973; WILKINSON 1976). 
In an adult in calcium balance there is a net absorption of calcium - mainly 
from the duodenum and jejunum - of about 6 mmol/day (Fig. 38). The other 
major input of calcium to the extracellular pool is from bone resorption. How
ever, in the steady state, an amount equal to resorption leaves the ECF pool for 
bone mineralisation and the net contribution from bone over a 24-hour period 
tends to zero. Since the kidney, under normal circumstances, is the main route 
of calcium excretion, the major part of the absorbed calcium eventually appears 
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in the urine. The urinary calcium in an adult in balance closely approximates, 
therefore, the amount of calcium absorbed in any 24-hour period. There appear 
to be two main mechanisms responsible for calcium absorption in humans. The 
first, located mainly in the upper part of the small intestine, is an active trans
port system and is largely regulated by plasma 1,25(OH)2 vitamin D (HAUSSLER 

et al. 1977). The second occurs in the small intestine and is due to a diffusion 
process (WILKINSON 1976). 

Hypercalciuria can, therefore, be classified into five types depending on the 
source of calcium (NORDIN et al. 1972; PAK et al. 1974) (Fig. 39). Dietary hy
percalciuria, resulting from an increased intake of calcium, probably accounts 
for the higher urinary calcium in men than women (BULUSU et al. 1970; NOR
DIN et al. 1972). It does not explain, however, the major part of the hy
percalciuria of calcium stone-forming patients since their dietary calcium in
take is normal (NORDIN et al. 1972). Increased availability of calcium from a 
normal calcium intake is a theoretical cause of hypercalciuria but in practice is 
extremely difficult to diagnose. It may be suspected in patients on a normal cal-

Dietary 

Digestive 

Absorptive 

Skeletal 

Renal 
Fig.39. Classification of hypercalciuria 

cium intake who have a normal active calcium absorption but nevertheless 
have hypercalciuria. It is not known whether or not this occurs in stone-forming 
patients but several dietary factors may act in this way (BOYCE et al. 1958a; 
SMITH et al. 1973b; PEACOCK et al. 1976a, b). Absorptive hypercalciuria is due 
to increased active absorption of dietary calcium. This is the commonest type of 
hypercalciuria seen in patients with calcium stone disease (NORDIN et al. 1972; 
PAK et al. 1974). Resorptive hypercalciuria from bone occurs when there is 
negative bone balance. The normal response to a primary increase in bone re
sorption is a small but significant rise in plasma calcium which reduces plasma 
1,25(OH)2 vitamin D secretion either directly or through suppression of PTH se
cretion. Only severe negative bone balance, therefore, manifests itself by hypercal
ciuria and even in the major forms of osteoporosis with negative bone balance, 
urinary calcium is rarely increased above the normal range. Tubular hypercalci
uria due to a decreased reabsorption of caJcium implies that the subject must 
be in negative calcium balance which must be compensated for by secondary 
hyperparathyroidism acting on the skeleton and on calcium absorption. 
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In patients with renal stone disease hypercalciuria is approximately de
fined by the urinary calcium excretion over a 24-hour period on a normal 
diet. Using this criterion, hypercalciuria is commonly found in about 30% of 
patients with calcium stone disease as compared to normals (BULUSU et al. 
1970). It must be remembered, however, that urinary calcium excretion in nor
mal subjects is not normally distributed but is skewed towards higher values 
(ROBERTSON and MORGAN 1972). It is common practice to take the upper end 
of the normal range as two standard deviations above the normal mean. This, 
however, defines almost 5% of normal subjects having hypercalciuria. Since uri
nary calcium is greater in men than women, the sexes should be considered 
separately unless the urinary calcium is expressed as a calcium/creatinine ratio 
which brings the two populations together (BULUSU et al. 1970). Because of the 
wide geographical variations in urinary calcium (NORDIN et al. 1967), in any 
given study the stone-formers should only be related to the normal population 
from which they are drawn. 

fl) Oxalate 

Introduction. The history of oxalic acid has many interesting facets (HODGKIN
SON 1977). Oxalate is widely distributed in both the animal and plant king
dom either as the acid or, more commonly, as its potassium or calcium salts. 
BERGMAN (1776) was the first to show that it was a constituent of urinary 
stones. Thereafter, it was found that oxalate was a normal urinary' constituent 
and that calcium oxalate crystalluria occurred both in patients with urinary 
stone disease and in normal subjects (PROUT 1821; DONNE 1839; BIRD 1853). 
Towards the end oflast century it became clear that only a proportion of ingest
ed oxalate appeared in urine (DUNLOP 1896) and that ingestion of large 
amounts was toxic and could result in death. Primary hyperoxaluria, a congeni
tal defect in oxalate metabolism which often presents with renal stones, was 
first described in 1925 (LE POUTRE 1925) and by 1964 the findings in over a 
hundred patients with this disease were reviewed (HOCKADAY et al. 1964). The 
recognition that hyperoxaluria was a feature of patients with small bowel dis
ease and was an important factor in the renal stone-formation of these patients 
was made in 1970 (HOFMANN et al. 1970). More recently mild hyperoxaluria in 
patients with calcium stone-formation particularly of the idiopathic type has, 
been stressed (THOMAS et al. 1972; ROBERTSON and PEACOCK 1980; WALLACE 
et al. 1981; BAGGIO et al. 1983). 

Throughout this period the methodology for measuring oxalic acid in bio
logical fluids has developed but the techniques remain difficult, especially for 
measuring plasma oxalic acid at its normal circulating concentrations (HODG
KINSON 1977; ROSE et al. 1979; ROBERTSON and RUTHERFORD 1980). There are, 
therefore, still a number of areas of uncertainty in the biochemistry and 
physiology of oxalate metabolism in humans, particularly with respect to the 
absorption and renal handling of oxalate. 

Biochemistry. Oxalic acid is an end-product of metabolism in humans -
over 90% of carbon-labelled oxalate given intravenously is recovered unchanged 
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Fig. 40. Metabolic pathways involved in the synthesis of oxalic acid in animals and in man 
(Taken from HODGKINSON (1977) with the permission of the author and publishers) 

in the urine within 48 hours with no label appearing in the expired CO 2 

(ELDER and WYNGAARDEN 1960; HODGKINSON and WILKINSON 1974). The ma
jor pathways of oxalic acid production - the ascorbic acid pathway and the gly
oxylic acid pathway - are shown in Fig. 40. Between 17 and 40% of urinary 
oxalate is derived from ascorbic acid (ATKINS et al. 1964; BAKER et al. 1966). It 
is probable that this pathway is normally working at a maximum since in
gestion of small amounts of ascorbic acid does not increase urinary oxalate 
further (LAMBDEN and CHRISTOWSKI 1954; TAKENOUCHI et al. 1966). When 
the diet is supplemented with doses of ascorbic acid over 4 g/day the rise in uri
nary oxalate is slightly greater (BRIGGS et al. 1973) but at intakes over 9 g there 
is a marked increase in oxalate excretion (LAMBDEN and CHRYSTOWSKI 1954; 
SCHMIDT et al. 1981). It may be necessary to repeat some of these studies in the 
light of the observation that ascorbic acid may be converted to oxalate during 
many of the oxalate methods in common usage. The enzymatic control of this 
pathway has still to be established. 

A similar amount of urinary oxalate is derived from the glyoxylic acid path
way. At least three enzymes are involved in this reaction, none of which is spe
cific for the precursor. These are xanthine oxidase (GIBBS and WATTS 1966), 
glycollic acid oxidase (RICHARDSON and TOLBERT 1961) (both flavoproteins) 
and lactic dehydrogenase (BANNER and ROSALKI 1967; SAWAKI et al. 1967). The 
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main precursors of glyoxylate are glycine (CRAWHALL et al. 1959; DEAN et al. 
1968), glycollic acid (HOCKADAY et al. 1964) and 4-hydroxy-2-oxoglutarate 
(DEKKER and MAITRA 1962). The latter is a product of hydroxyproline metab
olism although not the only important one. Quantitatively, glycine seems to be 
the major precursor although the glyoxylate pathway may be only a minor 
route for glycine metabolism. Tryptophan ingestion has been shown to increase 
urinary oxalate (GERSHOFF and PRIEN 1960) which may explain the increase in 
urinary oxalate on a high intake of animal protein (ZAREMBSKI and HODG
KINSON 1969; ROBERTSON et at. 1979a). 

In congenital hyperoxaluria two biochemical types ~an be recognised (Fig. 
40). In Type I (glycollic aciduria), the commonest type, there is a deficiency of 
the 2-oxoglutarate:glyoxylate carboligase enzyme. Glyoxylate accumulates and 
results in hyperoxaluria, glycollic aciduria and glyoxylic aciduria (KOCH et al. 
1967). In Type II (L-glyceric aciduria) there is a deficiency of D-glyceric de
hydrogenase (WILLIAMS and SMITH 1968a, b) which gives rise to hyperoxaluria 
and L-glyceric aciduria with decreased urinary excretion of glycollate and 
glyoxylate. 

Physiology. The high content of oxalate in plants has been known for cen
turies; one plant specimen goes under the name 'oxalis'. The Sorrel plant is one 
of the best known oxalate-containing plants and salts of sorrel (potassium hy
drogen oxalate) are widely used in the home and in industry. About 
70-170 mg of oxalate is ingested in the diet per day in the form of vegetables 
or plant beverages (ZAREMBSKI and HODGKINSON 1962; ANDERSON et al. 1971) 
(Fig. 41). In the British diet, tea is normally the largest single source of oxalate, 
although chocolate and coffee can also be important (FINCH et al. 1981). How
ever, there is wide seasonal and geographical variation in dietary oxalate 
(ROBERTSON et al. 1977) due to the variable oxalate content of vegetables 
(HODGKINSON 1977). 

Only a small fraction of the dietary oxalate is absorbed. Between 2 - 8% of 
orally administered oxalate is excreted in the urine (DUNLOP 1896; ARCHER 
et al. 1957; ZAREMBSKI and HODGKINSON 1969; CHADWICK et at. 1973). Oxalate 
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is absorbed throughout the gastrointestinal tract; quantitatively the colon seems 
to be an important site of absorption. There is little oxalate secreted by the gut 
back into the bowel lumen (ELDER and WYNGAARDEN 1960; HODGKINSON and 
WILKINSON 1974). Bacteria in the colon catabolise oxalate and only about a 
third of the dietary oxalate is excreted in the faeces (BARBAR and GALLIMORE 
1940). The absorption of oxalate is not dependent on an active process. The 
most important factors, therefore, which govern oxalate absorption are the 
amount of oxalate ingested and the digestive factors making oxalate available 
for transport across the bowel wall. Of the latter, th~ amount of calcium in the 
diet seems to be the most important. A high intake of calcium reduces oxalate 
absorption and a low calcium intake enhances oxalate absorption (MARSHALL 
et al. 1972 a). Steatorrhoea, which reduces the free calcium in the bowel, also 
enhances oxalate absorption. 

The plasma concentration of oxalate is probably about 2 - 5 ~mol/l 
(HODGKINSON 1977; ROSE et al. 1979) although there is still considerable 
controversy about the exact figure mainly because of the difficulty of measur
ing plasma oxalate (HODGKINSON 1977). Most biological membranes appear to 
be freely permeable to oxalate and it is found in most tissues of the body. The 
half-life of radioactive oxalate injected intravenously is almost 2 hours and the 
pool size ranges from 0.03 to 0.12 mmol. The rate of endogenous synthesis has 
been estimated to be between 0.4 and 0.8 mmol/day (ELDER and WYNGAARDEN 
1960; HODGKINSON and WILKINSON 1974) which is close to the daily excretion 
of oxalate in normal subjects. 

Oxalate is probably secreted by the proximal tubule and it has been es
timated that the oxalate/creatinine clearance in the dog is 1.28 (CATTELL et al. 
1962) and in man 1.6 (WILLIAMS et al. 1971). Urinary oxalate excretion varies 
normally between 0.2 and 0.55 mmol/day. This is mainly due to variations in 
dietary intake and digestion. In disease of the small bowel urinary oxalate may 
increase to several times the normal range (enteric hyperoxaluria). The highest 
urinary excretion of oxalate is found in primary hyperoxaluria. 

y) Inhibitors 

Introduction. Crystals of calcium oxalate and calcium phosphate are fre
quently found in freshly voided urine from normal subjects (DYER and NORDIN 
1967; ROBERTSON et al. 1969) indicating that the urine is oversaturated with re
spect to calcium oxalate and phosphate. Indeed the passage of a cloudy urine 
after a meal, due to calcium phosphate precipitation is a common observation 
well recognised by laymen. It has always been an attractive hypothesis that 
urine from subjects who do not form stones contains protective substances 
against stone-formation whereas their excretion is absent or low from patients 
with urinary stone disease. Several inhibitory substances occurring naturally in 
urine have now been identified and can be classified as inhibitors of stone-for
mation (Tables 2 and 3). The risk of forming urinary stones may be increased 
either in the individual or in a group of patients with a particular disease, by a 
decrease in excretion of one or more of these natural inhibitors. 
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Fig. 42. The chemical structures 
of various inhibitors of crystalli
zation of calcium salts 
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Citrate. It has been estimated that approximately 50% of the inhibitory ac
tivity of urine to calcium phosphate precipitation is due to urinary citrate 
(FLEISCH 1978). Changes in citrate excretion potentially therefore could have 
marked effects on calcium phosphate precipitation. The range of citrate ex
cretion in normal subjects is 0.6 to 5.7 mmol per day and the plasma concentra
tion is 0.12-0.21 mmoill. 

Citric acid is a simple organic acid (Fig. 42) which plays a fundamental role 
in intermediate metabolism (KREBS and JOHNSON 1937; LOWENSTEIN 1969). 
About 90% of the citrate in the body is located in bone where it accounts for near
ly I % of its net weight (DICKENS 1941; MARTIN et al. 1958). The gastrointestinal 
tract is the other major source of citrate production (MARTENSSON 1940). The 
main organs responsible for citrate utilisation are the kidney (MARTENSSON 
1940; ELLIOT and FREEMAN 1956; SIMPSON 1963), and the liver (GORDON and 
CRAIGE 1960; HENNEMAN and SHOEMAKER 1961). Blood citrate concentration in 
the steady state is regulated largely by the production and release of citrate 
from bone and intestine and by its uptake by liver and kidney. Only a small 
part of an ingested citrate load appears in the urine (KUYPER and MATILL 
1933), the major part being metabolised. Since plasma citrate does not remain 
raised for more than a few days following nephrectomy, the blood level is 
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mainly controlled by the production rate of citrate in bone and·the intestine and 
there is a feedback control mechanism on production through the plasma con
centration. The mechanism responsible for the high specificity of the kidney for 
citrate uptake is not clear. A similar selective uptake occurs with a-ketoglutar
ate (SELLECK and COHEN 1965) and it has been postulated that both share a 
common membrane transport mechanism. Within the kidney, plasma citrate 
enters the tubular cell from the peritubular plasma and its rate of uptake is pro
portional to the plasma concentration of citrate (HERNDON and FREEMAN 1958). 
Some of the filtered citrate is taken up by the tubular cell by reabsorption but 
whether this fraction is metabolised in the same way as that entering from plas
ma is not known. In acidosis lower citrate utilisation is found (CRAWFORD et al. 
1959; EVANS et al. 1957; GROLLMAN et al. 1961; GORDON 1963; SIMPSON 1964; 
KOOK and LOTSPEICH 1968). Several hypotheses have been put forward for the 
role of the kidney in citrate metabolism. The first is to utilise the citrate releas
ed by bone resorption thus allowing the ECF ionized calcium pool to remain 
high. Secondly, it may enhance calcium and sodium reabsorption (WALSER 
1961; VISHWAKARMA and MILLER 1963). Thirdly, on oxidation it may provide 
hydrogen ion for secretion as titratable acid. 

The infusion of sodium citrate results both in an increased rate of excretion 
and of reabsorption. There is marked splay in the titration curve and no T m can 
be demonstrated since very high plasma citrate levels cannot be achieved be
cause of the toxicity (GROLLMAN et al. 1961). Citrate excretion is also said to be 
increased by oestrogens, by the administration of calcium salts and by alkaline 
potassium citrate (BUTZ 1982; SAKHAEE et al. 1983; NICAR et al. 1984). 

Citrate acid plays a fundamental role in energy production from carbo
hydrate and lipid metabolism as part of the tricarboxylic acid pathway (KREBS 
and JOHNSON 1937; LOWENSTEIN 1969). The large stores of citrate in bone are 
probably accounted for by the low rate of citrate metabolism in bone (V AES and 
NICHOLS 1961). The direct relationship between bone resorption and citrate ac
cumulation which is accentuated by bone-resorbing agents has been considered 
by some to be strong evidence that bone citrate is intimately involved in the re
sorption of bone (REYNOLDS 1972). 

Glycosaminoglycans. The glycosaminoglycans (or acid mucopolysaccharides) 
are a group of related heteropolysaccharides widely distributed through
out the body in connective tissue where they playa fundamental role in the 
structure and integrity of this basic tissue. The characteristic disaccharide 
repeating unit is an N-acylated hexosamine. The commonest forms are hyalu
ronic acid, chondroitin sulphate, dermatan sulphate, keratin sulphate and hep
arin. One of the striking properties of these compounds is that they are large 
polyvalent anions and it is probably this property which makes them important 
in urine as inhibitors of stone-formation. The factors controlling the synthesis 
and metabolism of the compounds are poorly understood. There are a group of 
hereditary clinical disorders, the mucopolysaccharide storage diseases 
(McKuSICK et al. 1978) in which various enzyme deficiencies have been de
scribed. One of the features is excessive excretion of mucopolysaccharides in 
the urine. 
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The glycosaminoglycans occurring naturally in urine have been shown to in
fluence the aggregation and growth of calcium oxalate crystals (CRAWFORD 
et al. 1968; ROBERTSON et al. 1973b). Urinary excretion usually amounts to 
12-15 mg of GAGS/day in normal subjects. A major fraction of this material 
is probably produced by the renal tubules themselves but inflammation and 
damage to the kidney can also increase their excretion. Their excretion tends to 
be higher through the day than at night and is higher in males than females 
(ROBERTSON et al. 1976 a). The factors controlling the excretion of these sub
stances have not been clearly defined. 

Pyrophosphate. Since the initial experiments (FLEISCH and NEUMAN 1961) 
showing that pyrophosphate inhibited the precipitation of calcium phosphate, 
there has been continued interest in this ion as a regulator of calcification in 
bone and as a natural urinary inhibitor of calcium stone-formation (FLEISCH 
1978). In these respects it is analogous to citrate with a possible major role in 
bone metabolism and only a coincidental role in urine as an inhibitor of stone
formation. About 34 /lmol of pyrophosphate are excreted in the urine daily in 
normal men (RUSSELL and HODGKINSON 1966), with less in women, at a plasma 
concentration of 3.5/lmolll (RUSSELL et al. 1971). 

Pyrophosphate is produced intracellularly by a larger number of reactions, 
the most typical involving the removal of pyrophosphate from a nucleotide 
triphosphate (KORNBERG 1962). The pyrophosphate produced from these re
actions is hydrolysed within the cell to orthophosphate by intracellular pyro
phosphatases. This renders most of these reactions irreversible and as such rep
resents a fundamental metabolic step in the synthesis of nucleotide and peptide 
bonds and in fatty acid activation. Injected radio-labelled pyrophosphate has a 
rapid half-life of only a few minutes (FLEISCH and BISAZ 1962a; lUNG et al. 
1970). The major route of removal is by hydrolysis, less than 5% being excreted 
in the urine. In congenital absence of alkaline phosphate, hypophosphatasia, 
the urinary excretion of pyrophosphate is greatly increased (RUSSELL 1965). It 
is probable that little pyrophosphate is absorbed from the diet although in
gestion of orthophosphate increases the urinary excretion of pyrophosphate 
(FLEISCH et al. 1964; RUSSELL et al. 1964). The relationship between urinary py
rophosphate and urinary orthophosphate is probably due to a renal effect of 
orthophosphate and it is present in normal subjects and in subjects on a low and 
high phosphorus intake (RUSSELL and FLEISCH 1969; RUSSELL et al. 1976). The 
success of orthophosphate in preventing renal stone disease is in part probably 
due to its action to increase urinary pyrophosphate (SMITH et al. 1973 b; PEA
COCK et al. 1981 c). 

Because pyrophosphate itself is rapidly hydrolysed it has not been used 
therapeutically. However, synthetic analogues (diphosphonates) in which the 
P-O-P bond (Fig. 42) is replaced by a P-C-P bond have been found to be more 
stable and to possess many of the properties of pyrophosphate. They have 
marked effects on both calcium phosphate and oxalate crystal growth and 
aggregation in vitro (see Section II.4(g) ). Some of these compounds have been 
used to treat urinary stone disease and although they are excreted in urine in 
low concentration because of poor absorption and a high affinity for bone they 
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do effect calcium crystallization (FRASER et al. 1972; ROBERTSON et al. 1974, 
1980b; OHATA and PAK 1973, 1974). 

Magnesium. Magnesium oxalate is more soluble than calcium oxalate and 
the high excretion of magnesium in the urine reduces the concentration of oxa
late available for calcium oxalate precipitation (ROBERTSON 1969a; MEYER and 
SMITH 1975b; FINLAYSON 1977a). In addition to this action, however, magnesi
um has also been considered by some to be an inhibitor of calcium stone-for
mation by its action on the crystallization of calcium salts (MUKAI and 
HOWARD 1963; DESMARS and TAWASHI 1973). 

Magnesium is present in most foods of plant and animal origin since it is the 
major intracellular divalent cation of all tissues. It is present in the porphyrin 
complex of chlorophyll and more than two-thirds of the daily magnesium in
take is contributed by cereals and vegetables (DAVIDSON and PASSMORE 1969). 
Substantial amounts can also be taken in with water since in some areas the wa
ter may naturally be high in magnesium, a litre of water sometimes supplying 
over a third of the daily magnesium intake (SCHROEDER et al. 1969). The avail
ability of magnesium for absorption is influenced by digestive factors which re
lease intracellular magnesium from food, solubilizing it within the gas
trointestinal tract (WILKINSON 1976). Approximately 40% of dietary magnesium 
is absorbed (HEATON and PYRAH 1963; KING and STANBURY 1970) and the re
lationship between net absorption and dietary intake is linear over a wide range 
of dietary intakes (WILKINSON 1976). Magnesium absorption occurs throughout 
the gastrointestinal tract. Following a dose of labelled magnesium, peak mag
nesium absorption occurs 4 to 6 hours later with a steady rate of absorption oc
curring up to about 8 hours (AIKAWA et al. 1958; GRAHAM et al. 1960). The 
small intestine, therefore, is the major site of magnesium absorption, although 
the colon is capable of transporting magnesium under certain situations. Cer
tainly magnesium deficiency occurs in patients with small bowel resection 
(FLETCHER et al. 1960; NIELSEN and THAYSEN 1971). 

Many factors have been shown to alter magnesium absorption. There is an 
interrelationship between magnesium and calcium absorption such that in
creasing one reduces the absorption of the other. This reciprocal relationship 
can be explained by assuming that part of their absorptive processes are linked 
and that competitive inhibition occurs. The same end result can occur through 
digestive factors, however, since any substance chelating one cation will also be 
competing for chelation with the other. In man, in diseases which· affect cal
cium absorption, there tends to be a direct relationship between calcium and 
magnesium, probably reflecting specific effects of vitamin D and parathyroid 
hormone on the transport of these two cations (WILKINSON 1976). 

Under normal situations the urinary excretion of magnesium equals the 
amount absorbed and about 90-95% of the filtered magnesium is reabsorbed 
by the tubule. In situations of increased magnesium intake a rise in plasma 
magnesium results in an increased excretion of magnesium. In situations of de
creased magnesium, urinary magnesium falls to extremely low levels and only if 
this low level is continued does the plasma magnesium then begin to fall (SHILS 
1964). Unlike calcium, there is no hormonal control mechanism to maintain the 
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Fig. 43. Schema of magnesium metabolism in a normal adult in balance on an average intake 
of magnesium 

plasma magnesium within a narrow range and, although the plasma magnesi
um in normal subjects is remarkably constant, wide changes in plasma magnesi
um occur in diseases affecting magnesium intake and absorption or renal 
function (Fig. 43). 

D) Other Urinary Risk Factors 

The other factors influencing calcium stone-formation are volume, pH, uric 
acid and possibly phosphate. The control of urine volume has been discussed 
above (see Section Ill.2(b) (y». In calcium stone-formation, changes in urine 
volume have two main effects which tend to act in opposite directions. 

A decrease in urine volume causes an increase in the saturation level of the 
calcium salts. This promotes precipitation and crystal formation. On the other 
hand, the concentrations of urinary inhibitors are increased and crystal growth 
and aggregation will be retarded. The overall effect tends to follow that on satu
ration since a low urine volume « 11itre/day) is generally associated with a 
high risk of stones and a high .urine volume is associated with a low risk. How
ever, there appears to be no further beneficial effect on the risk of stones above 
urine volumes of 2.5 to 3litres per day (ROBERTSON et al. 1980a, 1981 a). 

Uric acid has also been discussed above (see Section Ill.2(b) (a». Its impor
tance in calcium stone-formation is probably through its inhibitory action on 
the GAG inhibitors. In urines with a high uric acid concentration, the GAG in
hibitors appear to be less active in preventing stone,-formation (see Section 
II.4(e». This relationship could possibly also be altered by fluid volume since 
it is not clear over what range of uric acid concentrations the attenuating effect 
on the GAG inhibitors remains linear. 
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Fig. 44. The proportion of hydroxyapatite (-) in the urinary calculi of "pure" CaOx stone
formers (e), "mixed" CaOx/CaP stone-formers (&) and hyperparathyroid stone-formers (+) 
in relation to their average 24-hour urinary pH. Also shown is the corresponding relationship 
between the saturation of urine with octocalcium phosphate (OCP) (- - - - -) and urinary pH 

. Control of urine pH has been discussed above (see Section III.2(b) (fJ) ). It is 
an important risk factor for the precipitation of calcium phosphate. Above a 
urine pH of 6.2, 'calcium phosphate will precipitate out over a wide range of 
urinary phosphate; in persistently acid urines, on the other hand, calcium phos
phate will not precipitate out even in the presence of a high phosphate concen
tration. The amount of calcium phosphate in the stone is largely determined by 
the prevailing pH of the urine during the time of stone-formation (Fig. 44). 

It follows, from the above argument, that urinary phosphate itself is not an 
important risk factor for calcium stones (ROBERTSON et al. 1978). The urinary 
excretion of phosphate is for the most part determined by the dietary intake of 
phosphorus. Approximately 60% of dietary phosphorus is absorbed and ap
pears in the urine. There is, however, an important relationship between phos
phorus intake and pyrophosphate excretion, as mentioned earlier. The higher 
the intake of phosphorus, the greater is the excretion of pyrophosphate 
(FLEISCH et al. 1964; RUSSELL et al. 1964). 

c) Stone Disease 

r:/..) Idiopathic calcium stone disease 

Idiopathic stone disease accounts for about 80% of all patients with calcium 
stones (NORDIN et al. 1979; COE 1980; PEACOCK and ROBERTSON 1980). It is at 
least two to three times more common in men than women (WILLIAMS 1963, 
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1969). Most patients first present between the ages of 30 and 40 and it is un
common in children and people over the age of 65 (COE 1980). The effect of age 
and sex on stone occurrence is reflected by their effect on the urinary risk fac
tors. Children have a high excretion of GAG inhibitors which prevent stone
formation despite high concentrations of calcium oxalate due to low fluid vol
ume (ROBERTSON et al. 1978, 1980a, 1981 a). In the elderly, calcium excretion 
and, probably, oxalate excretion, are lower than in the young adult (BULUSU 
et al. 1970). Women have lower excretions of both calcium and oxalate than 
men of comparable age (ROBERTSON et al. 1978). The recurrence rate of stones 
between and within individuals is high. Some patients may only have one or 
two episodes of stone throughout their lives whereas others may have that num
ber every year (WILLIAMS 1963, 1969; BLACKLOCK 1969). The mean recurrence 
time is approximately 5 years (WILLIAMS 1963, 1969; BLACKLOCK 1969; COE 
1977). The disease affects both kidneys equally (HARRISON et al. 1945; MATES 
and KRICEK 1955; AHLGEN and LORSTAD 1965) although unilateral involvement 
is more common than bilateral (BLACKLOCK 1969). Several studies have in
dicated that renal stone disease is more common in the siblings and parents of 
stone-formers than is expected from the prevalence of the disease in the general 
population (McGEowN 1960; PRIDGEN et al. 1968; LJUNGHALL 1979). However, 
not all studies have shown this and, furthermore, there is little doubt that en
vironmental factors, such as diet, could account for a major proportion of the 
fa~ilial tendency to stone-formation (WHITE et al. 1969). There are wide geo
graphical and racial variations in the prevalence of urinary stone disease and 
although this could be accounted for by variations in stone-formation other 
than calcium stone, it is probably that these variations reflect different preva
lence rates mainly in calcium stone disease (ANDERSEN 1969, 1973; BLACKLOCK 
1969, 1976; SIERAKOWSKI et al. 1978; ROBERTSON et al. 1979c, 1980a). Calcium 
stone disease is more common in people in the higher social classes, reflecting 
the effect of income and diet on the prevalence rate (WHITE et al. 1969; SUTOR 
1976; ROBERTSON et al. 1979c, 1980a). Several dietary factors have been im
plicated (including calcium, refined carbohydrate, fibre, purine and animal 
protein); of these, a high intake of animal protein (coupled with purine) is 
probably the major factor (COE et al. 1976; ROBERTSON et al. 1979c, 1980a). 

The diagnosis of calcium stone disease is made on stone analysis of a stone 
passed spontaneously or removed surgically (PEACOCK and ROBERTSON 1980). 
Idiopathic calcium stone disease is diagnosed by excluding the other types of 
calcium stone disease which can all be diagnosed on positive criteria. Although 
there are no specific criteria for establishing the diagnosis of idiopathic disease 
it does have, however, a number of biochemical abnormalities. These only oc
cur in a proportion of patients and in the individual may not be consistently 
present. From the studies reported from various centres it is difficult to be sure 
exactly what proportion of the idiopathic population have these abnormalities 
- particularly in the plasma. Some studies include male and female patients to
gether without consideration of the effect of age and sex on normal ranges. A 
further problem in any series of idiopathic stone patients studied is how much 
selection has occurred since many of these patients are referred for further 
study and the exclusion of calcium stone formers with an underlying disease, 
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particularly primary hyperparathyroidism, has not always been meticulous. 
Nevertheless, it is clear that a number of biochemical abnormalities are pres
ent. The urinary excretions of calcium (FLOCKS 1939; HODGKINSON and PYRAH 
1958; ROBERTSON et al. 1968, 1978), oxalate (ROBERTSON et al. 1969, 1978; 
HODGKINSON 1974) and uric acid (COE and KAVAUCH 1974; ROBERTSON et al. 
1978) are increased in about 30% of patients. The glycosaminoglycan inhibitors 
are reduced (ROBERTSON et al. 1978) and urinary pH tends to be high, par
ticularly in those patients with the highest amounts of calcium phosphate in the 
stone (MARSHALL et al. 1972b; ROBERTSON et al. 1978). It has been reported 
that the urinary excretions of magnesium (SUTTON and WATSON 1968; HODG
KINSON 1974, 1978), pyrophosphate (FLEISCH and BISAZ 1962b; BAUMANN et al. 
1977) and citrate (HODGKINSON 1962; WELSHMAN and MCGEOWN 1976; 
SCHWILLE et al. 1979) are also reduced but these have not been universal find
ings (LEWIS et al. 1966; RUSSELL and HODGKINSON 1966; O'BRIEN et al. 1967; 
ROBERTSON et al. 1968, 1971, 1978, 1984; JOHANSSON et al. 1980b; RUDMAN et 
al. 1980). 

A low plasma phosphate concentration with a decreased tubular re
absorption of phosphate occurs in about 30% of patients (ALBRIGHT et al. 1953; 
PEACOCK et al. 1976a, b). Plasma 1,25-dihydroxyvitamin D concentration is in
creased or is in the high-normal range in a proportion of patients (SHEN et al. 
1977; PEACOCK et al. 1981 b). Plasma parathyroid hormone concentration is in 
the normal range (PAK et al. 1974; PEACOCK et al. 1976a, b) although some 
workers have reported an increase in a proportion of their patients (COE et al. 
1973). The significance of these raised plasma parathyroid hormone concentra
tions still remains unclear since only some immunoassays show up this abnor
mality. Apart from these abnormalities, plasma biochemistry, in particular 
plasma calcium, both totel and ionized, is normal. 

In addition to these biochemical abnormalities, hyperabsorption of calcium 
is present in many of these patients, which in general correlates with the raised 
concentration of plasma 1,25(OH)2 vitaminD. A few of these may also have a raised 
fasting urinary calcium and have been defined as having tubular hypercalci
uria. This often occurs in women and there remains some doubt whether these 
patients mayor may not have a mild form of primary hyperparathyroidism. 

It is difficult, at the present time, to bring these various abnormalities into a 
unified hypothesis of cause and effect which leads to a disease resulting in renal 
stones. Two possible explanations are possible. The first is that idiopathic stone 
disease is made up of several conditions which at present are grouped together 
thus explaining the variety and non-uniformity of the biochemical abnormali
ties observed. The second, which is more likely, is that patients with idiopathic 
calcium stone disease have been selected from the normal populati.on to fcrm 
stones by their risk factors (both urinary and metabolic). They tend to lie at the 
extremes of the normal ranges for those variables and it is the overall combi
nation of these (sometimes) small abnormalities which increases their risk of 
stones. 
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P) Primary Hyperparathyroid Stone Disease 

Calcium stone-formation secondary to an underlying disease is most commonly 
due to primary hyperparathyroidism (Fig. 37) which accounts for between 5 
and 10% of the calcium stone-forming population (HELLSTROM and IVEMARK 
1962; McGEowN 1963; WILLIAMS 1969; YENDT 1970; LAVAN et al. 1971; 
BROADUS 1980). Since primary hyperparathyroidism is more common (MUL
LER 1969) and idiopathic calcium stone disease less common (NORDIN et al. 
1979) in women than men, then the chance of a female calcium stone-former 
being a case of hyperparathyroidism is much higher than it is in a male calcium 
stone-former (PEAOOCK 1978). 

The prevalence of primary hyperparathyroidism in the population is be
tween 0.1 and 1 in 1000 (BOONSTRA and JACKSON 1971). In about 30-60% of 
patients, the disorder first presents with renal stone disease (KEATING 1961; PY
RAH et al. 1966; COPE 1966; LLOYD 1968; PURNELL et al. 1971; BROADUS 1980); 
the exact percentage is to a large extent dependent on the population from 
which the primary hyperparathyroid patients are drawn. In centres specially in
terested in renal stone disease, often with an interest in hyperparathyroidism, 
the percentage may be high. In centres where routine plasma calcium is mea
sured in all hospital patients or in biochemical screening programmes of the 
normal population, a large number of primary hyperparathyroid patients pres
ent with hypercalcaemia which is usually completely asymptomatic (TASHIMA 
1970). Once patients with asymptomatic hyperparathyroidism have been 
screened from any population the incidence of the disease decreases since 
asymptomatic hyperparathyroidism can remain so for a considerable time 
without progressing (PURNELL et al. 1971; BROADUS 1980). 

The stone recurrence rate in primary hyperparathyroidism is similar to that 
of idiopathic calcium stone disease and there is a wide variation between and 
within individuals. The age of onset, however, is different from that of idio
pathic stone disease, coming on at a later age (PYRAH et al. 1966). This is large
ly influenced by the number of women who become hyperparathyroid after the 
menopause. 

The composition of the stone passed in patients with primary hy
perparathyroidism tends to have a higher content of phosphate than oxalate 
(HODGKINSON et al. 1969; HODGKINSON and MARSHALL 1975). Indeed some pa
tients may pass almost pure calcium phosphate stones and in this respect are 
similar to patients with renal tubular acidosis. Both kidneys are involved and 
occasionally there is associated nephrocalcinosis. This may take one of two 
forms. In the first, multiple small stones form within the collecting ducts. They 
have a similar appearance radiographically to the deposits in medullary sponge 
kidney. In the second, there is true nephrocalcinosis consisting of calcium salts 
deposited in the cortex and the medulla. These mayor may not be associated 
with urinary stone-formation. 

The urinary abnormalities present in idiopathic stone disease are also pres
ent in hyperparathyroid stone disease (PEAOOCK et al. 1976a; ROBERTSON et al. 
1980a, 1981 a). Hypercalciuria and a high urinary pH are, however, the most 
consistent findings (PEAOOCK et al. 1976a). Plasma calcium is elevated in all pa-
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tients. Normocalcaemic primary hyperparathyroidism has been described but 
this diagnosis is difficult to sustain unless there is concomitant vitamin D de
ficiency or renal failure (both of which tend to reduce the risk of forming 
stones) to account for the normal plasma calcium. Patients with mild forms of 
the disease, however, are common and in these the plasma calcium concentra
tions may move in and out of the high normal range. These patients are dif
ficult to distinguish from patients with idiopathic stone disease and a slightly 
raised parathyroid hormone concentration. Plasma parathyroid hormone con
centration, like plasma calcium, should be elevated in all patients. However, the 
plasma level of parathyroid hormone is dependent on the assay used and some 
assays actually measure plasma parathyroid hormone concentrations in the nor
mal range in a proportion of hyperparathyroid patients particularly in the mil
der forms of the disease. Urinary cyclic AMP is usually raised and may be help
ful, although in the milder forms of the disease there is a large overlap with 
normal values (DREZNER et al. 1976; BABKA et al. 1976; BROADUS et al. 1977). 
Plasma phosphate is reduced due to decreased tubular reabsorption of phos
phate. The tubular reabsorption of calcium is increased. Plasma 1,25(OH)2 vi
tamin D concentrations are elevated or in the high-normal range and correlate 
with hyperabsorption of calcium (KAPLAN et al. 1977). Plasma alkaline phos
phatase and hydroxyproline excretion due to increased bone turnover may be 
elevated but in many patients with stone disease they are both commonly 
within the normal range. This is not the case in patients with hy
perparathyroidism and clinical bone disease. These patients, however, are at 
less risk of forming urinary stones since the bone disease is accelerated by a 
relative malabsorption of calcium due to low plasma 1,25(OH)2 vitamin D 
levels (PEACOCK 1978). 

y) Hyperoxaluric Stone Disease 

In idopathic calcium stone disease, mild hyperoxaluria occurs in a proportion 
of patients, the urinary oxalate excretion lying just above the normal range 
(ROBERTSON and PEACOCK 1980). On the other hand, in hyperoxaluric stone 
disease, the urinary excretion of oxalate is at least three times that of normal 
subjects (SHEPARD et al. 1960; HOCKADAY et al. 1964; HOFMANN et al. 1970). 
There are two main forms of this condition. In hereditary hyperoxaluria, the 
abnormalities lie in oxalate metabolism. It is often also referred to as primary 
or congenital hyperoxaluria. The second form is an acquired condition, 
probably due to increased absorption of oxalate from the gastrointestinal tract 
and generally referred to as enteric hyperoxaluria. 

Other forms of hyperoxaluria occur but are extremely uncommon (SMITH 
1980). Dietary hyperoxaluria is due to an excessive intake of foods high in oxa
late content. It can also be due to a high intake of oxalate precursors such as 
ethylene glycol or ascorbic acid. The former has been taken as a poison and the 
latter for the non-specific treatment of several diseases. Since 40% of endoge
nous oxalate is derived from the ascorbic acid pathway a high ascorbic acid in
take is potentially dangerous. However, it requires a massive increase in ascor-
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bic acid ingestion to increase urinary oxalate appreciably (LAMBDEN and 
CHRYSTOWSKI 1954; SCHMIDT et al. 1981). Zylotal (THOMAS et al. 1976) given as 
an intravenous source of calories, anaesthesia with methoxyflurane (FRASCINO 
et al. 1970), and experimental pyridoxine deficiency (FABER et al. 1963) can in
duce increased excretion of urinary oxalate from endogenous production. Pyri
doxine deficiency itself is unusual in humans and is unlikely ever to be a cause 
of hyperoxaluria. It is interesting, however, that some patients with congenital 
hyperoxaluria reduce their urine oxalate excretion when pyridoxine is given in 
massive doses (GERSHOFF 1964; SMITH and WILLIAMS 1967; GIBBS and WATTS 
1970; WILL and BIJVOET 1979). There is also a recent report of 2 cases of idio
pathic calcium stone disease with hyperoxaluria whose urinary oxalate fell on 
treatment with pyridoxine (HARRISON et al. 1981). Infection with aspergillus 
tends to cause local deposition of calcium oxalate; this is presumably due to 
the ability of this organism to manufacture and excrete high amounts of oxalate 
(NIME and HUTcmNS 1973). 

Hereditary Hyperoxaluria. Hereditary hyperoxaluria Type I (and probably 
Type 2) appear to be inherited as an autosomal recessive character with equal 
frequency in both sexes and there is often a history of consanguinity in the fam
ily (HOCKADAY et al. 1964; WILLIAMS and SMITH 1968b). However, it has been 
suggested that there is some genetic heterogeneity in its inheritance pattern 
(SHEPARD et al. 1960). The two types of hereditary hyperoxaluria may be dif
ferentiated by measuring the urinary excretions of glyoxylic and glyceric acids 
(HODGKINSON 1977; SMITH 1980). 

Hereditary hyperoxaluria is uncommon and usually accounts for less than 
1 % of all calcium stone-formers. The majority of patients develop symptoms 
before the age of five and present with renal colic or haematuria. Some chil
dren may present with renal failure and delayed growth. Patients, however, 
tend to be referred to special Stone Centres and in 1964 over a hundred patients 
from several countries could be reviewed (HOCKADAY et al. 1964). The condi
tion should always be suspected in children presenting with urinary stone dis
ease, particularly if siblings are affected. The diagnosis is established by de
termining the urinary excretion of oxalate which is consistently raised. Plasma 
oxalate is usually high enough to be measured even by the poor methods which 
are at present available. Plasma biochemistry usually also shows the effects of 
renal failure. Indeed, the prognosis is poor because of the early onset of renal 
failure due to a high stone recurrence rate and the deposition of calcium oxa
late in the tissues, particularly the kidney. 

Enteric Hyperoxaluria. This condition is defined by an increased urinary 
oxalate due to altered bowel function and not to an abnormally high intake of 
oxalate, nor, as far as is known, to altered oxalate metabolism. Urinary oxalate 
excretion may be increased from just above the normal range to as high as the 
urinary oxalate excretion found in patients with hereditary hyperoxaluria. The 
association between disease of the bowel and urinary stone-formation was 
clearly recognised (LINDAHL and BARGEN 1941; DEREN et al. 1962; MARATKA 
and NEDBAL 1964; BENNETT and JEPSON 1966; GELZAYD et al. 1968) before it 
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was appreciated that many of these patients had hyperoxaluria (SMITH et al. 
1970; ADMIRAND et al. 1971; DOWLING et al. 1971). Hyperoxaluria occurs in a 
number of bowel diseases, the common factors probably being malabsorption 
and steatorrhoea in the presence of a normally functioning colon. 

Surgical bypass of the small bowel for morbid obesity frequently gives rise 
to hyperoxaluria and calcium oxalate stone disease (DICKSTEIN and FRAME 
1973; O'LEARY et al. 1974). It is also a common sequela of small bowel resection 
usually for inflammatory diseases such as Crohn's disease or small bowel in
farction (GREGORY et al. 1977; BAMBACH et al. 1981). It can also be present, 
although less commonly, in coeliac disease and in the bacterial overgrowth of 
blind-loop syndrome. 

The increase in urinary oxalate is now generally considered to be due to in
creased oxalate absorption from the colon (EARNEST et al. 1974; DOBBINS and 
BINDER 1977). Various hypotheses have been put forward to explain the in
creased absorption of oxalate. Malabsorption of bile acids and their subsequent 
increased concentration in the colon may increase the permeability of the colon 
to oxalate (SMITH and HOFMANN 1974; CHADWICK et al. 1977). The glycine in 
glycocholic aCid could also act as a precursor for bacterial production of oxalate 
which is subsequently absorbed (HOFMANN et al. 1970; DOWLING et al. 1971; 
HOFMANN and POLEY 1972; SMITH and HOFMANN 1974). Another factor which 
may increase the absorption of oxalate is the increased availability of oxalate 
after removal of calcium by fatty acid-binding in the intestine since calcium 
oxalate is not readily absorbed by the bowel (EARNEST et al. 1974). 

Although hyperoxaluria is usually the main urinary risk factor for the for
mation of stones, a decreased urine volume is often an important contributory 
factor (BAMBACH et al. 1981). A reduced urinary citrate excretion, induced by 
acidaemia, may also playa minor role in those patients acidaemic from persis
tent loss of bowel secretions. Hypomagnesaemia may also be present in a num
ber of patients and promote stone formation by a reduction of inhibitory power 
in the urine (SMITH et al. 1979). 

It should be remembered that uric acid stone-formation, particularly in pa
tients with ileostomies, is also a common complication and it cannot be as
sumed that all stones passed by patients with bowel disease are necessarily 
composed of calcium oxalate (CLARKE and McKENZIE 1969; BAMBACH et al. 
1981). The overall occurrence of stone disease in patients with bowel disease is 
between 10 and 30% (BAMBAC~ et al. 1981). 

It is probable, however, that patients with enteric hyperoxaluria would have 
a very high incidence of stone disease if calcium metabolism were normal. In 
patients with bowel disease, urinary excretion of calcium is low because of cal
cium malabsorption and an increased prevalence of vitamin D-deficient os
teomalacia (PEACOCK et al. 1981 a). Severe hypocalciuria is often a striking ab
normality in these patients and despite the high oxalate excretion frequently 
prevents the urine from being oversaturated with calcium oxalate (BAMBACH 
et al. 1981; PEACOCK et al. 1981 a). When these patients are treated with vitamin 
D for osteomalacia, urinary calcium eventually rises and the risk of forming 
calcium oxalate stones is greatly increased (PEACOCK et al. 1981 a). 
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The diagnosis of calcium oxalate stone disease due to enteric hyperoxaluria 
is made on the history of bowel disease or surgery, and the excessive excretion 
of urinary oxalate. Tests for malabsorption are usually performed. The hy
perabsorption of oxalate can be demonstrated by measuring urinary oxalate on 
a high and low oxalate diet or after a standard load of oxalate (CHADWICK et al. 
1973; EARNEST et al. 1974; GREGORY et al. 1977; BARILLA et al. 1978). In some 
patients the history of bowel disease, particularly resection of the bowel, may 
have been carried out in childhood and forgotten; a detailed history is, there
fore, always important. Plasma biochemistry is usually unhelpful apart from 
showing up other biochemical features of malabsorption such as osteomalacia. 

b) Renal Tubular Acidosis Stone Disease 

The formation of calcium phosphate stones in patients with renal tubular aci
dosis is common; indeed, urinary stone is often the presenting feature of the 
condition .. Renal tubular acidosis can occur as a primary condition or secondary 
to renal disease. In the primary form there are no underlying diseases which 
give rise to the tubular defect in acidification and the symptoms, signs and bio
chemical abnormalities are all attributable to a failure of urinary acidification. 
Females are more often affected than males and the disease presents from 
childhood onwards. In childhood, there is a variant of the disease which usually 
affects boys and which, uncommonly, produces urinary stones. This form of the 
disorder regresses with treatment. It is sometimes referred to as 'infantile renal 
tubular acidosis' as opposed to 'adult' but is probably best referred to as 'transi
ent renal tubular acidosis' (HUTH et al. 1960; LIGHTWOOD and BUTLER 1963). In 
the persistent or adult type of primary tubular acidosis the majority of the pa
tients are female and nephrocalcinosis and urinary stone disease affects over 
70% of patients (SELDIN and WILSON 1978). Nephrocalcinosis occurs more fre
quently than urinary stone itself (PYRAH and HODGKINSON 1960) and the renal 
calcification tends to be dense and have a medullary distribution particularly 
affecting the calyces. The radiological findings are similar to those seen in 
nephrocalcinosis due to primary hyperparathyroidism and in medullary sponge 
kidney. In both of these latter disorders further diagnostic difficulties may arise 
since occasionally renal tubular acidosis may occur secondary to both these 
conditions. Calcification of the kidneys, the passage of urinary stones, attacks of 
renal colic and haematuria may be the first presentation of the disease. Urinary 
tract infection is a frequent complication and may be the first indication that 
tubular acidosis and stone disease are present. Some of these patients may pro
duce infected stones rather than calcium stones and may be difficult to dis
tinguish from urinary tract infection with secondary impairment of renal func
tion. In the latter, however, nephrocalcinosis is rare. Electrolyte abnormalities 
particularly hypokalaemia are also common and patients may present with se
vere muscle weakness, chronic acidaemia, anorexia and lethargy. Occasionally 
osteomalacia or rickets may be the presentil).g features. 

Renal tubular acidosis can be due to failure of bicarbonate reabsorption 
(Type 1) or to a failure of achieving a normal pH gradient between blood and 
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urine (Type 2). In the former the response to bicarbonate treatment is slow 
since much of it leaks into the urine whereas in the latter the response is rapid 
and the urine pH is uniformly high irrespective of the degree of systemic aci
dosis. The majority of cases of primary renal tubular acidosis are sporadic with 
a negative family history (PIEL 1957). In some patients, however, there is a clear 
family history suggesting that an autosomal dominant type of inheritance is re
sponsible (SCHREINER et a1. 1953; RANDALL 1967). 

In secondary renal tubular acidosis a number of identifiable diseases is 
present which have in common the ability to cause injury to the renal tubule. 
These include: disproteinaemic disease (MORRIS and FUDENBERG 1967), vita
min D intoxication (FERRIS et a1. 1961), hyperthyroidism (HUTH et a1. 1959), 
metal poisoning with such as cadmium (KAZANTZIS et al. 1963) and mercury 
(MacGREGOR and RAYNER 1964), treatment with out-dated tetracyclines 
(FRIMPTER et a1 1963) or amphotericin B (McCURDY et a1. 1968), Sjogren's syn
drome (TALAL et a1. 1968), Wilson's disease (MORGAN et a1. 1962), Lowe's syn
drome (SCHOEN 1959), galactosaemia (BICKEL and THURSBY-PEKHAM 1954), 
hereditary fructose intolerance (MORRIS 1968), chronic urinary tract infection 
(ALBRIGHT and REIFENSTEIN 1948; COCHRAN et a1. 1968), medullary sponge 
kidney (MORRIS 1969) and primary hyperparathyroidism (FOURMAN et a1. 
1960). These conditions usually give rise to Type 1 tubular acidosis with neph
rocalcinosis being less common than in Type 2 but stone disease is equally com
mon (SELDIN and WILSON 1978). 

Diagnosis is easily established in those patients with acidaemia who have a 
persistently high urinary pH. In the patients without acidaemia the diagnosis 
can be established by measuring the urinary pH after an oral acid load 
(WRONG and DAVIES 1959). In these occult cases where there is a failure to es
tablish a pH-gradient, a bicarbonate infusion to determine the maximum tubu
lar reabsorption capacity is necessary. Either hyper- or hypokalaemia may be 
present although the effects of renal failure may overshadow the biochemical 
picture in some patients. 

In most centres dealing with renal stone disease, renal tubular acidosis is en
countered only occasionally. In some, however, a high percentage of patients 
who appear to be idiopathic calcium stone-formers have been reported to show 
a failure in urinary acidification after a standard acid load (BACKMAN et a1. 
1980). Patients with idopathic calcium stone disease and predominantly cal
cium phosphate stones tend to have a higher 24-hour urine pH (WRONG and 
DAVIES 1959) and calcium phosphate saturation levels in their urine (MAR
SHALL et a1. 1972b). However, no defect in acidification has been found in this 
group (personal observation). 

e) Medullary Sponge Kidney Stone Disease 

Medullary sponge kidney usually accounts for less than 1 % of all stone-formers 
and about 3 to 4% of recurrent stone-formers (MAYALL 1970; LAVAN et a1. 1971; 
BACKMAN et a1. 1981) although in one series a mild form of the disorder (tubu
lar ectasia) is reported in 13% of calcium stone-formers (YENDT et al. 1981). It is 
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diagnosed essentially by radiology (LENARDUZZI 1939; CAcm and RICCI 1949). 
This shows, on intravenous urography, that there are multiple small cysts up to 
about 5 mm in diameter representing dilatations in the collecting ducts (LIND
WALL 1959; LALLI 1969). These may be present in a single pyramid or all may 
be affected. This may lead to enlargement of the papillae. Some cysts appear to 
be unconnected with the urinary excretory system (EKSTROM et al. 1959; HAR
RISON and ROSE 1979). The radiological appearance must be distinguished, 
however, from that of medullary calcinosis due to hyperparathyroidism and 
that of renal tubular acidosis. Tuberculosis of the kidney can also occasionally 
have a similar appearance. 

Histologically, dilated collecting ducts can be found in continuity with the 
tubules and/or the renal pelvis. Spotty calcification may be seen, often bulging 
into the calyces. In the majority of patients, small calcium stones occur within 
the areas of dilatation. Urinary tract infection is a fairly common complication 
(HARRISON and ROSE 1979). Patients usually present with renal colic, passage of 
urinary stones, haematuria or pyelonephritis (HARRISON and ROSE 1979), but 
the prevalence of the disease is uncertain since patients without urinary stone or 
infection may never present for investigation. The disease is thought by some 
(KUIPER 1971), but not others (EKSTROM et al. 1959; MORRIS et al. 1965; BUTLER 
et al. 1973; HARRISON and ROSE 1979) to be familial although the mode of in
heritance is not clear. Renal tubular acidosis of the secondary type is sometimes 
present (MORRIS 1969). 

The prognosis of medullary sponge kidney is good and renal failure is not a 
direct consequence of the disease. This contrasts with medullary cystic disease 
which has a much more serious prognosis. 

It has been reported recently that ectasia of the collecting ducts is common 
in patients with idiopathic calcium stone disease (YENDT et al. 1981). It is un
likely, however, that the changes described by these workers would be accepted 
as constituting medullary sponge kidney by most investigators and histological 
evidence corresponding to these changes has not been produced. 

The formation of urinary stones in this condition is poorly understood but it 
probably represents a local problem related to urine flow and water re
absorption which results in a high concentration of calcium stone-forming salts 
within these cysts. There are no distinguishing biochemical abnormalities 
either in urine or blood to help with the diagnosis which is still primarily based 
on the radiological features seen on intravenous pyelography, although some 
workers have reported a tendency to hypercalciuria (EKSTROM et al. 1959; 
FELTS et al. 1964; STEYN and LOGIE 1964; HARRISON and ROSE 1979; BACKMAN 
et al. 1981). 

cfJ) Uncommon Forms of Calcium Stone-Formation 

Several other diseases are associated with calcium stone formation. In all of 
these there has been no thorough examination of the urinary risk factors in
volved. Usually urinary volume, pH and calcium have been measured but there 
are few data on the excretion of uric acid, inhibitors or oxalate. 
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Cushing's Disease and Steroid Treatment. There is a high prevalence of cal
cium stone disease in patients with Cushing's disease or Cushing's syndrome 
(WANG and ROBBINS 1956; SCHOLZ et al. 1957; Ross et al. 1966). On the other 
hand, steroid treatment, which is considerably more common than Cushing's 
disease, seems to give rise to calcium stone-formation much less often. In part, 
this may be due to the fact that patients treated with steroids are often suffering 
from serious debilitating diseases which by themselves may reduce the urinary 
risk factors responsible for calcium stone-formation. 

In Cushing's disease it is not clear what factors in the urine are responsible 
for stone-formation. Urinary calcium is not excessively high in spite of the fact 
that the patient often develops osteoporosis from negative calcium balance. The 
hypokalaemic alkalosis probably gives rise to a persistently alkaline urine 
which increases the risk of calcium phosphate stone-formation. The origin of 
the stones may be partly explained by the observation that patients with Cush
ing's syndrome often have microscopic renal calcification (SHORTLAND and 
CRANE 1969). 

Immobilization. During immobilization a negative skeletal balance occurs 
and calcium appears in the urine in excessive amounts for a variable period 
(DEITRICK et al. 1948; SMITH et al. 1969). In some patients, the hypercalciuria 
may be quite marked and there is an increased risk of calcium stone (PYRAH 
and FOWWEATHER 1938; PULVERTAFT 1939; SMITH et al. 1969). In many of these 
patients, however, for example in paraplegics and in patients with multiple in
jury, catheterisation of the bladder is frequently necessary. Recurrent urinary 
tract infection is common in such patients and infected stone disease is a com
mon complication (ELLIOT and TODD 1961). The high urinary pH and hy
percalciuria promote calcium phosphate precipitation which may overlay the 
magnesium ammonium phosphate stone (SMITH et al. 1969). Interestingly, the 
incidence of stones in immobilized patients fell markedly after the general in
troduction of antibiotic therapy in the mid-1940s, suggesting that urinary in
fection must have been the major cause of stones in this condition. Neverthe
less, a few idiopathic stone formers do give a history of immobilization prior to 
symptoms of stone disease and it is likely that non-infected quiescent stone-for
mation may have developed during the immobilization period. 

Vitamin D Intoxication. Vitamin D, its hydroxylated metabolites, and syn
thetic analogues given in quantities in excess of requirements, give rise to hy
perabsorption of calcium from the intestine and to increased bone resorption 
(WILKINSON 1976). Hypercalciuria results in the absence of hypercalcaemia 
and the risk of calcium stone-formation is increased (TAYLOR 1972). Neph
rocalcinosis is also a frequent complication of vitamin D excess (ANDERSON 
1976) and frequently leads to renal failure (ANNING et al. 1948). On the other 
hand, in hypoparathyroid patients treated with vitamin D, urinary calcium is 
frequently in the hypercalciuric range yet calcium stone-formation is un
common. 
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Sarcoidosis. Recurrent calcium stone disease, particularly with the pro
duction of small stones which are spontaneously passed in the urine, is present 
in some patients with sarcoidosis (LONGCOPE and FREIMAN 1952; SCHOLZ and 
KEATING 1956; ANDERSON and GRAHAM 1960). The stones found in patients 
with sarcoidosis are usually composed of calcium oxalate with or without an 
admixture of calcium phosphate. Hypercalciuria and mild hypercalcaemia are 
common (HARRELL and FISHER 1939; LE BACQ et al. 1970). Medullary calcino
sis, particularly in the papillae, also occurs and these patients must be dis
tinguished from patients with medullary sponge kidney, vitamin D intoxication 
and primary hyperparathyroidism. In occasional patients sarcoidosis and pri
mary hyperparathyroidism may co-exist and it may be extremely difficult to be 
sure which condition is responsible for the urinary stone disease and the bio
chemical abnormalities. 

Milk-alkali Syndrome. The increased ingestion of milk and alkali, with 
which peptic ulceration used to be treated, occasionally gives rise to calcium 
stone disease (DUFAULT and TOBIAS 1954; SCHOLZ and KEATING 1955; PYRAH 
1979; ORWOLL 1982). The increase in urine calcium andpH are probably the 
main urinary risk factors responsible. Management of patients with peptic ul
ceration, however, has changed such that the milk-alkali regimen is now un
common. There has been a concomitant decrease in the occurrence of calcium 
stone in patients with peptic ulceration. A small number of patients with idio
pathic stone may give a history of high alkali ingestion for dyspepsia. 

d) Stone-Formation 

Calcium oxalate and calcium phosphate are the most insoluble of the stone
forming salts under the ionic conditions present in urine, which probably ac
counts for them being the most common constituents of urinary stones (HODG
KINSON et al. 1969). Most evidence, however, points to calcium oxalate crys
talluria as being the primary cause of this type of stone; the amount of CaP in 
the stone being largely determined by the prevailing pH of urine. The more 
alkaline the urine, the more CaP is present in the stone (Fig. 44). 

The urinary factors leading to calcium stone-formation are more complex 
than those responsible for the other types of stone and appear to be largely de
pendent on the balance between the factors influencing the saturation of urine 
and those affecting the inhibitory activity (Section II.5(b». As mentioned ear
lier, the urinary concentrations of calcium and oxalate along with urinary pH 
primarily determine the saturation of urine with calcium oxalate (CaOx) and 
calcium phosphate (CaP). The true activity product for CaOx (Kcaox), which 
requires about 12 biochemical estimations in every urine sample may be cal
culated from the expression: 

KCaox = {Ca2+} {C2 O;-} 

where {Ca2+} and {C20!-} are the activities of the free ion concentrations of 
calcium and oxalate. That for CaP may be calculated as described in Section 
II.2( c). 
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When the urinary concentrations of these ions are translated into saturation 
levels of calcium oxalate and calcium phosphate, there is a progressive rise in 
the mean saturation values from normals through single stone-formers to re
current stone-formers. In particular, the recurrent groups are frequently ex
posed to the risk of calcium oxalate crystalluria (ROBERTSON 1976b). Thus the 
first prerequisite of stone-formation i.e. that of excessive supersaturation lead
ing to spontaneous crystalluria is satisfied. 

The second important factor in calcium stone-formation is the role played 
by the inhibitor(s) of crystallization. In recent years, it has been shown that 
male, idiopathic calcium oxalate stone-formers, in fact, tend to have reduced 
levels of inhibitory activity in their urine with respect to the crystallization of 
calcium salts in vitro (THOMAS and HOWARD 1959; ROBERTSON and PEACOCK 
1972; ROBERTSON et al. 1976c; BAUMANN et al. 1977; COE et al. 1980), although 
others have failed to confirm these observations (ROSE 1975). In about 50% of 
these patients, the reduction of inhibitory activity can be attributed to a lower 
than normal concentration of the polyanionic inhibitors (mainly gly
cosaminoglycans) mentioned earlier (ROBERTSON et al. 1976a). In the re
mainder, however, the reduction in inhibitory activity is associated with an ap
parently normal concentration of glycosaminoglycans in the urine. In these pa
tients, most of whom have a tendency to hyperuricosuria in addition to their 
high calcium and oxalate excretions, the effective concentration of gly
cosaminoglycans is reduced by adsorption to the surface of colloidal particles of 
urate (ROBERTSON et al. 1976 a). A similar phenomenon has been reported in 
the urines of Dalmatian dogs which excrete large amounts of "uric acid" in 
their urine in the form of colloidal urate. This is stabilised by adsorption of 
high molecular weight polyanions (PORTER 1966). This reduction in "free" gly
cosaminoglycans in the urine of hyperuricosuric calcium oxalate stone-formers 
makes less available to inhibit the growth and aggregation of the load of cal
cium oxalate crystal excreted by these patients and so a reduced level of inhibi
tory activity is measured in their urine (ROBERTSON et al. 1976a). This colloidal 
urate may be looked on as an "anti-inhibitor" of calcium oxalate crystallization 
and may explain the reported association between hyperuricosuria and calcium 
oxalate stone-formation (COE and KAVALIaI 1974). It may also explain the 
mechanism by which allopurinol (a xanthine oxidase inhibitor which reduces 
uric acid excretion) apparently reduces the incidence of calcium oxalate stones 
in hyperuricosuric stone-formers (COE and KAVALIaI 1974). The level of in
hibitory activity towards growth and aggregation appears, therefore, to be de
termined by the balance between the urinary concentration of polyanionic 
macromolecules (mainaly glycosaminoglycans) which increase inhibitory ac
tivity and that of colloidal urate which decreases it (ROBERTSON et al. 1976a; 
PAK et al. 1979). These five urinary risk factors, together with a low urine vol
ume, between them appear to determine the chemical risk of forming calcium
containing stones (ROBERTSON et al. 1978, 1981 a). 

Using the risk factor model of calcium stone-formation discussed earlier 
(Section II.5(b) (15), it is possible to calculate the overall biochemical prob
ability of forming calcium-containing stones from the combination of the six 
urinary risk factors. Figure 45 shows the relative probability of forming stones, 
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Fig. 45. The overall relative probability of forming calcium-containing stones (PSF) in normal 
children and adults and in single and recurrent idiopathic calcium stone-formers 

calculated in this way, in groups of normal subjects and idiopathic calcium 
stone-formers. In the nonnals the PSF values range between 0.0001 and 0.55, the 
lowest values being in children and the highest in men. Th~ PSF values in 
women lie in an intermediate position. It is interesting that the relative magni
tude of the values reflects the pattern of incidence of idiopathic calcium stones 
in these three sections of the population. 

The underlying reasons for this order of overall risk of stones is that men 
have higher excretions of calcium, oxalate and uric acid than women and chil
dren. The latter actually have about the same urinary concentrations of calcium 
oxalate and uric acid as adults but are greatly protected from stones by having 
very high concentrations of protective GAG inhibitors. 

Single stone-formers have PSF values overlapping with normals and re
current stone-formers. Presumably, some of these patients will eventually be
come recurrent stone-formers (since about 50-70% of all first-time stone-for
mers pass another stone in the following 10 years (WILLIAMS 1963)) and some 
will form no further stones during their lifetime. It will be interesting to see 
whether or not the single stone-formers with the highest PSF values join the re
current group and whether or not the patients with the lowest values form no 
more stones. 

Figure 46 shows that the values of PSF in various groups of patients who are 
at risk of forming calcium-containing stones secondary to some identifiable 
genetic or metabolic abnormality. In most of these individuals there is an in
creased risk of stones. The hyperparathyroid group is sub-divided into patients 
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with and without stone disease. Those with stones have significantly higher PSF 

values, mainly due to their hypercalciuria and increased urinary pH, than the 
patients who have not formed stones. In this latter group the lower PSF values 
are also due to a higher excretion of GAG inhibitors. This is possibly derived 
from increased bone resorption since many of this group have bone disease. In 
the patients with renal tubular acidosis (RTA) the main risk factor is the in
crease in urinary pH, although a small number are hypercalciuric as well. In the 
hyperoxaluric group, the high excretion of oxalate is the critical factor. These 
are sub-divided into the patients with the congenital form of the disorder and 
those with so-called enteric hyperoxaluria secondary to small bowel surgery. 

Figure 47 shows that amongst the recurrent stone-formers the severity of the 
disease (as defined by the stone episode rate of each patient) is proportional to 
individual's PSF value (ROBERTSON et al. 1978). Above PSF values of 0.6, the re
lationship rises steeply such that patients with PSF values greater than 0.98 
would be expected to form multiple stones each year. 

Thus the risk factor approach to the study of calcium stone-formation ap
pears to be a useful tool for assessing the relative probability of forming stones 
in the various clinical conditions which predispose towards stone disease. It also 
explains the influence of most of the epidemiological factors said to be of im
portance in increasing the risk of stones such as age, sex, occupation, social 
class, climate, season and, most important of all, dietary and fluid intake, each of 
which has been shown to influence adversely one or more of the six urinary risk 
factors (ROBERTSON et al. 1980a, 1981 a). 

A model of stone-formation based on the risk factor concept is outlined in 
Fig. 48 which is an expansion of the general model in Fig. 17. According to this 
model the first pre-requisite of stones is a period of abnormal crystalluria, usu
ally of calcium oxalate, during which a particle is formed which is large enough 
to become trapped at some narrow portion of the urinary tract. The chemical 
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factors which control the formation of large crystals and aggregates are an ex
cessive supersaturation of urine with calcium salts and a reduced level of in
hibitory activity against the growth and aggregation of large crystals of these 
salts. These are basically determined by urinary volume, pH, calcium, oxalate, 
GAGS and uric acid which are the same six risk factors which may be com
bined, independently of the chemical model, to provide an overall measure of 
the probability of forming stones (PSF). In turn, of course, the urinary risk fac
tors are controlled by a set of pre-urinary factors, including the various 
epidemiological, environmental and clinical conditions discussed above. 

5. Uncommon Stones 

a) Introduction 

There are a number of uncommon forms of urinary stone disease which result 
from some rare metabolic disorder, from the administration of some drug with 
which the patient is being treated for some other condition or from the obses
sive intake of some unusual type of diet. In all these instances, the stone forms 
because of the relative insolubility of some excretory product in the urine, 
whether it derives naturally from the processes of metabolism or iatrogenically 
from drug administration. 

\I.) Xanthine Stones 

An increased urinary excretion of xanthine, because of its limited solubility in 
urine, may lead to the formation of xanthine stones. The great rarity of these 
calculi is shown by the fact that xanthine was found in only 4 out of 10,000 cal
culi analysed by HERRING (1962) in lout of 17,000 calculi analysed by HESSE 
and SCHNEIDER (1976). 

There are two conditions which give rise to an increased excretion of xan
thine. The first of these is a rare hereditary disease of purine metabolism, prob
ably autosomal recessive in character, which is characterised by a deficiency of 
xanthine oxidase activity (DENT and PHILPOT 1954; DICKINSON and SMELLIE 
1959; WATTS et al. 1964). This leads to an increase in plasma and urinary xan
thine and hypoxanthine and a corresponding fall in plasma and urinary uric 
acid (W A TIS 1976). Stone disease usually affects males and can occur in chil
dren and adults (WYNGAARDEN 1978). Not all patients with xanthine stones 
have xanthine oxidase deficiency and there are other conditions which may 
give rise to increased excretion of urinary xanthine, such as treatment with al
lopurinol. Xanthine stone-formation in this situation is rare, however, except in 
patients with very high uric acid production rates such as in the Lesch-Nyhan 
syndrome (GREENE et al. 1969) or in neoplastic disease (BAND et al. 1970). 
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fi) Silica Stones 

Urinary calculi containing silica are not uncommon in grazing animals (KELLER 

1963). In man, however, they are very rare and are found almost exclusively in 
patients who have been taking magnesium trisilicate antacids over a prolonged 
period (LAGERGREN 1962). When acid reacts with a silicate, part of the silica 
so-formed is precipitated as a gel and part remains in solution in the form of a 
colloid. The breakdown products in the digestive tract include various silicic 
acids which are soluble and can therefore be absorbed and excreted in the 
urine. Thus the urinary excretion of silica is higher after administration of mag
nesium trisilicate than before (PAGE et al. 1941). Recurrence is usually prevent
ed by discontinuing the drugs. 

y) 2,8-Dihydroxyadenine Stones 

In a rare inborn error of metabolism there is a defect in the adenine salvage en
zyme, 'adenine phosphoribosyltransferase. This leads to a build up of 2,8-di
hydroxyadenine in the tissues with a subsequent increase in its urinary concen
tration. The stones usually present in childhood and may be easily confused 
with uric acid stones because of their similar chemical reactions (SIMMONDS 

et al. 1976, 1981). 
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Diagnosis of Urinary Calculi 
w. V AHLENSIECK 

I. History 

1. Pain 

Pain as a clinical manifestation of urolithiasis varies considerably from case to 
case, depending on site, size, surface structure and mobility of the stone. A care
ful history of the pain may nevertheless contain valuable diagnostic clues (DE 
VRIES 1961; HAHN et al. 1979; PYRAH 1979; TERHORST 1980; BERGMAN 1981; 
MARBERGER 1983). 

a) Incidence 

Stone patients most commonly present with classical ureteric colic, which either 
may be heralded by dragging discomfort or may come on suddenly. Such case 
have been described as "acute urolithiasis" if mobility or onward passage of 
the calculus give rise to severe pain and/or if superinfection occurs (VAH
LENSIECK 1969, 1970; V AHLENSIECK and BASTIAN 1973; ACKERMANN 1981). 

Such exceptionally severe pain is due to the sudden arrest of a calculus on 
its way through the urinary tract, being caused primarily by local irritation at 
the site of impaction. Appositional crystals on the surface of a fast moving cal
culus are capable of injuring the intima or of cutting so deeply into it as to 
bring the stone to a halt, the pain being according. Sideways impaction of an 
irregularly shaped calculus deforms the ureteric wall to such an extent as to 
give rise to local ischemia, socalled ureteric angina, of which pain is the chief 
symptom. Sudden overfilling of the balloon of a ureteric balloon catheter 
causes similar pain of distension, thus substantiating our concept of pain 
physiology for impacted ureteric calculi (SOEKELAND and MAy 1969). Accord
ing to MELCHIOR (1981), stripping waves arise primarily within the smooth 
muscle and are only modulated by autonomic efferents. Cholinergic pain-, pH
and osmoreceptor fibres in the ureteric wall give rise to axon reflexes. True 
autonomic reflexes involving the ureter are mediated by the sympathetic sys
tem. Epinephrine and norepinephrine act via alpha receptors to exert a chrono
tropic effect on the ureteric pacemaker and to recruit latent local pacemakers in 
the lower ureter by altering their threshold. A corresponding inhibitory nega
tive bathmotropic influence is exerted by beta adrenoreceptors and is more pro
nounced in the proximal than in the distal ureter. Extreme mechanical stimuli 
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to the ureteric wall trigger local smooth muscle spasm with impaction of the 
calculus and ureteric colic. Even if this is not sufficient to cause complete ure
teric occlusion, local edema will soon do so, thus fixing the stone even more 
firmly. Of necessity there will be proximal holdup of urine flow, a constant 
phenomenon according to Boy ARSKI and LABAY (1972), Ross et al. (1972) and 
PETERS (1978). The result is a rise in pressure within the proximal ureter and in 
the pelvicalyceal system, causing pain and tenderness to percussion in the renal 
angle. The pain is thought to be mediated by sympathetic pain fibres arising in 
the pelvicalyceal wall and travelling in the splanchnic nerves on the one hand 
and by local pressure ischemia on the other (RUTISHAUSER 1970; Ross et al. 
1972). 

These reflex pathways and pain mechanisms also explain the frequently ob
served concomitant and subsequent clinical picture of sudden perspiration, rap
id thready pulse, malaise, nausea, vomitting and abdominal distension. It is 
these phenomena which often make it so hard for the patient to give a precise 
history of the site and radiation of his pain. In cases where colic as such rapidly 
subsides, ileus may be the dominant clinical feature and simulate a primarily 
intestinal pathology. 

Children and pregnant women often present with an atypical clinical pic
ture, a fact worth bearing in mind when their histories are taken. 

In the series of UNGER and THIEL (1977) only 27% of children presented 
with ureteric colic, whilst 6.4% had loin pain and 15.5% obscure abdominal 
pain. In MARBERGER'S (1983) study this feature is even more pronounced, with 
only 6% of children having obvious colic and 25% vague abdominal pain. Of his 
pediatric patients with established ureteric calculi 22% had had colic and 38% 
nonspecific abdominal pain. 

In this context it is as well to remember that infants are unable to give a his
tory, and in them the presence of pain can only be deduced from abnormal be
havior patterns such as persistent ·continuous screaming or agitation (VAH
LENSIECK and BASTIAN 1976). 

According to MARBERGER (1983) 33% of adults with renal calculi had typi
cal colic whilst 6% had obscure abdominal pain. For ureteric calculi the figures 
were 87% and 8% respectively. 

Occasionally, a previously silent calculus becomes symptomatic during 
pregnancy, presumably because the ureteric ectasia of pregnancy allows some 
movement. Such an event occurred 12 times (0.65%) in our own group of 1844 
stone patients (GOEDDE and VAHLENSIECK 1965). During a subsequent four 
year period there were 5 (2.3%) pregnant women among 222 patients (BASTIAN 
and VAHLENSIECK 1976). Widely varying figures are given in the lite·rature for 
the incidence of urolithiasis complicating pregnancy. MCVANN (1964) quotes 
0.03%, SOLOMON (1954) 0.04%. One series of 21,439 deliveries (KLEMPERER and 
OPPENHEIMER 1960) contains 10 cases (0.05%) of urinary calculus. Other figures 
are 0.2% (WOJEWSKI and ZAYACZKOWSKI 1971), 0.25% (PAPALOUCAS et al. 
1970), 0.3% (HARRIS and DUNNIHOO 1967), 0.4% (CRABTREE 1942) and 0.8% 
(LATAL 1975). 

During the first trimester urolithiasis is likely to present in the usual fash
ion, whilst an atypical picture is the rule in the second half of pregnancy. 



Diagnosis of Urinary Calculi 337 

b) Intensity and Radiation 

The history may contain diagnostically important details on pain intensity and 
radiation pattern. 

Nephrocalcinosis and fixed intrarenal stones are generally painless and are 
often only discovered during the investigation of an unrelated complaint or fol
lowing abnormal urinalysis. The same is true of calyceal calculi and pel
vicalyceal staghorns so long as they are held immobile and urine is able to flow 
past them unhindered. Under S4ch circumstances stones may remain asympto
matic for extended periods and are then known as "silent" or "latent" calculi. 

Patients with more mobile calyceal or intrapelvic calculi complain of dull 
backache (related to intimal injury) occurring particularly after prolonged 
physical activity and usually subsiding after a period of rest (OBERT et al. 
1972). Patients frequently connect such symptoms with spinal disorders, but 
any pain not definitely localized over the vertebral column or having only an 
inconstant relationship to movement and changes of posture should be suspect
ed of denoting urolithiasis, especially where a previous orthopedic consultation 
has failed to reveal spinal pathology. 

It may be equally difficult to interpret dragging pain in the renal or ureteric 
reference territory, sometimes radiating to the testicles or labia. Not un
commonly such pain is generated by crystals or crystal aggregates ("sand"; 
"gravel") causing intimal damage on their way down the urinary tract. In view 
of the many other possible causes, careful consideration should be given to dif
ferential diagnosis during periods of symptomatic activity. The demonstration 
of red blood cells and/or crystals in the urine may be of key significance, as 
may the presence of sterile pyuria. 

Impaction of a calculus virtually always gives rise to colic. Attacks of pain 
may occur suddenly, but they are frequently preceded by a dull dragging ache, 
reaching a crescendo after 10- 30 minutes and then persisting with waves of 
exacerbation or, alternatively, fading rapidly to disappear altogether (BRET
LAND 1972; PYRAH 1979). 

Pain will localize and radiate quite differently, depending on the exact site 
of impaction. Impaction in the neck of a calyx or in the pelviureteric junction 
will cause severe back or loin pain at the moment of occlusion, followed by a 
continuous dull ache in the same region, denoting obstruction. 

Similar events follow impaction of a stone in the upper ureter, but there is 
usually a complaint of additional pain radiating along the course of the ureter 
to the groin or genitalia. 

Should a calculus come to rest in the lower ureter, especially in its intra
mural segment, there will be urgency and frequency in addition to colic radiat
ing to the genitalia. Such a history of pain continues to occur and remains di
agnostic in early pregnancy. During the last four weeks before term symptoms 
may simulate uterine contractions (GOEDDE and VAHLENSIECK 1965; KREMLING 
1977). Generally, however, the symptomatology of incipient or reactivated 
urolithiasis tends to become so vague during the second half of pregnancy that 
pyelonephritis of pregnancy is often wrongly diagnosed. The clinical picture is 
often compatible with appendicitis, pelvic inflammatory disease, tubal ectopic 
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pregnancy and threatened abortion (RUMMEL and WALCH 1963; V AINBERG and 
GIMPELSON 1973; KREMLING 1977; KUNTZ and SCHUETZ 1982). 

A further typical set of symptoms belongs to calculi that have entered the 
bladder but are prevented from escaping during micturition, e.g. by a vesical 
outflow obstruction. The symptoms are enhanced if further appositional growth 
occurs in the bladder or if the calculus has an irregular surface. The conse
quence is bladder pain, especially during violent movement, and pronounced 
frequency with urgency or even strangury. Pain may radiate into the distal 
urethra or glans. 

Urethral passage of a calculus is accompanied by similar symptoms. Again, 
local impaction may occur, with more marked localization of pain and often re
tention of urine. 

2. Changes in the Urine 

a) Color 

A careful inquiry about changes in urine color often yields valuable diagnostic 
or differential diagnostic information. 

Although sequential urine testing reveals microscopic hematuria in virtually 
every stone patient, more extensive hemorrhage is generally required to darken 
the urine. Not infrequently patients will report dragging discomfort in the loin 
accompanied by passage of abnormally dark urine following vigorous exercise. 
Such a story suggests the temporary dislodgement of a renal pelvic or calyceal 
stone. The epithelium is lacerated and hematuria ensues. 

Patients who report urine fluctuating between dark and pale frequently turn 
out to have a widely varying or generally inadequate fluid intake. The dark col
or of their urine is then merely the result of its high concentration, a conclusion 
further substantiated by the observation that their urine tends to have a pen
etrating odor. 

A correctly taken history should be able to exclude hepatic pathology with 
urinary overspill of bile pigments as the cause of urine discoloration. 

Dark brown urine also raises the possibility of hemoglobinuria or myoglo
binuria, easily recognized in the presence of acute hemolysis or muscle damage. 
A detailed history will distinguish between the rarer forms such as paroxysmal 
nocturnal, cold and march hemoglobinuria. 

The same is true of exogenous urine discoloration simulating hematuria. In
take of beetroot and drugs such as antipyrin, pyrazolones or pyridium should 
be inquired about. 

Patients also occasionally report the settling out of brick red sediment if pre
viously clear urine is allowed to stand after collection. This is a highly signifi
cant observation, since increased uric acid excretion is the cause of this brick 
dust sediment, amorphous uric acid tending to precipitate at pH below 5.5. 

In the presence of colic with micro- or macroscopic hematuria, hemorrhagic 
diatheses and anticoagulant therapy assume special importance. Even though 
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the patient may not have noticed hematuria, microscopic hematuria may suf
fice for the formation of coagula within the pelvicalyceal system. The passage 
of these clots is at times accompanied by colic simulating urolithiasis. 

Long term cytotoxic administration can have similar effects. Firstly there 
may be a prerenal coagulation defect and secondly certain agents have a direct 
toxic action on the urothelium resulting in bleeding within the tract. 

Bright blood in the urine usually results in an immediate presentation but is 
not at all typical of stone disease. Although injury to the bladder neck or ureth
ra by a passing stone may on occasion cause initial hematuria or urethral bleed
ing, even the typical picture of a stone on the move or of a bladder neck cal
culus should not be taken at face value. Such a combination of phenomena al
ways requires careful differential diagnosis to exclude alternative causes such 
as tumor in the bladder or urethra. 

Macroscopic hematuria with passage of clots is quite uncommon as a mani
festation of urolithiasis. In the series of MARBERGER (1983) 27% of children 
with kidney stones and 38% of those with ureteric calculi had macroscopic 
hematuria. Among adults he found macroscopic hematuria in only 12% and 
18% respectively. Such hemorrhage presupposes extensive damage to the wall 
of the urinary tract, as is only possible when a papillary calculus is dislodged or 
as a result of pressure necrosis within the pelvicalyceal system due to a stag
horn. In this situation painless macroscopic hematuria may be the first manifes
tation of a previously silent stone. Painless macroscopic hematuria may there
fore also precede an episode of colic by 1-2 days, although the two events are 
more often simultaneous. In all these cases full investigation is essential since 
stones and tumors may coexist in the same patient. 

b) Volume 

There is rarely a history of a slight decrease in urine volume. Because they 
poorly understand the physiology of fluid retention and excretion, patients will 
occasionally complain of a feeling of not passing enough. As long as there is no 
history of dependent edema one may nevertheless assume adequate fluid ex
cretion. 

On the other hand one must take careful note of factors leading to marked 
dehydration, such as a chronically inadequate fluid intake or inappropriate in
take of diuretics and laxatives. These habits can lead to anuria in their own 
right and independently of any stone problem. 

Socalled reflex anuria is highly controversial and, at the very least, ex
tremely rare. UEBELHOER (1976) suggested it could only occur where reflex ef
fects of longstanding untreated colic cause severe damage to the contralateral 
kidney. 

Bilateral urinary tract obstruction seems rather more likely, for example 
where intrarenal precipitation of uric acid leads to bilateral obstruction at the 
tubular level, as may occur after total starvation, during uricosuric treatment or 
during cytotoxic therapy without adequate fluid intake or urine alkalinization. 
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Acute postrenal effects arise not infrequently from a radioopaque calcific 
stone in one ureter and a simultaneous and easily overlooked radiolucent uric 
acid stone in the other. 

Whenever colic is associated with acute anuria one must consider the possi
bility of ureteric obstruction combined with unilateral nonfunctioning or con
genitally solitary kidney. Conversely the situation is easily explained where 
there is an unequivocal history of previous unilateral nonfunction. 

Anuria is equally unproblematic where there is obvious occlusion of blad
der neck or urethra, so long as the patient is able to give an appropriate typical 
history of pain and micturition symptoms. 

Obstruction due to stone impaction may be complicated by pre-existing or 
iatrogenic infection. In either case suppurative pyelonephritis may result in se
vere toxic damage to the opposite kidney, with consequent oliguria or anuria 
(KARCHER 1959; RENYI-VAMOS et al. 1960; KARCHER and VAHLENSIECK 1964; 
HASCHEKand SCHUMANN 1971; VAHLENSIECK 1973). 

c) Disorders of Micturition 

Renal calculi are only complicated by micturition difficulties where these were 
pre-existing or if infection supervenes. 

On the other hand ureteric stones commonly give rise to dysuria, par
ticularly if they are situated in the lower third. UNGER and THIEL (1977) re
corded dysuria in 4.6% of their children with urolithiasis. MARBERGER (1983) 
has found the same symptom in 5% of children and in 9% of adults with ureteric 
stones. 

Bladder calculi also cause marked frequency and terminal dysuria, often 
with radiation to the distal urethra or glans penis. The classical story is of the 
urinary stream being suddenly interrupted, only to recommence spontaneously 
after sitting down or moving about. 

Sudden cessation of micturition accompanied by intense urethral pain defi
nitely denotes a stone lodging in the urethra. 

3. Fever 

It is relatively rare for stone sufferers to report attacks of high temperature. 
Among our own clinical material about 10% of in-patients give a history of pre
vious treatment for inflammatory conditions of the kidneys and urinary tract. 
Even in cases of acute urolithiasis it is relatively unusual for patients to com
plain of fever and rigors accompanying their pain. On the other hand, 28% of 
our in-patients proved to have a urinary tract infection, the bulk of these no 
doubt contributed by chronic asymptomatic bacteriuria. Should the organisms 
involved be urease-positive there will be an alkaline urine in which true "in
fective calculi" are formed. The latter should be carefully distinguished from 
"infected calculi" which arise primarily under aseptic conditions and which are 
complicated by secondary urinary tract infection. In either case suitable events 
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(hypothermia, flu-like illnesses, urinary obstruction) can trigger an exacerba
tion of pyelonephritis with fever and rigors. Where, however, there is no history 
of previous urologic disease (about 80% of all our stone patients) a history of 
fever, combined with pain suggestive of renal or ureteric colic, merits consider
ation as cholecystitis, pancreatitis, appendicitis, diverticulitis and pelvic in
flammatory disease among other differential diagnoses. Pregnancy may render 
any distinction between the alternatives exquisitely difficult, since this condi
tion in itself makes both pyelonephritis more likely and the clinical picture of 
urolithiasis less typical. 

4. Predisposing Factors 

a) First Attack or Recurrence 

A survey carried out in collaboration with the Institute for Applied Sociology 
(INFAS) in Bonn - Bad Godesberg (FRG) revealed an 0.54% incidence of 
urolithiasis for the FRG (population 60 million) during 1979. This means that 
of every 100,000 persons 540 will have an episode of urolithiasis during the year 
(VAHLENSIECK et al. 1981, 1982). Careful epidemiologic studies are likely to re
veal a similar quote for all the industrialized nations. Thus BENGTSON et al. 
(1980) arrived a yearly incidence of 3.7 per 1000 women in Gothenburg, 
Sweden. 

One significant finding in our own study was the figure of 22% first attacks 
versus 78% recurrences. The recurrence rate is generally of the order of 40 - 45% 
(ETTINGER 1979; V AHLENSIECK et al. 1980; SCHNEIDER and BERG 1981; ZECHNER 
and LATAL 1981), although careful metaphylaxis is able to reduce this below 
10% (YENDT 1970; VAHLENSIECK 1973, 1978, 1982; COE 1977; SCHNEIDER and 
BERG 1981; ZECHNER and LATAL 1981). Poor or ineffective prevention of re
currence may result in figures as high as 70% (LJUNGHALL 1978, 1985). Wher
ever there is a past history of a stone, suggestive symptoms should be assuned 
to be due to recurrence, whatever the intervening period. 

In view of the steadily increasing incidence, however, the absence of a pre
vious history does nothing to make the diagnosis less likely in anyone with ap
propriate symptoms. The age of the patient is of some importance, since 
urolithiasis is relatively uncommon in children and teenagers, who make up on
ly 2 - 3% of all patients. SCHNEIDER and HIENSCH (1979) quote a urolithiasis 
rate of 0.5% for children. In a study of 1000 children (496 girls and 504 boys) 
aged 6-15 REMZI et al. (1979) recorded an incidence 0[0.8% and a prevalence 
of 1 %. Such low figures may be explained by the finding of ROBERTSON et al. 
(1980) that, within a normal population, the lowest probability of stone forma
tion is to be found in children. Yet there can be no doubt that prevalence in
creases with age. 

Analysis of prevalence figures for the FRG in 1979 showed a rise with age 
from 0.37% to 1.4% of the whole sample (n = 10,130). In terms of the number of 
individuals in each age cohort, however, the rise in prevalence was far more 
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mai:ked, increasing from 1.28% to 6.79%. Note that these figures are overall val
ues for men and women and are thus somewhat lower than those given by 
LJUNGHALL et al. (1977), LJUNGHALL (1978) and LJUNGHALL et al. (1981), who 
quote a prevalence of 13.7% for men aged 49 - 50 (n = 2,322) and as much as 
18.1% for men of 60 (n = 331). 

The sex distribution in our study is also in accordance with the literature, 
giving an incidence ratio of 2: I in favor of men. 

The prevalence as percentage total population was more evenly distributed 
at 1.8% men and 2.2% women. In terms of male and female subpopulations the 
prevalence is also approximately equal at 4% of men (183/4620) and 4% of 
women (225/5510) (VAHLENSIECK et al. 1981). A limited epidemiologic study in 
Cumbernauld (SCOTT et al. 1981) also failed to show any difference in the 
prevalence for men and women. These studies may signify a changing trend, 
since urolithiasis would appear to be increasing more in women than in the 
past. The reason must lie in a shift in the way women live. 

There is often a history of more frequent symptoms and of spontaneously 
passed stones or gravel in summertime and in autumn (ELLIOT et al. 1975; 
ROBERTSON et al. 1975). From analytical data on 30,000 calculi HESSE et al. 
(1977) demonstrated a statistically significant increase in the number of uric 
acid stones passed spontaneously during the summer and autumn months. They 
relate this phenomenon to increased uric acid production from a rise in cell 
turnover under the influence of sunlight. The same pattern exists for the ex
cretion of calcium and oxalate, the values being significantly higher between 
May and October than between November and April, correlating with raised 
serum levels of 25-(OH)-D3 (ELOMAA et al. 1981). 

ALKEN (1969) coined the term "summer colic" to describe episodes of pain 
the investigation of which frequently fails to reveal any pathology, thus present
ing a diagnostic challenge. The problem may be one of extremely short periods 
of crystalluria. The calculus may be so small as to pass spontaneously and al
most without delay or a uric acid stone may enter a silent phase, be missed on 
plain radiology and be completely enveloped in contrast on IVU. Unless a urine 
pH around 5.5 coupled to hyperuricemia gives the clue, such patients can only 
be advised to return at the first inkling of further symptoms. There will then at 
least be a chance of microscopic hematuria confirming the diagnosis. 

b) Anatomic Anomalies and Coexisting Disease 

The history of stone formers not uncommonly suggests the involvement of some 
anatomic malformation, of pre-existing renal or urinary tract disease, of en
vironmental factors or of systemic illness acting to impair normal urodynamics 
and thus predisposing to stone formation. 

The commonest cause of dystrophic nephrocalcinosis, i.e. of calcification of 
damaged tubular tissue in the absence of hypercalcemia, is chronic pyeloneph
ritis, more rarely chronic glomerulonephritis or poisoning (ZOLLINGER 1966). 

Our own observations suggest that profound hypotension may also lead to 
tubular degeneration or necrosis with stone formation. In many cases careful 
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questioning will reveal a history of severe hypotension preceding the first stone 
episode, and of a subsequent rise in blood pressure to normal or elevated values 
(V AHLENSIECK 1979, 1982). The initial event must be decreased papillary per
fusion. Tissue degeneration is then followed by calcific incrustation and results 
in a typical papillary calculus, hanging like a stalactite into the calyx. No doubt 
a similar process operates in diabetes mellitus and hypertension, via an 
atherosclerotic pathways in both cases. These latter factors are therefore impor
tant aspects of the history. 

At least equal significance attaches to a history of systemic disease liable to 
result in predisposing change in kidneys or urine composition. Hypercalcemia 
- be it due to increased absorption from the gut (hyperparathyroidism, sar
Coidosis) or to increased bone resorption (hyperparathyroidism, osteoporosis 
with Paget's disease, trauma and spinal injury, Cushing's disease, thyrotoxi
cosis, postmenopausal osteoporosis, myelomatosis and bone secondaries) -
may in turn result in hypercalciuria and metastatic nephrocalcinosis. The same 
situation may arise in the hyperoxalemia and hyperoxaluria of primary oxalos
is. It is as yet unknown whether the tissue lesion is primary or results from an 
excessive renal calcium or oxalate load. In any event, microdeposits of calcium 
oxalate or apatite are formed in specific segments of the tubule, depending on 
the exact etiology. "In a few cases the interstitial space is also calcified and so, 
rarely, is the vasculature. It is extremely uncommon for the glomeruli to contain 
any precipitate." (ZOLLINGER 1966). 

Careful note must also be taken of any history of intestinal disease or of dis
ease affecting intestinal function. Chief among these are chronic constipation, 
recurrent diarrheal illnesses, Crohn's disease, ulcerative colitis, sprue and sac
charose - isomaltose intolerance. Rarer conditions include diabetic en
teropathy, cirrhosis, pancreatitis and radiation enteritis. Such surgical pro
cedures as choledochojejunostomy, ileostomy, extensive small bowel resection" 
jejunoileal bypass or conditions such as the blind loop syndrome may have 
similar effects. Malabsorption of bile acids and fatty acids will, depending on 
degree, result in hyperoxaluria. Water, sodium and potassium malabsorption 
will further so alter urine composition as to increase the risk of uric acid stone 
formation. Bicarbonate malabsorption tends to acidify the urine and decrease 
citrate excretion. Citrate is, however, not the only crystallization inhibitor to be 
excreted in reduced amounts, since reduced protein absorption will also reduce 
the excretion of magnesium and pyrophosphate (ANDERSSON 1979; BICHLER 
et al. 1979; Fuss et al. 1979; SCHOLZ et al. 1979; SMITH et al. 1979; BACKMANN 
et al. 1985; DOBBINS 1985). 

Attempts should be made to detect a family history of urolithiasis in combi
nation with hyperuricemia or gout. According to the 1980 report of the German 
Society for Nutrition, hyperuricemia may be considered to occur in 5-9% of 
the population. The chief cause seems to be overweight due to overeating, a sig
nificant point, since the Society's report also identified overweight in 30- 50% 
of the population. A family history of gout and overweight therefore suggests 
either an inherited defect of renal uric acid excretion in the presence of liberal 
purine intake or a congenital enzyme defect leading to increased uric acid for
mation (ZOELLNER 1980). On the other hand the incidence quoted for neph-
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rolithiasis in the presence of gout varies widely (GOEBEL 1980; HARTUNG 1981). 
Yu (1978) related it unequivocally to the quantity of uric acid excreted, finding 
nephrolithiasis in 24% of patients with a daily excretion of 400 mg and in 49% 
of those excreting 1000-1600 mg uric acid per day. Note, however, that 
patients with gout are prone not only to uric acid but also to calcium oxalate 
calculi. GUTMANN and Yu (1968) found 12% of their gouty stone formers to 
have calcium oxalate stones, the mechanism probably being uric acid blockade 
of inhibitor substances normally preventing calcium oxalate precipitation (Ro
BERTSON et al. 1976) or uric acid functioning as nucleator. 

The possibility must also be kept in mind of secondary hyperuricemia re
sulting from increased uric acid formation. The purine is endogenous, arising 
from raised cell turnover in conditions such as polycythemia rubra vera, myelo
fibrosis with myeloid metaplasia, acute leukemias and chronic myeloid leu
kemia, as well as during remissions of certain anemias, especially pernicious 
anemia and the hemolytic group. A similar situation arises during periods of 
tumor tissue breakdown, usually in the wake of chemotherapy or irradiation 
(ZOELLNER 1980). 

Lack of exercise and bedrest may induce a catabolic state involving urine al
kalinization and, in severe cases, increased skeletal turnover leading to hy
percalci uria. Fuss et al. (1979) found a significant history of bedrest in over 
20% of their patients. 

Inquiry must also be made into the patient's occupation. Fuss et al. (1979) 
found 3.6% of their patients to have an occupational exposure to dehydration, 
usually resulting from extremes of heat and low relative humidity, but not in
frequently involving lack of drinking facilities. 

Patients who take sauna baths may lose considerable amounts of fluid and 
must be asked what steps they take to replace this loss. They should be en
couraged to measure losses on the weighing scales. 

Any previous or current history of anatomical abnormality or of renal and 
urinary tract disease liable to interfere with normal urodynamics should be 
carefully noted. 

Patients are quite often aware that they have a medullary sponge kidney, 
polycystic kidneys, pelvic ectopic kidney or congenital urinary tract stenoses. 
Recurrent urinary tract infection and relapsing prostatitis may suggest vesi
cO ureteric reflux and sub vesical outflow obstruction respectively. 

Functional urodynamic disturbances, such as occur during longterm bed
rest, in neurological conditions and in pregnancy should also be born in mind. 

We have found about 70% of our patients with "idiopathic" stones to have 
often subtile urodynamic abnormalities and consider this to be next to urine 
composition in importance as an influence on the further evolution of primary 
free particles and on the transformation of primary fixed particles into second
ary free particles. Any abnormality of urodynamics will allow particles, es
pecially larger ones, to settle under gravity in areas of stagnation at the bottom 
of the ascending limb, where they will grow in persistently supersaturated 
urine. The same is true of stones retained within renal calyces, in the renal pel
vis or in the ureter, bladder or urethra. 
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c) Drugs 

A careful history must always be taken of medication and self-medication, of 
the drugs involved and of the dosage and duration. Certain preparations are 
urolithogenic in their own right or may perpetuate previous stone disease (DAN
DON and REVEILLAND 1985). 

Analgesic abuse, e.g. with phenacetin, aspirin or aminophenazone 
(amidopyrin) immediately comes to mind. Apart from pure preparations, these 
substances are also common components of proprietary mixtures, often in 
combination with caffeine, codeine or barbiturates. Abuse of this kind is on the 
increase and is therefore a point never to be omitted from the history (MI
CHI ELSEN 1972; HASCHEK and SCHMIDT 1975). 

It is also worth remembering that tablet abuse is seldom restricted to one 
agent. NANRA (1980) noted that patients with analgesic nephropathy frequently 
exhibit poly toxicomania involving analgesics, psychotropic agents, purgatives, 
alcohol and nicotine in varying combinations. 

Analgesic nephropathy is characterised by fibrosis of Bowman's capsule 
with scanty glomeruli, interstitial fibrosis and tubular atrophY with thickening 
of the basement membrane (LABERKE 1982a). Papillary necrosis can be expect
ed to occur in about 25% of these patients (LABERKE 1982 b). Depending on the 
duration of drug abuse, on the extent of papillary necrosis and on the severity 
of other factors operating to promote local calcification, radioopaque papillary 
encrustation and frank papillary calculi will then develop (MURPHY 1968). 
Thus BLACKMAN et al. (1967) found a history of analgesic abuse in 17% of a 
consecutive series of stone sufferers. 

Patients should be asked about vitamin D intake, since overdosage can lead 
to abnormally increased calcium absorption from the gut, with consequent hy
percalciuria. In severe cases calcium may be deposited in the kidneys and cal
culi can then occur (MICHIELSEN et al. 1972; BRONNER et al. 1976; DE LUCA 
1976; SUTTON et al. 1976; PETERLIK 1979). 

Continuous intake of diphenylhydantoin may result in vitamin D deficiency 
with secondary hyperparathyroidism and urolithiasis. 

Long term dihydrotachysterol (ATlO) therapy can lead to hypercalcemia, 
nephrocalcinosis and urolithiasis (MICHIELSEN 1972). 

Any history of long term absorbable alkali (e.g. bicarbonate) intake is im
portant and is common in patients with peptic ulcers. In combination with a 
milk diet such medication may result in the so-called milk alkali syndrome with 
azotemia, hypercalcemia, nephrocalcinosis and urolithiasis (HERMAN and 
GOLDBERG 1960). Urine alkalinization plays a key role in this condition. 

If a patient has been taking calcium preparations a high dosage for pro
longed periods hypercalciuria and urolithiasis may easily ensue. Young people 
in accelerated growth phases are frequently prescribed such preparations "to 
strengthen the skeleton", as are elderly persons with osteoporosis. 

PAS-calcium therapy for tuberculosis holds similar dangers. 
The use of purgatives is another important point in the history. Chronic pur

gation can lead to significant dehydration with increased urine concentration. 
Saturation products for lithogens may be exceeded and crystals precipitated, 
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quite apart from the effects on oxalic acid absorption and hyperoxaluria of 
chronic intestinal mucosal embarassment. 

Controversy surrounds high dose vitamin C intake. COSTELLO (1979) gave 
healthy subjects 8 g pure ascorbic acid daily for ten days and failed to observe 
any increase in oxalate excretion either during or after the conclusion of medi
cation. If 8 g Redoxon were given there was still no effect during medication, 
but increased oxaluria 7 days after stopping it. He explained this effect by the 
concept that Redoxon contains, in addition to pure ascorbic acid, ingredients 
which reduce oxalate clearance. The retained oxalic acid would then be ex
creted once medication had ceased. SCHMIDT et al. (1981) found that healthy in
dividuals taking 10 g ascorbic acid a day excreted between 53.8±9.4 and 
87±9.3 mg oxalate in 24 hours. In 1981 these workers were able to confirm that 
high dose vitamin C intake leads to a moderate elevation of urinary oxalate ex
cretion. After administration of 28.4 mMol ascorbic acid mean oxalate ex
cretion rose to 131 % of the control value (0.32 to 0.42 mMol). If the dose of 
ascorbic acid was increased to 56.8 mMol, oxalate excretion rose by as much as 
176% (from 0.37 to 0.65 mMol). In 1982 SCHMIDT et al. recorded daily oxalate 
outputs of 80 - 100 mg for an ascorbic acid intake of 5 times 1 - 2 g or a single 
dose of 5 g daily. Since ROBERTSON et al. (1981) had already pointed out that a 
slight increase in oxalic acid excretion, i.e. mild hyperoxaluria, would suffice to 
significantly elevate the risk of stone formation, it must be clear that a history 
of recurrent high dose vitamin C intake represents an important diagnostic fac
tor in anyone with typical symptoms (PENDSE et al. 1985). 

The observation by Lux and MAy (1982) that a daily ascorbic acid dose of 
3 - 5 g raises urinary pH to the region of 7.3 is also of some importance for 
the relative risk of stone formation. 

During the course of TUR of the prostate, systemic infusion of glycine solu
tion may occur, resulting in a fall in plasma sodium and osmolarity. This is fol
lowed by substantial hyperoxaluria, taking about two weeks to subside. If urine 
dilution is inadequate during this period stones may form (FITZPATRICK et al. 
1979). 

Whether or not methoxyfluorane anesthesia alone can provoke postopera
tive hyperoxaluria is as yet unanswered (SILVERBERG et al. 1971). Certainly Ku
ZUKU (1970) has reported on a number of patients who developed a postopera
tive rise in BUN and serum creatinine in the wake of a methoxyfluorane anes
thetic. Three of these patients died and at autopsy their renal tubules were 
found to be stuffed full of calcium oxalate crystals. It was, however, stressed in 
the original report that these patients had received pre- and postoperative 
tetracyclines. One cannot therefore say with certainty whether the anesthetic 
was responsible alone or in combination with the latter. 

Uricosuric agents are also of great importance, since they both increase the 
risk of uric acid lithiasis and provide possible heterologous nuclei or block in
hibitors of calcium oxalate stone formation. One should therefore ask patients 
whether or not they have ever been treated in this fashion for gout or hyperuri
cemia, and if so whether additional measures were taken to reduce the risk of 
stone formation by urine dilution and/or neutralization. 



Diagnosis of Urinary Calculi 347 

The history of infants suspected of urolithiasis should be carefully sifted 
through for evidence ofpreviousJurosemide therapy. In a series of premature in
fants treated with furosemide (2 - 4 mg/kg) for the cardiac failure of patent duc
tus arteriosus or of severe chronic lung disease HUFNAGLE et al. (1982) ob
served the onset of renal parenchymal calcification and kidney stone formation, 
starting 12-14 days after the onset of treatment. Kinetic studies showed that 
such infants receiving furosemide excreted 10 - 20 times the amount of calci urn 
excreted by control infants, despite persistently normal serum calcium and 
phosphate levels. Calcification, consisting of small or large flecks, was mainly 
seen in the interstitial areas of the renal papillae, although free collecting sys
tem calculi and staghorn calculi were also noted. The composition of these cal
culi was primarily calcium oxalate or calcium phosphate. 

It is worth mentioning in this connection that 15-17.5% of patients with 
gout have calcific calculi (Yu 1978). Pronounced hypercalciuria during pro
benecid therapy has been demonstrated by WEINBERGER et al. (1982), presum
ably the reason why this uricosuric agent results not only in uric acid lithiasis 
but also in the formation of mixed calculi. 

Parenteral administration of amino acids also lowers serum uric acid levels 
and consequently causes hyperuricosuria (ZOELLNER 1980). 

Estrogens are also not without effect on serum uric acid and urinary uric 
acid excretion. These parameters have lower values in women of childbearing 
age than in men, and this has been regarded as explaining the lower incidence 
or urolithiasis among these women. Contraceptive hormones unequivocally re
duce urinary calcium and phosphate excretion, an effect also seen during the 
treatment of postmenopausal osteoporosis with estrones or combined estrogen/ 
progesterone preparations (TSCHOEPE et al. 1982). Men being treated with es
trogens for prostatic carcinoma also exhibit both a corresponding fall in serum 
uric acid and a rise in its urinary excretion. 

Since uric acid is more likely to precipitate the lower the urine pH, patients 
must be asked about preparations likely to acidify the urine. Chief among these 
are "Acidol-Pepsin", ammonium chloride, mixtures containing it such as "Ex
tin" and lastly methionine. 

Xanthine stone formation has occasionally been reported in hyperuricosuric 
patients receiving allopurinol therapy. Nevertheless, allopurinol has not 
emerged as likely to bring this about, except in patients with complete congeni
tal hypoxanthine guanine phosphoribosyltransferase deficiency (LESCH-NYHAN 
syndrome) or with abnormal bone marrow turnover (lymphosarcome, Burkitt's 
lymphoma). 

Patients with a history of gastrointestinal disease should be asked about sili
cate ingestion. Substances such as magnesium trisilicate are quite capable of 
causing stones (JOEKES et al. 1973; CIFUENTES DELATTE et al. 1978; MEDINA 
et al. 1978, 1981; BERG et al. 1983). 

Poorly soluble sulfonamides are nowadays hardly ever used, so that acute 
renal failure due to intrarenal obstruction by sulfonamide crystals at low pH 
virtually never occurs. 

Hypertensives may have been taking triamterene. ETTINGER et al. (1981) 
noted elderly patients to be particularly susceptible to the lithogenic effects of 
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this drug, developing urolithiasis after only a few months exposure. One third 
of the calculi involved were of pure or almost pure triamterene. If the drug acts 
as a stone promoter is an open question (SOERGEL et al. 1985). 

Finally, the importance of anticoagulants and cytotoxic agents should not be 
overlooked. Urinary tract bleeding may lead to clot colic simulating the clinical 
picture of urolithiasis. 

d) Individual Dietary History 

According to SCHOLZ et al. (1981) and FELLSTROEM et al. (1985) there is 
nothing in the dietary protein, fat or carbohydrate intake of stone sufferers to 
distinguish them from healthy sUbjects. One can only conclude that a normal 
dietary load is sufficient to activate a genetic predisposition resulting in 
lithogenesis or that the coincidence of a whole series of etiologic factors is 
required to initiate stone disease. 

For this reason the dietary history of each individual patient assumes a 
special importance. Idiosyncrasies of individual diet and fluid intake must be 
assessed in the light of their possible involvement in stone formation. 

Dietary documentation would be most accurately achieved by weighing in 
and recording all liquids and foodstuffs before they are consumed. Such a la
borious approach may indeed be justified in patients with stubbornly recurrent 
disease, but in routine cases a careful interviewer of a cooperative patient will 
arrive at adequate results (WIRTHS 1974) and uncover valuable diagnostic data 
for future treatment and recurrence prevention. 

One common finding is that first episodes are frequently preceded by 
periods of inadequate fluid intake. Fuss et al. (1979) report that 35% of their 
stone patients had been taking less than one liter a day prior to developing 
stones. Our own data on 23 healthy subjects is that twelve women had a daily 
intake of993±323 ml and that the 11 men took 1665±665 ml (STRENGE 1982). 

Both male and female stone formers had a higher fluid intake than did 
healthy controls, a phenomenon perhaps explained by prior medical advice 
aimed at preventing recurrence. As the data from the control subjects show, low 
fluid intake must be a frequent cause of stone formation. 

What fluids people drink may also have a powerful effect on urine pH and 
on urinary lithogen excretion: 

Regular intake of mineral water may either acidify or alkalinize the urine, 
depending on the brand of water. The same question arises in connection with 
citrus fruit (orange, lemon and grapefruit) or their juices. They all alkalinize 
the urine and, according to the German Society for Nutrition (1980), their con
sumption has risen sharply. Blackcurrants or blackcurrant juice are urine acidi
fiers (V AHLENSIECK 1979). 

In our study of the dietary history of 72 stone formers we paid particularly 
careful attention to the nature and daily volume of fluid intake. 

76% of our patients stated they drank coffee every day and 21 % were daily 
tea drinkers. Geographical variations in dietary habits may be important here, 
e.g. a high tea intake in the UK (ZAREMBSKI and HODGKINSON 1962). Accord
ing to our Institute of Economic Research (ifo) the average intakes of coffee 
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and black tea in the FRG in 1981 were 198 litre and 50 litre respectively per 
head of the population. In almost every case one has therefore to consider 
whether such a tea or coffee intake could sufficiently raise the basic metabolic 
rate as to increase uric acid production and excretion. The further question of 
increased oxaluria arises in the case of tea. 

On the other hand, urinary excretion is influenced by the amount of daily 
tea and coffee intake. 71 % of our coffee drinkers took a maximum of 700 ml per 
day and we do not consider 4 cups of coffee a day to constitute a signiticant 
risk. The situation is, however, different for those subjects whose coffee intake 
ranged from 750 to over 1000 ml a day (29%). They may well carry an increased 
risk of stone formation. 

A similar situation appertains to the 21 % of our group who were regular tea 
drinkers. 47% of this subgroup drank up to 300 ml, 27% up to 750 ml and 26% 
drank 900 ml or more. Certainly for this latter group tea drinking should be 
looked at quite carefully as a potential risk factor, in terms both of oxaluria and 
of hyperuricosuria. 

Alcohol consumption also warrants special consideration, since de novo syn
thesis of purines will result in increased uric acid excretion. 

In Germany alcohol consumption has risen steadily from 3.27 litre per head 
of the population in 1950 to 12.67 litre in 1980 (German Society for nutrition 
1980; ZIEGLER 1981). In this sense alcohol could nowadays be considered the 
principal drug of addiction. 

Any dietary history must take account of inherent reluctance on the part of 
patients to admit to the true quantity of alcohol they consume. 38 (52.8%) of 
our 72 calcium oxalate stone formers drank alcohol every day. According to In
stitute for Economic Research (ifo) the average German citizen drank 147 litre 
of beer in 1981. 

Of our 31 daily beer drinkers (43% of stone formers) 55% drank up to 
700 ml, 29% exactly 1000 ml and the remainder (16%) 1000 - 2000 ml a day. 

High alcohol intake leads to increased lactatemia, which in turn reduces 
renal uric acid elimination and hyperuricemia. There then follows secondary 
hyperuricosuria. 

In fact the increase in alcohol consumption we have seen in Germany cor
relates better with the rising incidence and prevalence of urolithiasis than do, 
for example, increases in animal protein or calcium intake (VAHLENSIECK 
1982). 

The work both of ZECHNER (1981) and of ZECHNER and SCHEIBER (1981) 
show that rising alcohol consumption correlates both with increasing urinary 
uric acid levels and with the frequency with which stones contain uric acid. In 
addition, raised urinary uric acid levels may result both in heterogenous nu
cleation and in blockade of calcium oxalate precipitation inhibitors (ROBERT
SON et al. 1976). 

According to a report by the German Society for Nutrition, daily calcium 
intake in the FRG lies between 1000 and 1200 mg, as against a physiologic 
range of 700 - 800 mg. In a subject with such a high calcium intake the ad
ditional daily consumption of 1 - 2 litre of high calcium mineral water would 
certainly present a risk of causing hypercalciuria or of exacerbating it where al-
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ready present. On the other hand the hardness of drinking water does not con
stitute a significant factor in the incidence of urolithiasis (SIERAKOWSKI et al. 
1979; CHURCHILL et al. 1981; SCHUSTER et al. 1982; ILIEVSKI and ILIEVSKA 1985; 
VAHLENSIECK 1985). According to the Institute of Economic Research (ifo) per 
capita consumption of mineral waters in the FRG was 43 liters during the same 
period. 

61% of stone patients in our study stated that they drank mineral water ev
ery day. Of this group 45% gave a daily intake of up to 400 ml, 39% of up to 
700 ml and the remainder (16%) drank 1000-1400 ml. In any given case, how
ever, the calcium content of the water concerned must be taken into account. 
We surveyed 100 different brands of water and found calcium levels varying 
from 5 to 900 mg/1. In the data of Fuss et al. (1979) 24% of patients were drink
ing waters with a calcium concentration in the range 100- 500 mg/l. 

Attention should also be focused on the daily consumption of dairy produce, 
since the quantity of calcium involved may be of major significance for the 
stone former. According to the German Society for Nutrition (DGE 1980) 41% 
of dietary calcium is of dairy origin. Data from the Institute for Economic Re
search (ifo) gives a per capita milk intake of93 liters for the FRG in 1981. 

Many of our patients had already heard about the hazards of milk as a 
source of calcium. This would explain why only 19% of stone formers drank 
milk every day. 54% of this minority drank not more than 200 ml and 46% 
drank 300- 500 ml daily. There has been a steady decline in milk consumption 
but a simultaneous rise in cheese sales. In 63 of our stone patients dairy prod
ucts alone accounted for a daily calcium intake of 551 ±336 mg for the 25 
women and 402±331 mg for the 38 men (STRENGE 1982). In the light of the 
recommendations already mentioned for total daily calcium -intake, it would 
seem that some stone patients are satisfying their total daily calcium needs from 
dairy sources alone. Any further dietary calcium wo.uld therefore represent an 
overload and could lead to hypercalciuria, a particular concern where milk or 
other dairy foods are consumed at intervals throughout the day (KALES and 
PHANG 1971). ZECHNER et al. (1981) have indeed noted a greater recurrence 
rate among patients with a marked preference for dairy produce. 

Patients must be specifically asked about excessive indulgence in purine rich 
foods such as fish and meat, including offal. In 1980 the German Society for 
Nutrition noted a slight shortfall of protein intake among young people against 
the recommended level of 0.9 g/kg body weight. By contrast the recommen
dations were widely exceeded in all adults, both men and women, and 60% of 
the protein was of animal origin. 

Excess dietary protein results in increased intestinal calcium absorption and 
hypercalciuria, with a rise in urinary oxalic acid and uric acid excretion (AN
DERSEN 1973; COE et al. 1976; ROBERTSON et al. 1976; ZOELLNER 1976; KIM and 
LINKSWEILER 1979; ROBERTSON et al. 1979, 1981; SIMMONDS et al. 1981; FELL
STROEM et al. 1982; ARORA et al. 1985; LEMANN 1985; ROBERTSON 1985). 

Under steady state conditions the ingestion of 150 g liver leads to an in
crease in uric acid excretion within 2 hours. The subsequent 24 h urinary uric 
acid of 3.67±0.97 mMol is 31% above the control level (2.8±0.77 mMol). 24 
ho~rs later the level was still elevated at 3.36 ± 0.69 mMol. On the test day cal-
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cium excretion remained at the control value of 4.38±2.26 mMol, but rose the 
day after the liver load to 5.12±2.29 mMol. Oxalate excretion was unchanged 
(HESSE et al. 1982). 

GROEBNER and ZOELLNER (1977) have demonstrated that foodstuffs con
taining predominantly ribonucleic acid raise serum and urinary uric acid levels 
more markedly than do those mainly containing desoxyribonucleic acid. In ad
dition, we must consider not only the purine content of food per unit weight but 
also the content per unit energy value. Protein should not exceed 12-15% total 
calory intake, since an increase in dietary protein will also stimulate purine syn
thesis. 

The observation of DANIELSON et al. (1982) may be important in relation to 
possible mechanism of nucleation. These workers noted that patients on a high 
protein diet (142 g12000 Kcal) all increased their urinary titratable acid, am
monium ion and net acid levels, presumably as a result of the acid group con
tent in protein, with urinary pH consequently falling to low values. Standard bi
carbonate was also noted to be low, although within the normal range on all oc
casions. The acid load was again thought to be the cause of this effect. In
creased acidity lowers urinary calcium complexing power. Furthermore, one 
must not lose sight of the effect on uric acid nucleation of the observed pH of 
5.2 combined with the increased uric acid intake implicit in a high protein diet. 

A history of vegetarianism is extremely important. In a nationwide survey of 
UK vegetarians ROBERTSON et al. (1979, 1981) found an incidence of urolithia
sis only 40 - 60% of that predicted for an age/sex/social class matched group in 
the population at large. Similarly, the recurrence rate was reduced to 60-70% 
of that in a matched non vegetarian group over the same follow-up period. 

Any preference for oxalate rich foods should be recorded. We asked all our 
patients about their consumption of such material as chocolate, rhubarb and 
spinach. It emerged that most people include varying amounts of these food
stuffs in their diets, without there being any clear cut pattern to distinguish the 
habits of stone formers from those of normal persons (HESSE et al. 1970; 
STRENGE 1982; VAHLENSIECK et al. 1982; SINGH et al. 1985). 

By using standardised diets under steady state conditions we were able to 
demonstrate that a meal of 200 g spinach markedly raised oxalic acid excretion 
and will thus increase the risk of stone formation. 52% of our patients ate nor
mal quantities of spinach 1 to 4 times weekly throughout the year. Under the 
same conditions a meal of 200 g rhubarb also markedly raised urinary oxalate 
excretion. 37% of our patients had rhubarb every week during the season, the 
portions often being over 200 g. 

170 g of chocolate with a high cocoa content moderately increased oxalate 
excretion under our test conditions. 42% of our patients gave a history of oc
casional chocolate consumption in the 25-100 g/day range, whereas 43% rarely 
consumed even small amounts. 15% said they ate none. 

Carbohydrate intake is also important. As long ago as 1965 HODGKINSON 
and HEATON demonstrated that oral carbohydrate could increase renal calcium 
excretion. BARILLA et al. (1978) observed increased urinary calcium levels in 
patients with renal hypercalciuria following a glucose load. BLACKLOCK (1976) 
suggested that the increased incidence of urolithiasis seen in recent years might 
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be due to a trend towards the consumption of increasingly refined carbo
hydrate. ROBERTSON et al. (1978) and ROBERTSON (1985) have, however, 
pointed out that no definite relationship can be established between sugar 
intake and incidence of stones within various socioeconomic groups. It was 
THOM et al. (1981) who finally demonstrated a carbohydrate load to raise the 
urinary calcium concentration, although a concomitant rise in oxalate 
concentration did not reach statistical significance. The work of JOOST et al. 
(1982) has shown us that glucose increases proximal tubular reabsorption of 
sodium in exchange for calcium. 

It is worth remembering in this context that the acute administration of 
large quantities of fructose will lead to temporary uric acid overproduction. 
Similar effects have been claimed for sorbitol, xylitol and ethanol (ZOELLNER 
1976). 

Dietary salt is a subject of considerable importance. SCHMIDT-GAYK et al. 
(1977) have pointed out that increase salt intake will tend to swell the ex
tracellular space, which will in turn reduce the tubular reabsorption of a variety 
of substances, including phosphate. It had already been noted (HENNEMANN 
et al. 1958) that many patients with absorptive hypercalciuria and calcium 
lithiasis have low serum phosphate levels. Then, in 1976, DOMINGUEZ et al. 
showed that a fall in serum and tissue phosphate levels leads to increased syn
thesis of (OH)2-D from 25-(OH)-D. The consequence is increased intestinal 
absorption of calcium and absorptive hypercalciuria. RAo et al. (1985) 
demonstrated that urinary calcium can be reduced by dietary salt restriction, 
particularly in patients with concomitant hypernatriuria. 

Finally, patients should be asked about periods of fasting. Although abso
lute starvation causes hyperuricemia there is also a fall in urinary uric acid ex
cretion. When the fast is broken the hyperuricosuria of refeeding ensues 
(KRIZEK and SADILEK 1982). 

n. Examination 

1. Physical Examination 

When a patient presents with colic, or if one is called to the bedside during an 
attack, careful observation of the patient and of his behaviour may provide 
valuable diagnostic information. Obvious overweight will of itself suggest 
urolithiasis, and one should consider both pure uric acid lithiasis and the in
duction of calcium oxalate stones by increased uric acid excretion. The German 
Society for Nutrition has presented evidence that 35% of persons in the FRO 
over the age of 14 may be expected to be substantially overweight. Conversely 
the spectacle of an underweight patient with reduced skin turgor should call the 
possibility of dehydration and concentrated urine to mind, with their inherent 
risk of crystal precipitation. 

During an episode of colic patients are usually pale and often cold and 
sweating or clammy, have shallow respirations and exhibit considerable rest
lessness. Not infrequently the patient will adopt a posture favoring the affected 
side, or he may prefer to keep his legs drawn up. 
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Nausea, vomitting and abdominal distension should increase the clinical 
suspicion of urinary colic, most particularly if the patient or his relatives claim 
the symptoms to be of sudden onset or if there is a past history of urolithiasis. 
On the other hand, a long drawn out history of vague intermittent or continuous 
backache or of dragging pain radiating from the loin to the abdominal wall 
may be equally suggestive of urolithiasis. Occasionally elevation of the ipsilat
eral testis or some other change in the scrotal contents may be a feature of low 
ureteric calculi. Exacerbation of pain on getting up from the supine position 
and exquisite percussion tenderness of the renal bed virtually confirms the di
agnosis, unless marked pyrexia points to pyelonephritis. Palpation and gentle 
percussion of the renal bed will generally suffice to clarify which side is affect
ed, - patients who have been in severe pain for some time are not always able 
to provide this information themselves. 

In any such situation the next step must be to administer a spasmolytic anal
gesic intravenously in a dosage adequate on the one hand to control the colic 
and small enough on the other to leave the patient cooperative and responsive 
to the examiner. Opiates should only be used in exceptional cases; compli
cations such as respiratory depression, exacerbation of ileus or retention of 
urine may otherwise occur. The induction of drug dependence is also a hazard 
to be taken seriously wherever repeated analgesia is called for - not in
frequently the case in attacks of ureteric colic. For recurrent colic spasmolytic 
analgesia should be provided throughout the period of diagnosis and be con
tinued thereafter wherever the stone is thought capable of passing spon
taneously. 

Proper pain control greatly facilitates abdominal examination. Auscultation 
may reveal a silent abdomen if the colic has led to ileus, whereas in mechanical 
intestinal obstruction at least a few tinkling bowel sounds will continue to be 
heard despite analgesia. The rigid abdomen of urinary colic is relaxed by 
analgesics; in intestinal obstruction distended loops of intestine will remain pal
pable. 

Acute urinary obstruction by a stone nearly always gives rise, at least early 
on, to unequivocal percussion tenderness in the loin and tenderness on palpa
tion of the kidney. The same will be true where a renal stone is complicated by 
pyelonephritis on in perinephric abscess. 

If the pain is right sided it will be important to exclude biliary colic. Pa
tients with the latter usually complain of right upper quadrant pain radiating to 
the scapular region. They will often give a history of several previous similar 
episodes, perhaps in relation to certain types of food. Careful palpation from 
the lower abdomen up towards the costal margin during deep in- and expi
ration is also more likely to give a positive Murphy's sign than it is in pain of 
renal origin. 

Acute appendicitis tends to present with the typical history of epigastric 
pain shifting to the right iliac fossa and simultaneously increasing in severity, a 
pattern rarely seen in urinary colic. Percussion tenderness of the right renal bed 
only occurs with the relatively rare high retrocaecal appendix, and the Psoas 
irritation sign, elicited by extending the flexed hip or hyperextending it from 
the neutral, is usually strongly positive. This sign may also be the positive in 
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impacted ureteric calculi with surrounding inflammation. Localized tenderness 
over McBurney's point, rebound tenderness and a positive Rovsing's sign all 
point to appendicitis rather than ureteric colic. Acute inflammation of a long 
appendix hanging down into the pelvis may give rise to pain when the pouch of 
Douglas is palpated rectally. Although this is rarely so in cases of ureteric cal
culi, it is just possible where a low-lying ureteric calculus has provoked a 
marked peritoneal reaction. Such low calculi are more easily assessed per vagi
nam in women, as rectally in men. Pelvic examination should be carried out 
with the patient supine, the hips fully flexed. Even so, the length of the 
examining finger, obesity and strong musculature will limit the scope of 
examination. 

A marked difference between axillary and rectal temperature, combined 
with leucocytosis, is strongly in favor of appendicitis. 

An inflamed Meckel's diverticulum, oophoritis, torsion of an ovarian cyst 
and ruptured tubal ectopic are also causes of severe abdominal pain. Past his
tory, the exact localization of pain, symptoms of an acute abdomen, rebound 
tenderness, bimanual findings, presence or absence of pyrexia, leucocytosis and 
normal urine generally allow early exclusion of urinary colic on clinical 
grounds. 

2. Blood Pressure 

The blood pressure must always be taken. 53% of our cases with upper tract cal
culi had concomitant hypertension. In many cases, no doubt, there is hyperten
sion pre-existing the episode of urolithiasis, a fact of which the patient may 
have been blissfully unaware. Nevertheless, impaction of a calculus with uri
nary obstruction may acutely raise the blood pressure. This concept is born out 
be our observation that in 26 out of 66 (approx 40%) patients with a ureteric 
calculus and hypertension, the latter resolved as soon as the stone was removed 
(V AHLENSIECK 1971). Established or previous hypertension will require investi
gation in its own right and quite apart from the issue of the calculus. 

m. Imaging Studies 

1. Ultrasound 

Although technical details are not to be discussed, it must be said at this point 
that ultrasound examination has nowadays become the first line of investi
gation, often avoiding more invasive, expensive and labor-intensive techniques 
(BARNET and MORLEY 1972; KRATCHOWIL 1977; POLLACK et al. 1978; BACH 
1979; BRENNAN et al. 1980; BARTELS 1981; COGGS 1981; GRIMS and HOCURSCAK 
1982; HOFFMAN et al. 1982; UTIKALOVA et al. 1982; GOETZ 1983; SCHNEEKLOTH 
et al.1983). This is true of a whole variety of aspects of urolithiasis and its in
vestigation. Both radiolucent and radioopaque stones give rise to brilliant 
echoes with a typical shadow zone (HOLMES 1974; BARTELS 1981; BRAUN et al. 
1981). Problems arise chiefly in connection with size and site of the calculus 
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and in terms of instrument sensitivity. GLAZER et al. (1982) have presented 
some interesting cases of medullary nephrocalcinosis overlooked on the ab
dominal plain film but clearly seen on sonography. 

On the other hand it is frequently difficult to detect calculi less than 8 mm 
in diameter, so that ureteric stones may not be demonstrated (BARNET and 
MORLEY 1972; KUNIT and SCHMOLLER 1977; BARTELS 1981). 

Ultrasound may be of particular value where a plain KUB film has failed to 
confirm a calculus and the patients is allergic to contrast media. It is also able to 
determine whether a pelvicalyceal calculus lies in a dorsal or a ventral calyx. 
Finally, ultrasound offers rapid and accurate information on the presence of 
upper tract obstruction and the degree of ectasia. 

The development of portable equipment has made examination in
dependent of a fixed facility. The technique is easily tolerated by patients and 
the absence of radiation makes it especially suitable for use in children and 
during pregnancy. When investigating pregnant women it is well to bear the 
physiologic ectasia of the urinary tract in mind, although this situation is nor
mally easy to distinguish from marked obstruction due to a stone, particularly 
where there are typical symptoms of colic and an abnormal urine to support the 
diagnosis (BARTELS 1981; BICHLER et al. 1982; KUNTZ and SCHUETZ 1982). If 
the obstruction is of extreme degree and is unrelieved by spasmolytic analges
ics, the lumen of the obstructed system can be catheterised percutaneously un
der ultrasound control as a temporary diversion (HUTSCHENREITER et al. 1979; 
VELANAVARRET 1982; STADIE et al. 1982). 

Ultrasound offers the additional capability to distinguish an obstructed sys
tem from renal cysts and mixed tumors. 

The technique is particularly successful at distinguishing between primary 
uric acid calculi, blood clots and urothelial tumors, a feat virtually impossible 
on routine radiology (KUNIT and SCHMOLLER 1977; MULHOLLAND et al. 1979; 
MARBERGER 1983). 

Sonography provides a simple, noninvasive technique for following a cal
culus on its way down the urinary tract and for confirming the resolution of ob
struction when stones have passed spontaneously or were removed by endo
scopy or open surgery. 

Finally ultrasound has greatly contributed to the location of intrarenal cal
culi at surgery (ROSENBERG et al. 1971). The technique is convenient in the 
operating room, employing compact equipment to detect and accurately loca
lize calculi of only 2-3 mm diameter. Alone, or in combination with special 
radiology, sonography thus helps to a far greater degree than would be possible 
by direct inspection or by radiology alone to reduce the hazard of leaving re
sidual calculi in situ at the end of operation (SCHLEGEL et al. 1961; ANDALORD 
et al. 1976; COOK and LYTTON 1977; EDELL and ZEGEL 1978; LYTTON and COOK 
1979; MARSHALL et al. 1981; SIGEL et al. 1982; THUERHOFF et al. 1982). 

2. Radiology 
Although ultrasound has to some extent taken over as primary confirmation 
that a stone is present and may even allow first therapeutic measures to be initi-
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ated, further radiologic investigations are usually indispensible for gathering 
more precise diagnostic information (DE VRIES 1961; FLOCKS et al. 1962; DEU
TIKE 1965; EMMET and WITTEN 1971; BRETLAND 1972; OLSSON 1973; LOEHR 
et al. 1976; ANDERSSON 1977; PYRAH 1979; VAHLENSIECK 1979; WICKHAM 1979; 
TERHORST 1980; MONTAGUE and STYRAFFON 1981; SMITH 1981; MARBERGER 
1983). 

a) Abdominal Plain Film 

All radiology should start with a plain film showing the entire abdominal cavity 
and pelvis. If such a control film is omitted a certain number of staghorn calculi 
will be seen on subsequent studies as area of contrast, whilst small calculi may 
be completely masked by contrast. 

After episodes of colic, large areas of superimposed intestinal gas may ren
der the position, contour and size of the renal shadows difficult to assess and 
make the detection of small calculi in the kidneys and upper tract virtually im
possible. Tomography then comes into its own. Alternatively one may opt to 
wait until the administration of either a gas absorbing agent or a purgative has 
cleared the intestine of gas and feces and the abdomen is largely dull to per
cussion. The intestine of young children virtually always contains gas, but if the 
stomach is filled with a radiolucent liquid, the bowel may be displaced down
ward so as to gain radiologic access to the kidney region. 

The visualization of a renal or upper tract calculus on the plain film will de
pend on whether its X ray absorption coefficient is greater than 1, i.e. greater 
than that of the surrounding soft tissue. This is definitely the case for all calcific 
calculi but has also been reported for pure cystine stones (GEBHARDT et al. 
1977). On the other hand pure uric acid stones are radiolucent and are thus nev
er seen on plain films. The detection of mixed calculi sometimes presents con
sideral difficulties, depending on the thickness of stone material in the beam 
path and on the porosity of the stone. One occasionally comes across stones 
made up of concentric layers of varying density or with a radiolucent core and a 
calcific mantle. Either appearance is characteristic of mixed calculi, the radio
lucent nucleus of which may be either a blood clot or uric acid. It should be 
apparent from these remarks that a plain film can provide a variety of clues but 
no exact information on the phase composition of calculi. 

Gallstones are usually projected to an area outside the renal parenchymal 
shadow and a lateral view will place them in a markedly more ventral plane. 
Calcified mesenteric lymph nodes are easy to recognize by their irregular con
tour and dense contrast as well as by their marked movement with changes of 
posture. The same is true of foreign bodies in the intestine (tablets, tablet resi
dues, lead shot, etc.). Calcified costal cartilage and atheroma of the pelvic vas
culature are easy to recognize by their linear appearance and offer no renal 
source of confusion for calculi. Small bone islands in the region of the sacroiliac 
joint may present rather greater problems, as may phleboliths, despite the 
round smooth contour of the latter and their usual proximity to the symphysis 
pubis. 



Diagnosis of Urinary Calculi 357 

Careful attention should be paid to the area of the prostatic urethra in men; 
one not infrequently sees collections of prostatic calculi in this vicinity. 
Although these calculi consist of the same groups of compounds and have simi
lar aggregation patterns to those typical of renal stones (GACA and DOSCH 1981; 
SPECTOR et al. 1981) they appear to have no direct relationship to urolithiasis 
as a whole. On the other hand prostatic calculi may provide an important clue 
to the existence of a subvesical outflow obstruction (sclerosing hyperplasia of 
the prostate). 

b) Intravenous Urography 

Unless rapidly recurring colic, general condition and serum creatinine present 
strong contraindications, it is always of value to perform an intravenous uro
gram (synonyms: excretion urogram = EU; intravenous pyelogram = IVP), in 
order to gain further information on urinary tract morphology and function. 
This is particularly important in cases of suspected urolithiasis where the plain 
film is negative and ultrasound has proved inconclusive. 

Before any contrast medium is given, all possible complications must be 
carefully explained to the patient. Any tendency to allergic drug reactions 
should be most carefully enquired after. If there is a corresponding history, or if 
there has been a previous specific reaction to contrast medium, other tech
niques of investigation will have to be considered. If the IVU is truly indispen
sible all the usual precautions (test dose, steroid cover) should be employed and 
preparations made for the immediate and effective treatment of complications. 

In the interest of the patient the relevant radiological protection rules should 
be strictly adhered to. Prior to injection the renal bed should be carefully exam
ined for percussion tenderness; some other technique is to be preferred, if the 
latter is marked. The forced diuresis due to the contrast may so severely raise 
upper tract pressure as to lead to forniceal rupture and pyelointerstitial reflux. 
Alternatively, urine and contrast may be extravasated into the perinephric and 
retroperitoneal spaces, where they might excite secondary fibrosis and upper 
tract compression or, if the urine is infected, result in a perinephric abscess or at 
least in a phlegmon (GINSBERG 1965; BONK et al. 1966; HARROW 1966; 
MITCHINSON et al. 1966; RABINOWITZ et al. 1966; SCHWARTZ et al. 1966; 
GUENTHER and MARX 1968; JUNGMAN 1968; FISCHER 1969; BURGHELE and 
PROCA 1970; MARQUARDT et al. 1971; HUG and SCHMITT 1972; MELCHIOR and 
TERHORST 1973; BERNARDINO and MCCLENNAN 1976; KHAN and MALEK 1976; 
BRAUN et al. 1979; DE RIDDER 1982). The same risk attaches to the technique of 
ureteric compression, which should therefore not be employed in the investi
gation of urolithiasis. 

During asymptomatic period improved definition can be achieved by in
creasing the dose of contrast medium or by infusion urography, giving contrast 
medium by drip over a 2-4 hour period (VAN WAES 1972; NABER et al. 1975). 

In the nonobstructed patient standard 5 and 10 minute films will suffice to 
delineate the upper tracts, and the bladder may be partly filled. Radioopaque 
calculi can be demonstrated to lie within the lumen of the tract by areas of 
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denser. contrast and irregular contour at the level of holdup. Occasionally ad
ditionallateral views are helpful in this respect. Calculi either not or only poor
ly seen on the control film are usually visualized as filling defects in the contrast 
image. Ureteric calculi generally appear as a holdup in the flow of contrast at 
the level of impaction and the proximal contour of the calculus is usually dem
onstrated. These appearances are important evidence for the existence of a 
stone wh·erever calcific calculi are masked by bony structures of where the stone 
is itself radiolucent. The same picture may also denote the presence of a ure
teric tumor, although the symptoms are usually different. 

The appearance of a prevesical or intramural ureteric calculus is also quite 
characteristic: the proximal ureter is blown up and the ipsilateral bladder con
tour more or less markedly flattened. 

On the other hand, small ureteric calculi may be so completely bathed in 
contrast as to become invisible. The recurrence of symptoms after a negative 
IVU should lead one to suspect this state of affairs, although bouts of crystal
luria will produce similar effects. 

It is always advisable to take an after-micturition film once the urinary tract 
has been completely delineated. Low stones and short segments of proximal 
ureteric distension may have been missed behind a bladder full of contrast, but 
are likely to be revealed once the bladder is empty. The same film also yields 
data on any coexisting degree of retention that might require treatment to re
store normal urodynamic conditions. 

If the bladder or any other part of the urinary tract are incompletely seen at 
5 and 10 minutes,.a further film should be taken at 30 minutes. If there is then 
still only a faint image of the pelvicalyceal system but a marked accumulation 
of contrast in the renal parenchyma (nephrogram) it will be sufficient to take 
further films every 4-6 hours. These delayed films often give the optimum im
age at 12-24 hours. If no acceptable view is obtained even after such a sub
stantial delay and if there is no nephrogram (nonfunctioning kidney), some 
other form of investigation is indicated. 

c) Retrograde Pyelography 

The retrograde pyelogram is the investigation of choice to determine whether 
nonfunction of a kidney is due to ureteric obstruction or whether there is a con
genital absence of kidney and ureter. The preferred technique is to fill the ure
ter by a Chevassu catheter inserted into its orifice, since damage to the ureteric 
wall is thus minimised and calculi cannot pass unnoticed. If on the other hand 
contrast medium delineates holdup above a level accessible to loop catheters, it 
may be justified to insert an olivary-tipped catheter further into the ureter in 
the hope of sliding past the calculus and thus temporarily decompressing the 
upper tract. Once the latter has been achieved, it becomes possible to demon
strate the pelvicalyceal system on the affected side. The very strictest attention 
must be paid to aseptic procedure, if fulminating suppurative anuric 
pyelonephritis is not to be triggered by this maneuver should decompression be 
unsuccesful or if the catheter should become blocked and obstruction thus recur 
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(KARCHER 1959; RENYI-VAMOS 1960; KARCHER and VAHLENSIECK 1964; VAH
LENSIECK 1973; STOEBER 1983). 

d) Antegrade Pyelography 

This technique is suitable for cases where the clinical findings suggest an ob
structing calculus, where the kidney is nonfunctioning on IVU and where retro
grade pyelography has confirmed a block. As an alternative to retrograde ure
teric catheterisation, and if ultrasound or CT confirms an obstructed system, 
percutaneous needle nephrostomy may be performed under local anesthetic. 
Once again, decompression can then be followed by antegrade pyelography. 
The same approach is valid for cases in which a stone and marked obstruction 
have been demonstrated but some other serious problem prohibits immediate 
loop catheterisation of the ureter or open weterolithotomy (HUTSCHENREITER 
et al. 1979; STADIE et al. 1982; STABLES 1982). 

e) Computerized Tomography 

The extreme sensitivity of computer tomography for variations in absorbance 
(0.5% as against 5% in conventional radiography) has secured it a special place 
in the investigation of urolithiasis. Furthermore it is markedly less susceptible 
to artifacts generated by intestinal gas or by bone. On the other hand any criti
cal assessment of the indication for CT must take account of the failure rate, 
X-ray dose and cost, compared to ultrasound (AMMON et al. 1979; FREITAG 
et al. 1982; MOHEBBI et al. 1982; RATHERT and BRAND 1982). 

Thin slice collimators permit the demonstration of calculi in the 2 - 3 mm 
diameter range. Evaluation of characteristic attenuation levels may even allow 
qualitative statements to be made about the composition of a calculus, 
although mixed calculi are problematic. Uric acid calculi produce attenuation 
in the 346-400 Hounsfield unit (HU) range, whereas xanthine gives 391 HU, 
cystine 586 HU and calcium oxalate 510 HU. Because of its resolving power for 
mass density, CT is better at detecting calcific structures than is conventional 
radiography, but only as long as the calculus occupies the entire tomographic 
slice. Magnesium ammonium phosphate, uric acid, cystine and xanthine calculi 
may be demonstrated in addition to calcium oxalate and phosphate (SEGAL 
et al. 1978; WEGENER 1981; JELINEK et al. 1982). A useful feature of the tech
nique is its ability to distinguish radioopaque and radiolucent calculi from 
urothelial tumors and blood clots (FEDERLE et al. 198 I; STIRIS 198 I; BOSNIAK 
et al. 1982; GREENBERG et al. 1982; LAZICA et al. 1982). 

Calcific shadows in the region of the renal sinus must be distinguished from 
renal artery calcification, although the latter tends to be linear along the course 
of the artery. Calcified renal artery aneurysms mostly give rise to coarser con
centric calcific shadows outwith the renal pelvis (HATTERY et al. 1977; WEGE
NER 1981). 
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No doubt future developments will see the entry of nuclear magnetic reso
nance imaging into clinical usage, possibly to replace classical CT. The former 
not only provides excellent anatomical and functional data but also obviates 
any exposure to ionising radiation. 

t) Renal Angiography 

Where less invasive procedures have failed to clarify the cause of a non
functioning kidney, it may be useful to demonstrate the renal circulation, if on
ly the pyelogram phase is recorded at the same time. Tomograms and perhaps 
CT may be employed to clarify details. Where surgery is contemplated for stag
horn calculi, or in cases of massive hydronephrosis, the distribution and calibre 
of vessels seen on angiography may be of prime importance in deciding what 
strategy to adopt (HRADEK et al. 1982). Equally invaluable assessments may be 
made in the same way of parenchymal thickness. 

Renal angiography assumes additional importance from the points of view 
of pathogenesis and treatment: One third of patients with renal artery stenosis 
and hypertension can also be shown to have nephrolithiasis (V AHLENSIECK and 
MAURER 1965). 

g) Micturating Cystogram 

All cases of staghorn calculus without obvious predisposing factors should be 
investigated for vesicoureteric reflux. It is by no means rare for reflux to be a 
significant factor in affected individuals, either simply as a urodynamic abnor
mality or by facilitating the infection involved in stone formation. 

3. Nuclear Medical Studies 

The techniques of nuclear medicine may also be a valuable aid to the investi
gation of urolithiasis. The procedures are generally noninvasive and involve a 
low level of exposure to ionizing radiation. If the correct investigation is carried 
out after scrupulous consideration of the relative indications, the results are 
usually accurate and specific (ZUM WINKEL 1964; BLAUFOX 1972; PABST 1976; 
PFANNENSTIEL 1977; BACH and DOPPELFELD 1979; HOER and HEIDENREICH 
1980; POWEL and BARNETT 1981; V AHLENSIECK et al. 1982; VOIGT 1982). 

Where intravenous urography has failed to give an image or where there is 
known contrast allergy the simple existence of a kidney is conveniently demon
strated by static renal scintigraphy. 

Urolithiasis is occasionally due in part to the abnormal urodynamics of a 
rotated or low lying ectopic kidney. If an erect film was omitted from the IVU 
series in patients with staghorn calculi, this could theoretically be made good 
by a subsequent plain KUB film. Lying and standing scintigraphy, on the other 
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hand, allows not only ectopia to be confirmed but also a more accurate as
sessment to be made of the parenchyma than is possible on IVU. 

Where nephrolithotomy is envisaged for a staghorn calculus, scintigraphy 
gives valuable information on the least destructive approach. By the same 
token, large filling defects on the scintiscan may represent areas of nonfunction 
worthy of partial nephrectomy. Although the final decision can often not be 
taken until the time of surgery, operative strategy may nevertheless be consider
ably influenced by such preoperative knowledge. 

Static scintigraphy is of special values in verifying horseshoe or L kidneys 
containing abnormally placed calculi, a diagnosis often suspected but occasion
ally unconfirmed on IVU alone. 

Where pelvicalyceal distortion suggests some other space occupying lesion 
(solitary renal cyst, polycystic kidneys, tumor) in addition to a stone, scin
tigraphy may clarify the situation. 

Finally, static scintigraphy allows parenchymal loss and preservation of 
functioning tissue to be assessed following nephrotomy. Dynamic scanning is, 
however, considerably more suitable for any such investigation, permitting as it 
does the simultaneous demonstration of anatomy, function and outflow. 

Dynamic scanning is quite invaluable in monitoring the passage of calculi 
under conservative treatment and in checking postoperative recovery. Alterna
tively such monitoring may be carried out by unilateral radioiodinated hip
puran clearance studies. These techniques offer the advantages of a markedly 
reduced radiation dose compared to repeated intravenous urography and of re
peatability in the face of contrast sensitivity. Furthermore, they provide infor
mation on both renal function and upper tract flow conditions, as well as - in 
the case of dynamic scanning - of renal anatomy. 

Percussion tenderness of the renal bed is generally quite a fair guide to the 
degree of obstruction above a calculus. Where stones are slow to pass and con
servative treatment with prolonged use of spasmolytic analgesics is punctuated 
by cycles of obstruction and decompression, it is wise to reassess renal function 
at regular intervals, since percussion tenderness will decrease during the de
compression phase. Prolonged analgesia may also mask persistent obstruction 
and deteriorating renal function. The correct moment for intervention is thus 
easily missed. 

Even in the absence of obstruction, staghorn calculi are not infrequently as
sociated with marked parenchymal loss. In this situation dynamic scanning aids 
the decision between organ preservation and partial or total nephrectomy. 

The question whether to preserve an obstructed kidney remains difficult to 
answer by dynamic scanning. On the one hand function may be underesti
mated, i.e. the scan gives little information on the potential for recovery after 
decompression. The risk is thus ever present of sacrificing a kidney potentially 
worthy of preservation, perhaps because a reduction in renal blood flow by the 
raised intrarenal urine pressure leads to reduced glomerular filtration. This ef
fect would be potentially reversible by surgery to decompress the kidney and 
restore intrarenal blood flow. Function could then recover to a greater degree 
than the renal scan alone suggests, especially in cases of acute obstruction. 
There are, on the other hand, situations where the dynamic scan may overesti-
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mate function. In chronic obstruction some degree of renal decompression ap
pears to occur by a lymphatic pathway, possibly allowing some isotope to ac
cumulate in the parenchyma. The delayed clearance of stored isotope would 
then convey a false impression of glomerular and tubular function. The best 
functional assessment of obstructed kidneys may be by the 99ffi-Tc-DMSA tech
nique ofMAruss et al. (1977). 

It should be emphasized that renal scanning also provides a far more accu
rate impression of contralateral renal anatomy and function than is available 
from intravenous urography. In particular, marked functional compensation by 
the opposite kidney will render nephrectomy less daunting than would evidence 
of bilaterally deteriorating function. 

Where only function is to be considered, unilateral catheterless J31-I-hip
puran clearance will be the investigation of choice. 

This technique is supremely suitable for monitoring renal function while a 
stone is being passed. In this connection it should be born in mind that un
relieved complete obstruction leads to irreversible loss of function within three 
weeks, whereas uninfected partially obstructed kidneys will survive over long 
periods (MAY 1973). Repeated hippuran clearance estimations offer an ideal 
basis for deciding when to abandon conservative treatment in favor of early in
tervention. 

When surgery is planned to a staghorn calculus in an unobstructed kidney, 
the exact relative function of the two kidneys may be the deciding factor in 
terms of organ preservation, partial or total nephrectomy. As already pointed 
out, dynamic scanning is to be preferred for bilateral function studies, although 
both techniques may be employed in combination where there is any doubt. 

The problems surrounding the preservability of obstructed kidneys have al
ready been discussed in relation to the dynamic scan, and similar difficulties of 
over- or underestimation are prone to arise with unilateral catheterless 131-
I-hippuran clearances (DOPPELFELD et al. 1978; DOPPELFELD and WEISSBACH 
1979). Comparative function studies in obstructed kidneys by unilateral 
catheterless 131-I-hippuran clearance and by the 99ffi-Tc-DMSA technique 
mentioned above, suggest that hippuran clearance gives significantly higher 
values. Nevertheless, the statistically significant difference in mean function be
tween the two study groups is considered of secondary clinical importance 
(MOSER et al. 1980). In individual cases, however, considerable discrepancies 
may arise between results obtained by the two methods, the hippuran clearance 
generally implying more renal function (DOPPELFELD and WEISSBACH 1979). In 
doubtful cases, therefore, obstructed kidneys should be assessed in the joint 
light of radiohippuran clearance and DMSA uptake. It remains to be seen 
whether perfusion studies will in future be able to resolve this conundrum. 

Attempts at labeling stones with radionuclides represent a particularly in
teresting field for future development. By these techniques it may become pos
sible to localize calculi with quite small scintillation counters, although any 
clinical value will depend on finding substances of suitably specific affinity for 
different types of calculus to achieve adequate labelling levels (NOBLE et al. 
1981; BARKER et al. 1982). 
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IV. Laboratory Investigations 

Before embarking on the laboratory investigation of any given patient with 
urolithiasis, careful consideration should be given to the basal condition ap
pertaining in that individual, to the specific investigations needed to answer rel
evant questions, to the samples required for those investigations and to the con
servation of that material. 

1. Basal Condition 

Baseline investigations of stone patients should always be carried out with pa
tients on their usual diet and fluid intake and continuing with any medication. 
In this way basal conditions will be established that truly apply to the patient in 
question. 

It will then become important to document any departure from this pattern 
at the time of followup investigations or special studies. If there has been a 
change in medication, diet or fluid intake, comparisons can be made with base
line values and conclusions drawn as to the influence of individual factors. 

2. Sample Collection 

Samples should always be collected at equivalent times of day, so as to cut out 
spurious effects of food intake and biorhythms. Except where profiles are to be 
established, blood tests should always be taken in the morning (8 - 9 am) under 
starving conditions. By the same token early morning urine should be used, its 
physiologically higher concentration yielding the greatest return of cellular 
components, bacteria and crystals. 

It has become standard to perform most blood chemistry on serum, although 
FRIEDL and MATTENHEIMER (1970) have pointed out that coagulation may 
cause artifacts by liberating intracellular components and they have therefore 
recommended the use of plasma. On the other hand, the anticiagulants re
quired for plasma conservation may themselves interfere with the studies, quite 
apart from the extra workload involved in sample preparation (HESSE and 
BACH 1982). 

Venipuncture technique must be standardised. Firstly the position of the 
patient is important, since the serum calcium of a supine patient is lower than 
that of an erect one. On standing. up from the supine position fluid is filtered 
out of the vascular compartment into the interstitial extracellular compartment, 
leading to a shift in plasma.volume of up to 10%. The cellular and high molecu
lar weight constituents of blood are unchanged and their concentration there
fore rises. This affects total calcium, because protein bound calcium rises 
against an unchanged ionized fraction (KREUTZ 1973). Thus blood samples 
should always be drawn with patients in the same standard position, be it sit
ting or supine. 
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It is also advisable to take blood samples exactly under the same conditions 
either always with or always without compression. Any venous obstruction 
leads to loss of fluid into the interstitial space, thus raising the apparent con
centration of non-filtered constituents in proportion to the duration of ob
struction. 10 minutes venous occlusion may raise plasma protein concen
tration by as much as 20%, resulting in a 10% rise in total calcium (PRELL
WITZ 1976; BRAUN 1982). Wherever possible blood should therefore be taken 
from an unoccluded vein. If compression is unavoidable, it should be for a 
standardized period, and its effect should be taken into account when in
terpreting values at the limit of normal. 

Glass tubes are preferable to plastic, since the latter may cause hemolysis. 
Furthermore, polyethylene and polypropylene delay normal coagulation and 
clot retraction (GUDER 1980). 

All urine samples sould be collected into absolutely clean sterile containers. 
Residues of cleaning or disinfectant agents may contain oxidising agents and re
sult in diagnostic errors. Suitably prepared and properly stoppered disposable 
ware is therefore to be preferred. 

Adults and older children should always be asked to provide a midstream 
specimen. Men must be told to retract the foreskin and women to part the labia 
minora, s~ that the area around the external meatus can be cleaned with soap 
and water prior to micturition. In women the additional use of vaginal tampons 
is particularly helpful in eliminating vaginal contaminants. Sterile plastic bags 
are used to collect samples from infants (BRUEHL 1970). 

Because it is so important to confirm or exclude infection in stone sufferers, 
it may be necessary to crosscheck a finding of bacteruria in the midstream 
specimen against a catheter specimen (in women) or against a suprapubic aspi
ra.tion specimen (in men, women or children) (EGERT et al. 1971; FIGEL et al. 
1972; THIELER et al. 1972; WIEBEL et al. 1972; FUCHS et al. 1982). 

24 hour urine collections are required wherever the daily excretion of uri
nary lithogens is to be established. The early morning (7 - 8 am) urine should 
be discarded on the first day of collection and included as the last contribution 
on the second. Great importance attaches to scrupulous collection by the pa
tient and to accurate determination of volume, since the output of important 
lithogenic factors such as calcium, uric acid and oxalate has been shown to in
crease with rising urine output. Oxalic acid excretion exhibits the most marked 
volume dependent variation (HESSE and BACH 1982). The completeness of a 24 
hour collection can (and indeed must) be confirmed by estimating the total uri
nary creatinine (TISELIUS 1980; HESSE and BACH 1982; ROSE 1982). It should al
so be born in mind that 24 hour collections contain only the total quantity ex
creted ·over the period of collection, without giving any information on rhyth
mic variations within that time. 

The diurnal rhythms of stone formation parameters are only accessible to 
profile studies, i.e. to repeated estimation of urinary lithogen concentrations at 
3-4 hours intervals (ALKEN et al. 1981; HARTUNG et al. 1981; MATOUSCHEK 
and HUBER 1982). If studies of this type are carried out under steady state con
ditions, they will not only detect inherent diurnal rhythms but also reveal the ef-
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fect of various dietary loads or of medication (BACH et al. 1978, 1979, 1981; 
V AHLENSIECK et al. 1981, 1982). 

3. Sample Preservation 

The transport of venipuncture samples should be as free from vibration and ex
tremes of high or low temperature as possible, so as minimize hemolysis. 
Serum should be drawn off at the earliest opportunity, certainly within 2 hours. 
Centrifugation aids (e.g. kaolin coated plastic beads) do not seem to interfere 
with routine chemistry (HESSE and BACH 1982) and fluorinated hydrocarbons 
may safely be used to clear lipemic sera (VOIGT 1977). 

Where serum is to be stored for prolonged periods (followup or supplemen
tary studies), it should be kept in carefully sealed containers (prevention of sec
ondary contamination) at refrigerator temperatures. Serum is stable under 
these conditions for up to 4 days, but will become unsuitable for ammonia, 
bilirubin, glucose, phosphate or acid phosphate estimation. Deep frozen serum 
may be kept for longer periods with less deterioration, but once again it should 
be carefully sealed against the ingress of ice (which would dilute the thawed 
material). Thawed serum must be carefully mixed. 

Specimens of urine must kept in carefully cleaned and sterilised containers, 
thus avoiding contamination and secondary infection. Wherever possible, urine 
should be examined immediately. If this is not practicable, if the specimen is to 
be transported or if the specimen is to be kept for comparison with later sam
ples, some form of preservative is indispensible. 0.5 ml of 10% thymol in iso
propyl alcohol should be added for every 100 m1 of urine, but it is important to 
remember the bactericidal and pH stabilising action of this manoeuver. A more 
permanent conservation may be achieved by adding 25% hydrochloric acid to 
lower the pH below 2.0 (unsuitable for chloride estimation) or by freezing to 
below -18°C (HESSE and BACH 1982). 

4. Nature and Extent of Investigations 

When planning the scope oflaboratory investigations for a given case one must 
distinguish between first attack and recurrences. PAK (1982) demonstrated ab
sorptive hypercalciuria in 55.9% of his patients presenting with solitary epi
sodes of stone disease. Another 11.8% had renal hypercalciuria, 2.9% had pri
mary hyperparathyroidism and 8.8% suffered from hyperuricosuric calcium 
oxalate lithiasis. Finally 20.8% could not be showm to have any metabolic ab
normality at all. He concluded: "The results suggest that the same physiological 
and environmental disturbances characterize stone formation in patients with a 
single stone episode as in those with recurrent stone formation and indicate the 
need for diagnostic evaluation." 

A prospective trial by LJUNGHALL et al. (1981) has ably shown the futility of 
launching into detailed investigations after a first attack, since no additional in
formation on the likelihood of recurrence can be gained by this. approach over 
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and above what is available on routine investigation. In the same context SMITH 
(1982) has commented: "When we see a patient with the first stone, usually 
with colic, we have no idea when the stone was made and whether he will have 
more. After hyperparathyroidism, gout and urinary infection have been ruled 
out perhaps the single most important question is whether additional stone for
mation will occur in the patient whom you follow in a continuing fashion on 
increased fluid intake and elimination of dietary excess. If specific treatment is 
started before the metabolic activity of stone formation is known, you will 
never know if the treatment is necessary unless it is ineffective. This conserva
tive approach in recurrent stone formers involving fluid and diet has prevented 
new stone formation in 64 to 70% of the patients with longterm followup, the 
"stone clinic effect". The single stone former might be expected to show an 
even better response." 

At his point, cost effectiveness must also be drawn into the equation (GUN
ZER et al. 1982; V AHLENSIECK 1982). 

Apart from analysis of the stone itself, investigation of a first episode may 
be kept within the general confines of what is possible in any general practice 
(basic screen). Wherever possible, however, this should be supplemented by a 
more advanced panel of investigations, and where the tests involved cannot be 
carried out in a general practice setting the help of larger laboratories (multi
user labs and district general hospital) must be sought. By contrast, research 
projects and patients with recurrent stones will require more intensive and more 
sensitive investigation (maximum panel). 

a) The Basic Screen 

The investigations any basic screening panel should comprise are given in Table 1. 

':I.) Serum studies 

Table 2 lists the methods by which the serum levels of important urolith con
stituents are usually estimated. Technical details are to be found in the more 
influential reviews (HESSE and BACH 1982; ROSE 1982) and are only discussed in 
the following considerations to the extent that they are of special significance 
for the result. Note that the techniques are not infrequently either modifi
cations of or a complete departure from traditional methods. Unusual findings 
or serious discrepancies with the work of other authors should therefore always 
prompt one to look carefully at the analytical techniques, conditions and nor
mal ranges given. 

In connection with Table 3 note that the establishment of a normal range 
must take account not only of age, sex, genetic, geographical and occupational 
variations, but also of quirks of diet and fluid intake. The best control group is 
a cohort of healthy subjects, investigated first on their habitual individual diet 
and fluid regimes and subsequently under steady state conditions, i.e. after 
5-10 days consistent intake of a standardized and physiologically optimized 
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Table 1. Basic screening investigations for stone patients 

Serum 

Calcium 
Chloride 
Creatinine 
Magnesium 
Inorganic phosphate 
Potassium 
Sodium 
Uric acid 

Urine 

pH 
Specific gravity 
Red cells 
Pus cells 
Protein 
Sugar 
Bacteria 
Crystals 

Table 2. Methods of assaying serum parameters involved in the investigation of urolithiasis 

Calcium 
total 
ionized 

Chloride 
Creatinine 
Magnesium 
Inorganic phosphate 
Potassium 
Sodium 
Uric acid 

Fluorimetry, flame photometry, atomic absorption spectroscopy 
Ion selective electrode, nomogram 
Coulometry 
Jaffe's reaction 
Atomic absorption spectroscopy, photometry 
Phosphomolybdate reaction 
Flame photometry 
Flame photometry 
Uricase reaction and ultraviolet absorption spectrophotometry, 
uricase catalase color reaction ("Urica-quant"), periodochrome 
color reaction strips 
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Table 3. Normal ranges from healthy subjects of serum parameters (group A) not changed 
with (group B) controlled diet. Deviation of calcium oxalate stone patients from the normal 
range (group C) not changed with (group D) dietary control (A=Healthy subjects (n=24) on 
their own diet fluid intake. B=Healthy subjects (n=24) on standard diet and fluid intake 
(2400 ml!24 hours). C = Calcium oxalate stone sufferers (n = 65) on their own diet and fluid in
take. D=Calcium oxalate stone sufferers on standard diet and fluid intake (2400 mil 
24 hours» 

Pro- n Ca Creat. Mg P Pot. Sod. Uric 
bands acid 

milli micro milli milli milli milli micro 
Molll Molll Molll Molll Molli Molll Molll 

A 24 2.35±0.1O 66.3±15.9 0.83±0.27 1.08±0.35 4.28±0.44 140.0±2.3 271 ±57.7 
B 24 2.39±0.09 68.9± 12.3 0.82±0.23 1.1 I ±O.l8 4.l7±0.25 140.4±2.33 270.6±59.5 
C 65 2.44±0.08 78.7±24.8 0.87±0.15 0.97±0.20 4.2 ±0.4 141.0± 3 315.0±77 
D 65 2.42±0.1O 83.l±24.8 0.88±0.13 1.06±0.19 4.2 ±0.3 141.0± 3 316.0±79 
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quantity of food and drink. The table shows serum values substantially the 
same on individual regimes as on standardised intake, suggesting that the nor
mal range of these serum parameters is largely unaffected by variations of food 
and drink. 

Total serum calcium is best estimated by fluorimetry, emission flame pho
tometry, atomic absorption spectrophotometry, and sensitive electrodes 
(TRUDEAU and FREIER 1967). 

The normal range for total serum or plasma calcium lies between 2.0 and 
2.6 mMolll. The ultrafilterable fraction is 1.3 - 1.55 mMol1l (mean = 1.41) 
(ROBERTSON and PEACOCK 1968), with the protein bound calcium being around 
0.99 mMol1l (PUTMAN 1972). Tests yielding borderline results should be repeat
ed, several times if necessary, since reproducible borderline high values may 
denote hyperparathyroidism. Values consistantly above 2.5 mMol1l virtually 
confirm the diagnosis. 

Plasma protein and/or albumen estimation is mandatory in this context, 
since changes in blood protein content will so distort the calcium concentration 
as to simulate an abnormality. If the serum calcium is normal in the presence of 
a low protein, some corrective computation is required (ROSE 1982). 

Coulometric evidence of hyperchloremia should call the possibility of renal 
tubular acidosis to mind. Normal serum chloride levels are within the range 
97 - 108 mMolll. 

Bicarbonate is also an indicator of acid base balance and should therefore 
be estimated in conjunction with chloride whenever possible (ROSE 1982). 

Serum creatinine estimation is essential to any assessment of renal function. 
Cases of unilateral urolithiasis may exhibit considerable contralateral func
tional compensation. The alkaline picrate technique has become the method of 
choice in autoanalysers (CHASSON et al. 1968), the normal range being 
25 - 100 mMolll. 

Atomic absorption spectrophotometry has rendered serum magnesium esti
mation a simple matter (HANSEN and FREIER 1967). The normal range for total 
magnesium is usually 0.61-1.10 mMol/1 with an ionised fraction· of 
0.46-0.56 mMolll (HEATON 1967). 0.5-0.72 mMolll are ultrafilterable 
(SCHWILLE and ERNSTBERGER 1972); 0.20-0.30 mMol/1 are protein bound and 
0.14 mMolll held in complexes (WALSER 1961; HEATON 1967). 

The normal range for serum inorganic phosphate is 0.81-1.29 mMolll with 
10-13% protein binding. These values are subject to considerable age and sex 
differences as well as to day on day variations. A constant sampling time is 
therefore of special importance (ROSE 1981). 

Serum potassium estimation is important because hypokalemia may be evi
dence of renal tubular acidosis. The normal range is 3.1- 5.5 mMolll. 

Sodium is the main determinant of osmotic equilibrium in the extracellular 
fluid, and variations in extracellular sodium concentration are associated with 
various abnormalities of water homeostasis. Sodium deficiency may lead to de
hydration and thus cause a concentrated urine with this inherent general risk of 
stone formation. Normal serum sodium is between 135 and 154 mMolll. 

If uric acid is determined by the uricase method (KAGEYAMA 1971), with a 
"Urica-quant" kit or by periodochrome color reaction strips, normal serum 
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levels for men will lie in the 0.24-0.5 mMol/1 range and for women between 
0.15 and 0.44 mMoll l. In view of the significance of urinary uric acid excretion 
for the pathogenesis of both uric acid and calcium oxalate stones, any stone for
mer whose serum uric acid is in the high normal or above normal range should 
have repeated estimations and a 24 hour uric acid profile, perhaps combined 
with urinary uric acid excretion studies. 

P) Urine Studies 

Table 4 gives a variety of parameters influencing the lithogenicity of the urine 
along with the commonest methods of estimating them. 

Indicator paper is convenient for monitoring urinary pH. The paper can be 
mounted on a dipstick, is easily used by the patient at home and detects vari
ations of the order of 0.2 units. The technique has the distinct advantage of be
ing applicable to freshly collected urine and is thus proof against pH changes 
due to delay in testing. This latter point is relevant to the otherwise far more 
accurate measurement of hydrogen ion potential with a glass electrode (HESSE 
and BACH 1982). 

It is important to repeat urinary pH measurements at regular intervals 
(GASSER et al. 1979). Urine whose pH remains below 5.5 is said to exhibit 
"fixed acidity", the origin of this phenomenon being still largely unknown 
(SCHOLZ et al. 1981). Under these conditions there will be a risk of uric acid 
precipitation even where urinary uric acid levels are within the normal range. 
If, however, urine pH is consistently greater than 6.8, phosphate precipitation 
becomes a real hazard. TISELIUS (1983) has demonstrated rapid onset of cal
cium phosphate precipitation above pH 6.5. If infection has been excluded, sec
ondary renal tubular acidosis should seriously be suspected, and an ammonium 
chloride tolerance test (see below) must be performed. 

Where a urometer is used to determine specific gravity, care must be taken 
to ensure the urine is at the temperature for which the instrument is calibrated 
(usually 20 0c). Temperature mismatch can be corrected for by adding or sub
tracting one division of scale (0.001) per 3 °C. Once again, the technique has 
the advantage that it can be used at home by the patient, who can then make 

Table 4. Methods of assaying urine parameters involved in the 
pathogenesis of urolithiasis 

pH 

Specific Gravity 
Red cells 
Pus cells 
Protein 
Sugar 
Bacteria 

Crystals 

Indicator paper, glass electrode 
potentiometry 
Urometer, Dip sticks 
Dip sticks, microscopy of sediment 
Dip sticks, microscopy of sediment 
Dip sticks 
Dip sticks 
Nitrite test strips, Griess' reaction, 
microbiology 
Light microscopy of sediment 
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the necessary adjustments to his fluid intake to maintain a specific gravity be
low 1015 g/cm3. If unusually high values persist in the face of adequate fluid 
intake, excess excretion of glucose, protein, urinary contrast media or drugs 
may be responsible. If early morning testing regularly shows hypersthenuria, 
renal tubular acidosis must be suspected. 

The estimation of urine red cells, leucocytes, protein and sugar are of special 
significance in the investigation of urolithiasis. The exact delay between sample 
collection and estimation or variations in measuring technique may substan
tially affect the findings (Rupp 1959; STANSFELD 1962; GADEWOLD 1964; TRI
GER and SMITH 1966; BRUEHL et al. 1967; GADEHOLT 1968; ALWALL 1973; KEL
LER and REUTER 1976; BRUEHL et al. 1979; GAARD et al. 1980). 

Once again the use of dipsticks offers an elegant solution, both being simple 
and providing rapid and accurate evidence of pathologic change. Combination 
dipsticks are particularly useful, since they enable a whole battery of important 
parameters to be measured and recorded in a single operation. The sensitivity 
and the accuracy of this technique have been documented, and it is worth not
ing that hemolysis does not interfere with red cell detection (BRUEHL et al. 
1979; FUCHS 1980; KUTTER 1980; BONARD et al. 1982; COLOMBO et al. 1982). 

The precision of dipstick testing can be further enhanced by incident light 
photometry, which largely eliminates the spurious effects of varying illumi
nation, background color and individual powers of discrimination in subjective 
color grading. The measured signal is fed to a microprocessor and the result 
printed as a peak on a urine profile form or sent to an electronic data bank 
(COLOMBO et al. 1980; SOJKA 1980). 

Dipsticks are quite adequate to provide preliminary data or monitor prog
ress, but where exact quantification is needed of the rate of cell extrusion, red 
cells and leucocytes must be counted directly from fresh urine samples, either 
by hemocytometer or by Coulter counter. 

If the presence of red cells or leucocytes is confirmed and evidence of pyelo
or glomerulonephritis is sought in the form of casts, some urine must be cen
trifuged and its sediment examined by microscopy. 

Asymptomatic urinary tract infection is a distinct entity, and chronic 
pyelonephritis may equally enter into an asymptomatic silent phase. Therefore 
all stone patients should be investigated for bacteriuria. E. coli is by far the 
commonest pathogen, but Proteus, Klebsiella, Aerobacter, Citrobacter and sal
monella ssp along with some enterococci, Pseudomonas and staphylococci all 
share its ability to reduce urinary nitrate to nitrite (RENNEBERG 1967). Nitrite 
can be tested for by dipstick, or by a field on a combination stick, based on the 
Griess reaction. A positive test for nitrite is thus indirect evidence of nitrite 
forming organisms within the purlieus of the urinary tract. The detection rate is 
70% for freshly passed daytime urine, 90% in the early morning urine and better 
than this for repeated testing (FUCHS and GUTENSOHN 1967; BOEHNE 1969; 
SALLMANDER 1969: CZERWINSKI 1971; FUCHS and GUTENSOHN 1971; ALWALL 
et al. 1973). 

Note that a negative nitrite test does not prove the absence of infection, 
since the pathogen may not be a nitrite former. Dipinoculum or classical urine 
culture is therefore mandatory in every case as the only adequate method of ex-
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cluding infection. In positive cultures the organism must be identified and its 
antibiotic sensitivity established where indicated by the number of organisms. 

Any basic screening panel should also include light microscopy of urine 
sediment for crystals. Urine should be freshly passed and untreated, preferably 
an early morning specimen, since its higher concentration will enhance the like
lihood of crystal detection. Crystalluria depends on urine volume and on often 
irregular rhythms in the excretion of lithogens and inhibitors, so a number of 
separate samples must be examined. 

Microscopy of urine passed at the end of a 12 - 24 hour period of fluid re
striction ("cristalluria provoquee") (RUGENDORFF et al. 1981) will frequently 
provide evidence of crystalluria. 

Cleanliness of collecting vessels is once again of paramount importance, 
since residues of cleaning agents and urine preservatives may otherwise lead to 
considerable artifacts in the sediment, including even complete dissolution of 
crystals. Delays in examining the sample are to be avoided whenever possible, 
since changes in pH and temperature may cause secondary crystallisation. 

A 10 ml aliquot from a freshly passed and well mixed specimen is quite suf
ficient, centrifuged at 3000 rpm. In order to secure standardised counting con
ditions, the resulting pellet should be resuspended in exactly 0.5 ml super
natant. One drop of this preparation is placed on a slide, mounted with a 
coverslip and viewed on a standard light microscope, several fields being 
examined at magnifications of the order of 100 - 300 x. 

The aim is first and foremost of confirm or exclude the presence of crystals, 
since confirmation always denotes urine supersaturation and a risk of stone for
mation. A typical history of pain will further strengthen a diagnosis of 
urolithiasis, which must also always be entertained where the urine is at either 
extreme of the pH range. In addition, LESKOVAR (1977) and LESKOVAR et al. 
(1978) have been able to show that 41.9% of cases of crystalluria also had 
microscopic hematuria. 

Any crystals found in the urine must be classified by type before their 
pathogenesis can be understood or any treatment planned. Picture atlases are a 
valuable aid to this task and a great deal of such material has been published 
(CIFUENTES DELATIE 1974; ELLIOT and RABINOWITZ 1978, 1980; BERG et al. 
1980; MATOUSCHECK and HUBER 1981; BERG and SZABO-FoELDVARI 1982). 

A positive finding of uric acid crystals is of considerable significance, since 
plain radiographs will not detect uric acid lithiasis and small uric acid stones 
may be enveloped in dye on contrast studies. We have seen, furthermore, how 
increased urinary uric acid levels, perhaps even the crystals themselves, are able 
to provoke calcium oxalate precipitation. Suspected cystine crystals may be 
rendered more obvious by adding acetic acid, in which they are insoluble 
(SMITH et al. 1981). Whewellite crystals are normally quite rare in urine and 
their presence denotes marked hyperoxaluria with a risk of calcium oxalate 
stone formation. If such a stone has already been detected but not yet removed, 
the estimation and classification of crystals may yield solid data on the compo
sition of the calculus and its growth behavior. Finally, careful followup studies 
enable the effectiveness of treatment to be assessed. 
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We must remember, however, that normal individuals also have bouts of 
crystalluria and that the presence of the latter is in itself by no means proof of a 
stone forming diathesis or of any significant risk of stone formation (DYER and 
NORDIN 1967; ROBERTSON et al. 1968,1973; FLEISCH and MONOD 1973; FLEISCH 
1973; ELLIOT and RABINOWITZ 1976; ROSE 1977; WERNESS et al. 1981; ROSE 
1982). 

Nonetheless, stone sufferers have greater quantities of crystals in their urine, 
these crystals are of certain specific types and they may be aggregated in clus
ters, although such subtleties require special investigative techniques (ROBERT
SON 1969; ROBERTSON et al. 1968; ROBERTSON and PEACOCK 1972; V ALY AS~VI 
and DHANAMITTA 1974; HALLSON and ROSE 1976; BAUMANN 1978; BRANDES 
et al. 1981; WERNESS et al. 1981). 

Although actual crystal size can only be measured by elaborate techniques 
(see "maximum panel"), in practical terms some degree of comparison can be 
made to the size of red blood cells (7 micron diameter) (BAUMANN 1978). 

b) Advanced Test Panel 

Table 5 gives a list of more advanced studies, desirable to supplement the basic 
screen. 

!J.) Serum Studies 

No additional investigations are needed over and above those already discussed 
for the basic panel. 

13) Urine Studies (Table 6) 

Calcium should always be estimated by atomic absorption spectrophotometry 
(TRUDEAU and FREIER 1967), since flame photometry is subject to interference 
by sodium (HESSE and BACH 1982). 

Chloride, creatinine, magnesium, phosphorus, potassium, sodium and uric acid 
should be estimated by the same technique as was employed for serum, the 
urine being diluted as necessary (HESSE and BACH 1982; GRAEF et al. 1985). 

The citric acid assay of GREENBAUM and PACE (1970) has stood the test of 
time (NORDENVALL 1982). DOSCH (1978, 1980, 1982), on the other hand, has re
commended gas chromatography. Urine should always be assayed without de
lay, since some citric acid may otherwise be lost to bacterial breakdown (HESSE 
and BACH 1982; LESKOVAR et al. 1982). 

Every urine should at least be screened for cystine, since opaque calculi on 
plain X ray tend to be automatically classified as calcium oxalate or calcium 
phosphate. In urine of fixed acidity these stones are then reinterpreted as mixed 
calcium/uric acid calculi. 

The classical method is Brand's reaction (sodium cyanide and nitro
prusside). Prior decoloration of the urine with activated charcoal improves the 
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Table 5. Advanced panel of investigations 

Serum 

Parameters of basic screen 
not measured so far 

Urine 

Calcium 
Chloride 
Citric acid 
Creatinine 
Cystine 

Magnesium 
Oxalic acid 
Phosphorus 
Potassium 
Sodium 
Sulfate 
Uric acid 
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Table 6. Methods of quantifying more sophisticated urine parameters wich are important for 
stone formation 

Calcium 
Chloride 
Citric acid 
Creatinine 
Cystine 
Magnesium 
Oxalic acid 

Phosphorus 
Potassium 
Sodium 
Uric acid 

Ammonia 

Atomic absorption spectrophotometry 
Coulometry 
Enzymatic spectrophotometry 
Jaffe's reaction 
Amino acid chromatography, polarography 
Atomic absorption spectrophotometry 
Chromotropic acid technique, enzymatic oxidase method, 
gas chromatography, ion chromatography, isotachophoresis 
Molybdic acid color reaction 
Flame photometry 
Flame photometry 
Uricase reaction and ultraviolet absorption spectrophotometry, 
uricase catalase color reaction ("Urica-quant"), 
periodochrome color reaction strips 
Photometry, ion selective electrode 

sensitivity of this technique (KRIZEK' and KUZEL 1982), the principal dis
advantage of which lies in the constant requirement for fresh reagents and in 
the use of poisonous cyanide. 

KELLY et al. (1972) have recommended a technique employing 
nitroprusside and borohydride. Although it is sensitive at the 0.3 mMol1l 
(7 mg%) level, this method is technically demanding. Indeed ROSE (1982) has 
pointed out that the use of corrosive acids and alkalis along with considerable 
heat and hydrogen gas render this approach little less hazardous than would the 
use of cyanide. 

BEHRENDT et al. (1975) have, however, obviated these difficulties by giving 
us the cystine spot test based on salicylic aldehyd under alkaline conditions. 
The test is quick and relatively simple. 

TAKEMOTO et al. (1974) developed a method in which nickel converts 
cystine to cysteine, resulting in the formation of colored complexes. This 
technique is somewhat less sensitive than the classical nitroprusside test 
(KALLISTRATOS et al. 1977; KINOSHITA et al. 1979; HOFFMAN et al. 1982). 

Manual or semiautomatic autoanalyser colorimetry is also available for 
quantitative studies (MOENCH and JIEMS 1970). If the urine contains substances 
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bearing -SH groups or -S-S- bonds in abnormal quantities, chromatography 
can be used to separate out the individual amino acids involved. 

The advantages of quantitative urine amino acid chromatography have 
been extolled by RAMOS et al. (1973), DOSCH (1980, 1982), DRAWZ et al. (1982), 
HOFFMANN et al. (1982), and by LUBS et al. (1982). HESSE and BACH also recom
mend the technique for rapid and reliable urinary cystine estimation. 

Polarography (KUZEL 1973; ASPER et al. 1978) has also been put forward as 
a simple, reliable way of measuring urinary cystine. 

ASPER et al. (1978) have indeed developed an electrochemical line assay in 
which cystine and cysteine are estimated in separate free flow cells. 

The pathogenetic significance of even mild hyperoxaluria lends special em
phasis to the estimation of urinary oxalic acid. The chromotropic acid method 
(DEMPSEY et al. 1960; HODGKINSON and WILLIAMS 1972; HESSE et al. 1977; 
ROBERTSON and RUTHERFORD 1981) or its modification by TISELIUS (1977) is of 
adequate accuracy for routine work (TISELIUS et al. 1978; NORDENVALL 1982). 
The same is true of the enzymatic technique (HALLSON and ROSE 1974; CON
STABLE et al. 1978; BICHLER et al. 1978; AKCAY and ROSE 1979; CHALMERS 1979; 
KOHLBECKER and BUTZ 1979; LAKER et al. 1980; BUTZ and KOHLBECKER 
1981; ROSE 1982; BAIS et al. 1985; PUNDIR et al. 1985; BEUTLER et al. 1985). 
With proper mastery of the apparatus equally accurate results may indeed be 
achieved by gas chromatography (RHODE and ZILLIKEN 1977; DOSCH 1978, 
1979, 1980; OFFNER and DRING 1979; GELOT et al. 1980; HESSE et al. 1980; 
DOSCH 1982; STRENGE and HESSE 1982). Direct measurements of urinary 
oxalate may be made by the simple and accurate technique of ion 
chromatography, for which minimal preparation and only about 20 minutes 
analysis time are required per sample (SMALL et al. 1975; MAHLE and MENON 
1982; ORWELL et al. 1982; SCURR et al. 1985). LARSSON et al. (1985) as well as 
SUGIMOTO et al. (1985) underlined the value of the high-performance liquid 
chromatography. 

Finally, isotachophoresis (SCHMIDT et al. 1979, 1980) has nowadays become 
a routine technique of adequate reliability (TSCHOEPE and RITZ 1981; 
BRUCHELT and SCHMIDT 1983; TSCHOEPE et al. 1983; SCHMIDT and BRUCHELT 
1983; STRENGE and HESSE 1983). 

Table 7 gives normal ranges for a variety of parameters relevant to stone 
formation. These figures were compiled from test results on normal subjects 
either taking their usual food and drink or under steady state conditions on 
standard diet and fluid intake of 1400 ml or 2400 ml respectively. 

c) Maximum Test Panel (Table 8) 

This range of investigations should be regarded as supplementary to those in 
the advanced panel. 

These investigations are intended to be brought into play wherever the basic 
screen and advanced panel have failed to explain recurrent stone formation, or 
where recurrence prevention has been unsuccessful. Furthermore the investi
gations in this group aim at providing new insights into pathogenesis and 
pathophysiology, as well as at monitoring the efficacy of diet and medication. 
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Table 7 a. 24 hour urine values affecting stone formation, measured in healthy control subjects 
on their own diet and under steady state conditions on 1400 ml fluid124 hours (figures are 
mean ± std. deviation) 

Parameter Individual Standardized diet with 1400 ml fluid 
diet 

day 5 day 7 

Volume (ml) 1252±455 1637±219 1716±267 
pH 6.09±O.l9 6.36±0.19 6.42±0.16 
Density (g/cml) 1017 ± 0.006 1009 ± 0.002 1009±0.003 
Na(mMol) 174.5±52.3 121.8±30.9 118.9±40.6 
K(mMol) 75.1±38.3 83.2±32.7 90.5±43.9 
Ca(mMol) 5.03±2.15 3.80± 1.65 3.68± 1.92 
Mg(mMol) 4.97± 1.72 4.29± 1.32 4.48±2.16 
Cl(mMol) 165.8±52.7 87.0±27.3 98.5±28.3 
Inorganic phosphate (mMol) 30.2±4.3 25.2±5.0 24.0±5.4 
Inorganic sulphate (mMol) 19.4±5.7 18.9±2.7 16.9±3.0 
Uric acid (mMol) 3.03±0.37 2.66±0.51 2.63±0.69 
Oxalic acid (roMol) 0.349 ± 0.202 0.362±0.179 0.366±O.l75 
Citric acid (mMol) 2.55± 1.42 3.12± 1.01 3.20± 1.05 
Creatinine (mMol) 19.3±7.1 14.28 ± 4.09 14.72 ± 4.73 

Table 7b. 24 hour urine values affecting stone formation, measured in healthy control subjects 
on their own diet and under steady state conditions on 2400 ml fluid124 hours (figures are 
mean±std. deviation) 

Parameter 

Volume (ml) 
pH 
Density (g/cml) 
Na(mMol) 
K(mMol) 
Ca (mMol) 
Mg(mMol) 
Cl(mMol) 
Inorganic phosphate (mMol) 
Inorganic sulphate (mMol) 
Uric acid (mMol) 
Oxalic acid (mMol) 
Citric acid (mMol) 
Creatinine (mMol) 

Individual 
diet 

1359±577 
6.16±0.40 
1015±0.005 
146.7±68.1 
39.8± 15.5 
4.34±2.28 
3.57± 1.80 
133.8±53.7 
26.5±7.8 
21.2±7.6 
3.44±0.99 
0.385±0.141 
2.54± 1.42 
11.5±5.5 

:x) Special Serum and Urine Investigations 

Standardized diet with 2400 ml fluid 

day 5 

2576±253 
6.57±0.28 
1006 ± 0.002 
113.4±47.7 
37.4±24.9 
3.33± 1.85 
3.79± 1.16 
88.9±44.7 
22.1±7.8 
20.9± 1.01 
2.80±0.69 
0.385±0.181 
3.59± 1.81 
12.4±5.3 

day 7 

2629± 188 
6.48 ± 0.24 
1005 ± 0.002 
106.6±41.4 
35.2±9.89 
3.47±2.14 
3.80± 1.10 
79.6±29.5 
24.6±7.2 
23.4± 1.37 
2.77±0.53 
0.376±0.141 
3.74± 1.47 
12.8±2.6 

If the preceding studies repeatedly show serum calcium at the upper limit of 
the normal range, serum parathormone estimation is indicated. Problems arise 
from the phenotypic diversity of parathormone, both in its immunogenicity and 
in its molecular weight. Furthermore, the hormone exhibits different proper
ties, depending on the physiologic conditions. This may be the explanation for 
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Table 8. Maximum test panel for investigation of stone patients 

Serum 

Ionized calcium 
Parathormone 
Calcitonin 
Vitamin D metabolites 
Glycollates 

Steady State Investigations 

Urine 

Ionized calcium 
cAMP 
Glycollates 
Saturation state 
Precipitation 
Quant. crystalluria 
Crystal growth 
Aggregation 

Loading Studies 
Ammonium chloride 
Calcium 
Oxalate 
Purine 

W. VAHLENSIECK 

Amino acids 
Uromucoid 
beta-2-micro globulin 
Proteases 
Peptidases 

the observation by ROSE (1982) that many patients with borderline calcium 
levels nevertheless have normal parathormone values. CARMIGNANI et al. 
(1982) also stress the fact that their NH2 specific antiserum yielded 48% false 
negative results. Undoubtedly the availability of antisera for both the C-termin
al and the N-terminal sequences of the molecule have improved the diagnostic 
accuracy of parathormone assays (ARNAUD et al. 1971; HEHRMANN et al. 1974; 
SCHWILLE et al. 1978; BROADUS 1979; CARMIGNANI et al. 1982; HESSE and BACH 
1982; v. LILIENFELD-ToAL 1982; KOHRI et al. 1982). 

CARMIGNANI et al. (1982) have pointed out that carboxyl specific antisera 
gave 100% specificity against specially drawn blood samples. 

Vitamin D and its metabolites are the focus of ever increasing interest 
(BRONNER et al. 1976; DE LUCCA 1976; LEHMANN et al. 1976; SUTTON et al. 1976; 
GRAY et al. 1977; KAPLAN et al. 1977; SHEN et al. 1977; CANTERBURY et al. 
1978; ONO et al. 1980; VAN DEN BERG et al. 1980; PEACOCK et al. 1981; RAs
MUSSEN et al. 1981; COE et al. 1982; JONGEN 1983; v. LILIENFELD-TOAL et al. 
1984). 

BELSEY et al. (1974) have described a rapid assay for 25-0H-vitamin 0 3 

without preparative chromatography, and EISMANN et al. (1976) report on a 
sensitive, precise and convenient method for determining 1,25 hydroxy vitamin 
o in human plasma. 

JONGEN et al. (1981) have given us a rapid and reliable technique for the si
multaneous estimation of 25-0H-0, 24,25-(OHkO and 1,25-(OHkO. 

Calcitonin can nowadays also be estimated by radioimmunoassay (BROADUS 
1979). According to KOHRI et al. (1983) calcitonin is moderately elevated after 
a period offasting only in patients with absorption hyperca1ciuria, and it is only 
this group which significantly raise their serum calcitonin in response to a cal
cium load. Serum ionized calcium can be measured by an ion selective calcium 
electrode. Serum ionized calcium is usually quoted as 1.02-1.32 mMoll1 
(mean = 1.17) (FREANY et al. 1974). HERING and LUTZEYER (1978) and SOL
ZESZ et al. (1982) both report elevated ionized calcium fractions in recurrent 
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stone formers. According to ROBERTSON et al. (1978) ionized calcium is raised 
in primary and secondary hyperparathyroidism, even in the presence of nor
mocalci uria. 

The investigation of oxalate metabolism has drawn attention to the impor
tance of plasma glycollate levels. Glycollate can now conveniently be estimated 
by an enzymatic colorimetric assay (ROSE and KASIDAS 1979). 

Sophisticated urine chemistry occupies a special position. 
Ionized calcium may once again be measured with a calcium electrode 

(PASCHEN 1975; FUCHS 1976; ULSHOEFER 1977; ULSHOEFER and PEEMOELLER 
1978; PEEMOELLER and ULSHOEFER 1979; ULSHOEFER and PEEMOELLER 1981; 
SOLTECZ et al. 1982). 

Berthelot's reaction provides a simple technique for the direct estimation of 
urinary ammonia (KELLER et al. 1976), although ion selective ammonia elec
trodes are also available. 

The determination of cyclic adenosine monophosphate (cAMP) levels will 
provide indirect data on parathormone activity at the periphery. The method of 
choice is radioimmunoassay (GILLMANN 1970; BROWN et al. 1971; v. LILIEN
FELD-ToAL et al. 1974; TOVEY et al. 1974; SCHMIDT-GAYK et al. 1975; SCHWILLE 
and SAMBERGER 1975; SCHWILLE et al. 1977, 1978; BROADUS 1979; KOHRI et al. 
1973; LIEN and KEANE 1983). In the view of SCHWILLE et al. (1977) simultane
ous elevation of urinary cAMP and serum ionized calcium is definite evidence 
of hyperparathyroidism. From the highly significant correlation to 24 hour uri
nary cAMP excretion KRUSE and KRACHT (1981) were able to demonstrate the 
usefulness in infants, children and adults of measuring the fasting urinary 
cAMP/creatinine or cAMP/GFR ratio. 

Urinary glycollates can also be measured by enzymatic colorimetry, provid
ing useful data for the differential diagnosis of the hyperoxalurias. In the ma
jority of cases of primary metabolic hyperoxaluria glycollate excretion is in
creased, but not so in dietary excess or steatorrhea (ROSE and KASIDAS 1979). 

Uromucoid is a glycoprotein formed in the tubules which can be isolated 
from urine by salt precipitation (TAMM and HORSFALL 1950) and which is now
adays assayed by quantitative immunochemistry (BICHLER et al. 1973; BICHLER 
1974,1975). Despite earlier reports of raised urinary uromucoid levels in stone 
formers, neither BICHLER (1975) nor WIKSTROEM and WIESLANDER (1981) were 
able to confirm raised uromucoid levels in patients with calcium oxalate, cal
cium phosphate or cystine stones, and in fact they found decreased uromucoid 
excretion associated with uric acid lithiasis. SAMUELL (1978) introduced a 
modified electroimmunoassay technique, by means of which both SAMUELL 
himself (1979) and HALLSON et al. (1981) have been able to demonstrate that 
stone formers who pass small quantities of urine have higher uromucoid 
excretion and higher urinary concentrations than do healthy subjects (rapid 
evaporation technique of HALLS ON and ROSE 1978, 1979). 

Increasing interest is being generated by urinary amino acid levels, although 
their significance for stone formation is still far from clear. 

LIAN et al. (1977) demonstrated the presence of gammacarboxyglutamic 
acid in calcific renal stones and HAUSCHKA et al. (1975) have characterised this 
substance as a calcium binding amino acid. Amino acid analyzer studies of 24 
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hour urine from recurrent stone formers have revealed significantly raised ex
cretion compared to healthy controls (JOOST et al. 1981; RESNICK et al. 1981). 

In this context the presence of measurable urinary protease activity must be 
worthy of mention. SCHNEIDER and BOERNER (1981) found stone sufferers to 
have both raised protease activity and increased enzymatic binding capacity. 
BOERNER et al. (1982) have studied the effects of proteases on calcium oxalate 
precipitation from nighttime urine. It seems that proteolytic cleavage of high 
molecular weight organic material in the urine results in complete disappear
ance of large crystals, with no change or only a moderate increase in smaller 
ones. 

Beta-2-microglobulin may be detected in the urine by radioimmunoassay. 
This interesting substance is excreted in increased quantities in tubular lesions 
(BACKMAN et al. 1976; BICHLER et al. 1981, 1982). LJUNGHALL et al. (1982) de
tected increased excretion overall in about 10% of their stone patients, the high
est levels occurring in patients with renal tubular acidosis. 

Tubular damage can also be confirmed by estimating urinary alanine 
aminopeptidase (AAP), but pyelonephritis must first be excluded as an alterna
tive source of raised urinary AAP activity. SPENGLER and MOSCHUETZ (1982) 
found markedly raised AAP activity in the urine of stone patients who were 
free of any renal inflammatory process, and it is therefore debatable whether 
the tubular lesion is cause or effect of urolithiasis. 

Saturation. The degree of urine saturation is also of great diagnostic import 
(NANCOLLAS 1985). Some understanding of lithogen and lithogen complex 
solubility in urine has been gained by adding test substances to natural and 
synthetic urines under controlled conditions and recording the parameters 
leading to precipitation. From concentration curves constructed in this way it 
has been possible to delineate the supersaturated state, i.e. activity greater than 
the solubility product. Within this region the breadth of the metastable and 
unstable zones have also been defined. Metastability is characterised by a range 
of concentrations lying between the absolute limiting solubility product and the 
degree of saturation at which spontaneous precipitation (nucleation) occurs. 
Within this range precipitation only occurs in the presence of some trigger 
factor (seed, nucleating agent). In the unstable region, on the other hand, the 
concentration is around the precipitation point or higher, so that precipitation 
always occurs when these concentrations are attained. If a known quantity of 
test substance is added and equilibrium between precipitate and supernatant 
allowed to set in, the ionic concentration in the supernatant can be compared 
with that of other experiments. Such an arrangement allows the effects of 
diluting the test solution or of changing the concentrations of its constituents to 
be evaluated in a controlled fashion (DENT and SUTOR 1971; SUTOR 1973; 
FINLAYSON et al. 1973; BABIC et al. 1976; ROBERTSON et al. 1976; MATOUSCHEK 
and HUBER 1977; BURNS and FINLAYSON 1981; TEW and MALIS 1981; T!SELIUS 
and LARSSON 1981; T!SELIUS et al. 1981; FINLAYSON 1982; NANCOLLAS et al. 
1982; SARIG et al. 1982; ZECHNER et al. 1984; WHITE et al. 1983). 

From the pH-dependent concentrations of ionised calcium, magnesium, 
phosphate and sulfate, and from the total concentrations of calcium, magnesi
um, sodium, potassium, ammonium, phosphate, oxalate, citrate and sulfate, the 
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stability constants of various soluble urinary complexes have been calculated on 
a suitable computer program. There is no significant difference in the mean 
values for stone formers and healthy subjects, but many stone formers had 
raised urinary activity products, denoting a high risk situation (RAAFLAUB 
1963; ROBERTSON et al. 1968; ROBERTSON 1969; DANIELS and MARANGELLA 
1981 ). 

A dedicated computer program has also been used to calculate the satu
ration level from total sodium, potassium, (ammonium), calcium, magnesium, 
phosphate, sulfate, oxalate, citrate, (urate), chloride and pH. Strikingly, a 1% 
increase in oxalate concentration did more to raise saturation than did calcium, 
and furthermore the inhibitory effect of citrate on calcium oxalate precipitation 
ranked higher than did that of sodium, phosphate, magnesium, sulfate, potassi
um or chloride (FINLAYSON 1977; FINLAYSON and REID 1978; HERING et al. 
1981). 

NORDENVALL (1982) has also used a computer program similar to that of 
ROBERTSON (1969) and of FINLAYSON (1977) to determine ionic activity prod
ucts. 

Similar studies of complex chemistry using urine ionic equilibrium pro
grams have been carried out by ELLIOT (1973), MARSHALL and BARRY (1973), 
GILL (1974), ACHILLES et al. (1976), ERWIN et al. (1976), HESSE et al. (1977), 
TISELIUS et al. (1978), BRUNDIG et al. (1980), DANIELS and MARANGELLA 
(1981), HARTUNG et al. (1981), RAPADO et al. (1981), MATOUSCHEK and HUBER 
(1982), TISELIUS and LARSSON (1982), VOGEL et al. (1984), BAUMANN et al. 
(1985) and ACHILLES and ULSHOEFER (1985). 

ROBERTSON (1969) attempted to reduce the number of measurements re
quired by estimating the calcium oxalate, octacalcium phosphate and magnesi
um ammonium phosphate activity products. By comparing their urine values 
with the saturation product of the corresponding salt in aqueous solution, the 
degree of saturation could be determined. This method required a computer 
program but had the advantage of measuring simultaneously the activity prod
ucts of three salts. 

PAK (1973) measured the activity product of brushite only and determined 
the degree of urine saturation with this salt by comparing the brushite activity 

,products before and after overnight incubation of the urine with synthetic 
brushite. The ratio was then calculated of the pre- and postincubation brushite 
activity products. A ratio of less than 1 suggested undersaturation and greater 
than 1 suppersaturation. This technique involved fewer chemical determi
nations and no computer. 

OREOPOULOS et al. (1976) have used both techniques in a comparative 
study. 

Saturation can also be expressed in terms of ratios between urine concentra
tions of various substances involved in lithogenesis. Suitable ratios are calcium/ 
creatinine, calcium x oxalate/creatinine x magnesium, calcium/citrate x mag
nesium x sodium or sodium/calcium (TISELIUS et al. 1978; HARTUNG et al. 
1979; TISELIUS 1979; BERG 1981; NORDENVALL 1982; MATOUSCHEK and HUBER 
1983; ERWIN et al. 1985). BUTZ and SCHULTE (1982) found 68% of their stone 
patients to have a mean matutinal urinary calcium/citrate ratio of 1.57, where-
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as healthy individuals had a mean of only 0.86. Single episode and recurrent 
stone formers were also separated by differences in the magnesium/calcium x 
oxalate ratio (ROBERTSON 1976). ROBERTSON et al. (1981) have stressed the 
importance of the oxalate/calcium ratio, whilst TISELIUS (1983) has pointed out 
that, in the routine investigation and followup of calcium oxalate stone formers 
the mathematical expression CaO.?1 x Ox, is of great value in expressing urinary 
calcium oxalate supersaturation (with or without a volume factor). However, 
for more detailed analysis and in therapeutic situations where effects on urinary 
magnesium and citrate are expected, as well as in research work, the more com
plex index, including calcium, oxalate, magnesium and citrate will probably be 
of greater use. The chief disadvantage of this term is that it omits uric acid and 
glycosaminoglycans, both important factors in stone formation, and indeed 
apart from calcium and oxalate the only ones found by repeated estimation of a 
panel of twelve urine parameters to be significantly different in stone formers 
and non-formers (ROBERTSON et al. 1978). Urinary protease activity is also 
neglected. 

Nomograms offer a far less elaborate means of determining urine saturation 
and show good agreement with the results of computer calculations (MARSHALL 
and ROBERTSON 1976; NORDENVALL 1982; HESSE and BACH 1982; TISELIUS 
1984). 

In any consideration of urine saturation studies note that healthy individ
uals also have periods of urine supersaturation by various lithogens, i.e. that 
not every proven case of supersaturation is hard evidence of urolithiasis. Such 
supersaturation of urine from healthy individuals with calcium oxalate has 
been recorded by ELLIOT and RIBEIRO (1967), GILL et al. (1974), PAK and HOLT 
(1976), ROBERTSON (1976), ROBERTSON et al. (1968, 1971). 

ROBERTSON et al. (1968, 1971) have recorded similar bouts of hydroxyapa
tite and octacalcium phosphate supersaturation . 

. The brushite supersaturation found in the urines of healthy persons by PAK 
(1969) and by PAK et al. (1969) was less pronounced. 

On the other hand uric acid and sodium or ammonium urate supersatu
ration is not atall uncommon in the urine of normal people (PAK et al. 1977; 
ROBERTSON et al. 1976). 

Magnesium Ammonium Phosphate supersaturation has only been seen in 
the urine of healthy persons where prior infection had led to urine alkaIlni
sation (ROBERTSON et al. 1968). 

Crystalluria. Certain more elaborate techniques yield pathogenetic data over 
and above that available from the advanced panel of crystalluria studies. 

Polarised light microscopy is an excellent method for the qualitative identifi
cation of crystals, since most crystals exhibit interference colors of varying 
brilliance when viewed under polarised light with crossed filters. The great ad
vantage of the technique is its ability to distinguish crystal phases of the same 
typical habit but of differing chemical composition and to elicit data from 
amorphous crystallisates (CIFUENTES DELATTE 1974; SCHNEIDER 1974; ELLIOT 
and RABINOWITZ 1978, 1980; BERG and SZABO-FoELDVARY 1982). 

HABER (1972, 1981) has identified crystals by a combination of polarising-, 
interference- and phase contrast microscopy. 
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Infrared spectroscopy, scanrung electron microscopy and x-ray dif
fractometry offer further means of examining crystals in greater detail 
(CIFUENTES DELATTE 1970, 1971; ELLIOT et al. 1976; ELLIOT and RABINOWITZ 
1978; Fuss et al. 1976; ALKEN and SCHAEFER 1978; GEBHARDT 1978; BLOMEN 
1981, 1982; BERG and SZABO-FoELDVARI 1982). 

Quantitative estimation of crystalluria and measurement of crystal size is al
most as important as crystal type in determining the risk of stone formation and 
in assessing therapeutic outcome (DYER and NORDIN 1967; ROBERTSON et al. 
1969; SUTOR 1969; SUTOR and WOOLEY 1970; TEOTIA and SUTOR 1971; WELSH
MAN and MCGEOWN 1972; HABER 1972; FLEISCH and MONOD 1973; HALLSON 
and ROSE 1976; PAK and HOLT 1976; SZABO-FoELDVARI et al. 1976; MILLER 
et al. 1977; ROSE 1977; DRACH et al. 1978). 

Coulter counter technology offers one means of counting crystals and of es
timating their volume: Particles passing through a capillary gate trigger electri
cal signals which can be processed by online computing equipment. Other simi
lar instruments use light scatter by crystals or the interruption of a light beam 
shining across a glass capillary tube to generate electrical signals (ROBERTSON 
et al. 1968, 1969, 1971, 1972, 1973; ROBERTSON and PEACOCK 1972; HALLSON 
and ROSE 1976; FLEISCH et al. 1977; ROSE 1977; LESKOVAR and HARTUNG 1978; 
BRANDES et al. 1981; HARTUNG et al. 1981; HERING et al. 1981; BERG and 
SZABO-FoELDVARI 1982; RYALL et al. 1985). 

A simple, inexpensive, accurate and readily available technique involving 
petrographic analysis of millipore filtrates has been described by VAN DEN 
BERG et al. (1976). Urine is voided into a metal urinal held at 37° C and two 
millilitres of this fresh sample are immediately suction filtered through a milli
pore filter, washed with 4 drops distilled water and dried. The filter IS placed 
under a coverglass and refraction oil added to the edge of the coverslip prior to 
sealing with mounting medium. The sample is thus preserved indefinitely for 
further examination and a section of the millipore filter may be kept back for 
scanning electron microscopy. The crystals are preserved in a good approxi
mation to their original state in freshly voided urine. 

WERNESS et al. (1981) have given a further impressive demonstration of this 
technique, identifying their crystal material by petrographic microscopy and 
scanning electron microscopy with energy dispersive X-ray spectrometry. 

Crystal size can also be determined with a micrometer eyepiece, with a 
measuring grid in the eyepiece or on a special microscope that projects the 
image onto a suitable external measuring field, whence data is fed into auto
matic measuring equipment and processed in an on line computer (SCHULZE 
et al. 1980; BERG and SZABO-FoELDVARI 1982; BOERNER et al. 1982). 

The importance of pathogenetic data gleaned from careful qualitative 
and quantitative analysis of crystal material for the risk of stones forming 
from identical material is obvious. In addition, however, it may well be that 
crystals act as promoters of further crystal precipitation. Such heterogeneous 
nucleation would have to take place in a metastable domain. It has certainly 

-been shown that calcium oxalate promotes the precipitation of calcium phos
phate (PAK et al. 1976; MEYER et al. 1977) and of sodium urate (PAK et al. 
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1976). Hydroxyapatite induces calcium oxalate (MEYER et at. 1975) and sodium 
urate precipitation (PAK et al. 1976). Brushite promotes the precipitation of cal
cium oxalate (PAK et al. 1976; MEYER et al. 1977), whilst monosodium urate has 
the same effect on both calcium oxalate (COE et al. 1975; PAK and ARNOLD 
1975; PAK et al. 1976) and calcium phosphate (PAK et al. 1976). 

Inhibitors. Particular importance attaches to the presence in the urine of sub
stances capable of inhibiting precipitation, nucleation, crystal growth or aggrega
tion. The substances are termed inhibitors. Excellect reviews of this entire subject 
have been given by ISAACSON (1969), RUSSEL and FLEISCH (1969), SMITH and 
MCCALL (1969), THOMAS (1969), WELSHMAN and MCGEOWN (1972), OHATA and 
PAK (1973), FINLAYSON (1974), ROSE (1975), ROBERTSON and NORDIN (1976), 
SMITH (1976), FLEISCH et al. (1977), MILLER et al. (1977), DOREMUS et al. 
(1978), GARDNER and DOREMUS (1978), PAK (1978), FLEISCH (1978, 1980), 
BROCKIS et al. (1980), BURNS and FINLAYSON (1980), GARTI et al. (1980), 
ROBERTSON et at. (1981), TISELIUS and FORNANDER (1981), ROSE (1982), 
NANCOLLAS (1982), NANCOLLAS et at. (1984) and SALLIS (1985). 

The chief distinction to be made is whether a given substance acts as a pri
mary inhibitor or forms complexes with certain lithogens, thus reducing their 
level of saturation. Inhibitors such as magnesium and citrate appear to act by 
both mechanisms (ROBERTSON et al. 1981). 

Our understanding of the inhibitory action of urine on precipitation is due 
largely to in vitro experiments comparing the effects of various dilutions of 
urine on formation products. The latter are first determined by the minimum 
concentration of ions or solutes needed to produce a solid phase in a given 
length of time (FLEISCH and BISAZ 1962). The extent to which the formation 
product was depressed was then taken to indicate the inhibitory action of the 
additive. Results obtained with diluted urine do not, however, necessarily re
flect the conditions appertaining in undiluted urine, and indeed inhibitory ac
tivity is not related linearly to the concentration of urine used. Many inhibitors 
exhibit nonlinearity and variability of action, so that their relative importance 
varies with dilution (FLEISCH 1980). 

The measurement of formation products in dilute urine is also not without 
its problems. Although the concentration of lithogenic substances in such a so
lution can be measured, their thermodynamic activity cannot, and it is the latter 
that chiefly governs the product of formation. 

PAK et ai. (1971) and PAK (1972) have outlined an approach by which mea
sured formation products are related to the solubility products for the solids ap
pearing in the individual urine. 

This procedure is only valid so long as the percentage of complexes formed 
is identical under the two sets of conditions and if the complexing agents are 
not adsorbed on to the crystal surface when solubility is being measured. How
ever, although this formation ratio is not entirely accurate, it nevertheless gives 
a valid approximation. A further problem when measuring the formation prod
uct in whole urine is that the maximum measurable inhibitor activity will actu
ally be obtained at concentrations lower than those in urine. This loss of sensi
tivity can be compensated to some extent by adding some form of seed to the 
system (FLEISCH 1980). 
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MEYER and NANCOLLAS (1972, 1973) have measured the kinetics ofprecipi
tation after a seed is introduced. The effect of inhibitors can be measured by 
the loss of calcium and inorganic phosphate from a supersaturated solution af
ter seeding. Care must be taken to hold the ionic concentrations of the forma
tion partners constant throughout the test. 

BAUMANN et al. (1975) employed a modification of the FLEISCH and BISAZ 
(1962) technique. Two sets of solutions were made up to have constant pH and 
ionic concentrations but serially increasing phosphate levels. After incubation 
for three days at 37 0 C, either with or without the addition of 3% urine, the 
supernatant calcium concentration was determined as a measure of the limiting 
calcium x phosphate product, above which precipitation would occur. Adding 
urine raises this product, and by subtracting the control values a measure of 
urinary inhibitor activity can be calculated and expressed in (mg2). 

MEYER et al. (1975) have presented a special technique for use in the cal
cium oxalate monohydrate-hydroxyapatite system, MEYER and SMITH (1975 a, 
b) a similar one for calcium oxalate. 

A technique measuring the quantity of hydroxyapatite needed to precipitate 
50% calcium phosphate from supersaturated whole urine has been described by 
FLEISCH et al. (1977) and by BISAZ et al. (1978). Since inhibitor binds to the 
seed crystal surface, the seed quantity required to induce precipitation reflects 
urinary inhibitor activity. 

Nucleation inhibition effects can also be detected by Coulter counter/Chan
nelyzer techniques. Passage of crystals through a fine capillary tube of known 
geometry generates impedance changes, the pulse amplitude being directly pro
portional to particle number. 

Gel crystallization (ACHILLES et al. 1980; ACHILLES 1984; BOTHOR et al. 
1984; SCHNEIDER et al. 1984) is also convenient for testing the effects of inhibi
tors. Calcium and oxalate are dropped onto a gel, where a standard quantitative 
crystallization pattern can be established. The addition of inhibitors will alter 
the width and density of the crystallization band, depending on their effective
ness. A photometric extinction profile can be drawn and an inhibition index 
thus computed. 

Pyrosphosphate has definitely been confirmed as an inhibitor of calcium 
oxalate precipitation (FLEISCH and BISAZ 1964; MEYER and SMITH 1975; DRACH 
et al. 1978), as have citrate (MEYER and SMITH 1975) and magnesium (MEYER 
and SMITH 1975). 

Macromolecules also playa part as calcium oxalate precipitation inhibitors 
(GILL and KARESCH 1976; GILL et al. 1977), particularly glycosaminoglycans 
(ITO and COE 1977) and polypeptides (ITO and COE 1977). 

Pyrophosphate inhibits the transformation of amorphous calcium 
phosphate to the crystalline phase (FLEISCH et al. 1968; FRANCIS 1969). 

Crystal growth is an important field of fundamental research, currently fo
cussing on measurements and computations of growth and inhibition kinetics 
(BLIZNAKOW 1965; FINLAYSON 1972; FINLAYSON and DUBOIS 1973; JUNG et al. 
1973; ROBERTSON et al. 1973; NANCOLLAS and GARDNER 1974; MEYER and 
SMITH 1975; NANCOLLAS 1976; LEAL and FINLAYSON 1977; MILLER et al. 1977; 
BIJVOET et al. 1978; GARDNER 1978; BLOMEN et al. 1979; TISELIUS 1980; 
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FUEREDI-MILHOFER 1981; SHEEHAN and NANCOLLAS 1981; BLOMEN 1982; 
NORDENVALL 1982; JOOST et al. 1985; MEYER 1985, WILSON et al. 1985). 

WILL et al. (1976, 1977), BUVOET et al. (1978), BLOMEN (1982), and BLOMEN 
et al. (1983) report a technique for studying the effect of urine and various 
other additives on the growth of calcium oxalate crystals. The basic principle is 
the measurement of 45Calcium uptake from a supersaturated calcium oxalate 
solution when calcium oxalate monohydrate crystals are added. The crystal 
radioactivity retained by a filter after twenty minutes is expressed as a fraction 
of the total count. Fractional reduction in isotope uptake can be shown to be a 
measure of fractional growth constant reduction. 

WERNESS et al. (1981) used various modified systems to determine the effect 
of mixed inhi bi tors. 

Inhibitory action on calcium oxalate crystal growth was determined by a 
modification of the MEYER and SMITH (1975) method: Control runs (no inhibi
tor) were performed with each test series (inhibitors) by adding 2.0 ml CaCl2 

(0.016 M) to 65.0 ml NaCI (0.148 M), equilibrating at 37°C and slowly stirring 
in 3.0 ml K2C20. (0.01 M). The pH was adjusted to 6.0 and a seeding slurry 
added (approx. 0.2 ml) to give a growth rate of about 600 Mol min-II-I. Ali
quots were removed at 0, 5, 15, 30 and 50 minutes, filtered through an 0.22 
micron millipore filter ("Metricel") and assayed for calcium by atomic ab
sorption. Rate constants were then calculated as described by MEYER and SMITH 
(l975a). 

Each inhibitor was tested separately for potency, inhibitors being added to 
the supersaturated calcium oxalate assay solution before seeding. Al least three 
concentrations of each inhibitor were used to calculate inhibitory activity by 
fitting them to the Langmuir adsorption isotherm. When mixtures of inhibitors 
were tested, data from single inhibitor studies was used to concoct mixtures in 
which each inhibitor would theoretically contribute an equal inhibitory effect. 
Solutions were first assayed for calcium and sodium concentration crystal 
growth assay solutions were adjusted to compensate for sodium and calcium in 
the added urine. The quantity of oxalate contributed by normal urine was 
usually negligible and was not compensated for. The inhibitory effect of each 
urine sample was measured as above and mixtures of urine and inhibitors then 
tested. All solutions were unbuffered, the pH being monitored continuously and 
adjusted to stay between 5.9 and 6.1. Calculations were performed by linear 
regression analysis, as described by MEYER and SMITH (1975 a, b). 

WERNESS et al. (1981) used a modification of the MEYER and NANCOLLAS 
(1972) or MEYER et al. (1975) method to determine inhibitory activity toward 
hydroxyapatite: Control runs (no inhibitor) involved adding 4.86 ml CaCl2 

(0.028 M) and 4.88 ml KH2PO. (0.018 M) to 65 ml NaCl (0.15 M) and adjusting 
the pH to 7.4 with 0.086 M NaOH. The reaction vessel was kept in pH-stat 
(Metrohm, Combinator-3 D) while 0.1 ml hydroxyapatite seed slurry (approx. 
20 mg/ml) were added. The volume of 0.086 M NaOH needed to maintain a 
constant pH was recorded over the next 60 minutes, and rate constants were 
then calculated from the amount of base added and from the known 
stoichiometry of hydroxyapatite precipitation (MEYER and NANCOLLAS 1972). 
Inhibitors could now be assayed in the same manner as that described for the 
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calcium oxalate monohydrate system. Urines were first assayed for calcium and 
phosphate concentrations and the crystal growth solutions adjusted if necessary. 
Complexing of calcium by citrate and of phosphate by magnesium were 
corrected for in all experiments, thus maintaining a constant initial state of 
supersaturation, whatever amount of inhibitor was to be added. 

In addition, a method was described for measuring uric acid crystal growth. 
Uric acid seed crystals are added to a supersaturated uric acid solution pre
pared by equilibrating 0.15 M uric acid solution with solid uric acid at 37 DC 
and pH 5.8. Excess solid uric acid is filtered out and the pH slowly adjusted to 
5.0. Crystal growth rate can then be determined by passing aliquots through an 
0.22 micron millipore filter at 0, 10,25,50 and 75 minutes, diluting the filtrate 
1 : 20 with distilled water and reading absorbance at 294 nm (WERNESS et al. 
1982). 

In summary it can be said that pyrophosphate exerts pronounced inhibition 
on calcium oxalate and calcium phosphate crystal growth (FLEISCH and BISAZ 
1964; RUSSEL and FLEISCH 1969, 1972; FLEISCH and MONOD 1973; ROBERTSON 
et al. 1973; BISAZ et al. 1978). Citrate inhibits the growth of calcium oxalate 
(FINLAYSON 1974) and hydroxyapatite crystals (SMITH et al. 1973). 

At concentrations between 10-3 and 10-6 M magnesium was devoid of in
hibitory effect on calcium oxalate (ROBERTSON et al. 1973) but had a weak ef
fect on hydroxyapatite crystal growth (BACHRA and FISCHER 1969). 

Crystal aggregation and the inhibition thereof have attracted scrutiny, inso
far as aggregates are rarely found in healthy individuals whilst commonly oc
curring in stone formers (ROBERTSON et al. 1969; ROBERTSON and PEACOCK 
1972; ROSE 1977). 

Aggregation has been studied in vitro by adding dis aggregated crystals to 
slightly supersaturated solutions and counting the rate of aggregate formation 
per unit time on a Coulter Channelyser (ROBERTSON 1969; ROBERTSON et al. 
1969; ROBERTSON and PEACOCK 1972; FLEISCH and MONOD 1973; FELIX et al. 
1976, 1977; HANSEN et al. 1976; HARTUNG and LESKOVAR 1976; CURRERI et al. 
1981; RODGERS and GARSIDE 1981; RYALL et al. 1981; RYALL and MARSHALL 
1981; BLOMEN 1982; BLOMEN et al. 1983; ROBERTSON et al. 1984). 

Channelyzer techniques also permit disaggregating additives to be studied 
in their effect either on aggregates formed in solution or on added crushed 
stone material (LESKOVAR and HARTUNG 1977; LESKOVAR et al. 1979). 

In 1974 FLEISCH presented his Agglometer, an instrument which counts par
ticles faster, more simply and at less cost than the Coulter counter. 

Test fluid is forced through a microfilter of 20 micron pore size under con
stant pressure. The pore size is chosen to allow individual calcium oxalate crys
tals to slip through whilst retaining aggregates. The filtration rate over a few 
seconds is displayed graphically: If there are no aggregates, the graph is a 
straight line but, flattening of the curve develops as aggregates are arrested in 
the filter and progressively block it, thereby reducing the filtration rate. The 
overall volume filtered over a given interval can be expressed as a degree of 
aggregation. 

A number of studies have shown urine to have a more marked inhibitory 
action on aggregation than on crystallization. ROBERTSON and PEACOCK (1972) 
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made the important observation that the urine of recurrent stone formers was 
less able to inhibit calcium oxalate aggregation than was that of healthy control 
subjects. 

The calcium oxalate aggregate inhibiting power of urine was found to be di
lution dependent, the addition of 10% urine totally abolishing aggregation 
(FLEISCH 1974; ROBERTSON et al. 1976; FELIX et al. 1977; FLEISCH 1980). 
10- 20% of this effect was due to citrate and pyrophosphate, magnesium mak
ing a lesser contribution (MEYER and SMITH 1975; ROBERTSON et al. 1976; FELIX 
et al. 1977). The great bulk of inhibitor activity was vested, in gly
cosaminoglycans (ROBERTSON et al. 1976; FELIX et al. 1977; DRACH et al. 1985). 

Urine has a similarly powerful inhibitory effect on calcium phosphate 
aggregation (HANSEN et al. 1976). Once again, citrate, pyrophosphate and gly
cosaminoglycans proved to be powerful inhibitors, with magnesium and other 
metals lagging far behind in potency (FLEISCH 1980). 

The basic classification of inhibitors is by molecular weight. 
Pyrophosphate is a potent low molecular weight inhibitor (FLEISCH and BI

SAZ 1962; FLEISCH 1973; RUSSELL and FLEISCH 1973; SMITH et al. 1973; OREO
POULOS et al. 1976). Urinary pyrophosphate is conveniently estimated with a 
sensitive and specific radioenzymic assay originally developed by MCGUIRE 
et al. (1980) for studying pyrophosphate metabolism in tissue culture (WIK
STROEM et al. 1982). 

Stone patients have not so far been shown to be pyrophosphate deficient by 
comparison with normal people (FINLAYSON 1981; ROBERTSON et al. 1983). 

Citrate (see above for assay) also belongs to this group (SMITH et al. 1973; 
FINLAYSON et al. 1983). Patients with urolithiasis have been shown to excrete 
lesser quantities than do healthy controls (WELSHMAN and MCGEOWN 1976; 
BACH et al. 1979; SCHWILLE et al. 1979; ROBERTSON et al. 1983). 

Magnesium (see assay above) can at best be regarded as a weak low molecu
lar weight inhibitor (SMITH et al. 1973; SUR and PANDEY 1981). No difference 
in magnesium content can be demonstrated between the urines of healthy 
people and stone patients (JOHANNSSON et al. 1980; STRENGE et al. 1980; BACH 
et al. 1981; ROBERTSON et al. 1984). 

High molecular weight constituents of urine are disproportionately impor
tant as inhibitors, since their concentration is reduced in the urine of stone pa
tients (ROBERTSON et al. 1978, 1983; RANDOLPH et al. 1981). Three principal 
groups are recognized: 

Glycosaminoglycans (GAGS) comprise the acidic mucopolysaccharides 
hyaluronic acid, chondroitin sulphate, dermatan sulphate, chondroitin, heparin, 
heparan sulphate and keratan sulphate. Specific assays have been published by 
TELLER et al. (1962), VARADI et al. (1976), DI FERRANTE (1969), WESSLER 
(1971), GOLDBERG and COTLIER (1972), BLUMENKRANZ and ASBOE-HANSEN 
(1973), WHITEMAN (1973), SCHRIER et al. (1979, 1981), MARTIN. et al. 
(1984), AzOURY et al. (1985), FELLSTROEM et al. (1985), MARTELLI et al. (1985), 
ROSE and SULAIMAN (1985), SCURR and ROBERTSON (1985), TISELIUS (1985). 

GAGS have been identified as potent inhibitors (ROBERTSON and PEACOCK 
1972; ROBERTSON et al. 1973; GILL and KARESCH 1976; ROBERTSON et al. 



Diagnosis of Urinary Calculi 387 

1976; HALLSON and ROSE 1979; SALLIS and LUMLEY 1979; BROCKIS et al. 
1980; GARTI et al. 1981; HALLSON et al. 1981; HARTUNG et al. 1981; PINTO 
et al. 1981; RYALL and MARSHALL 1981; SALLIS et al. 1981; SCURR et al. 
1981; DRACH et al. 1982). GAG excretion was found by RYALL and MARSHALL 
(1981) to be of the same order of magnitude in stone patients as in normals. 
Using the assay technique of BLUMENKRANZ and AsBOE-HANSEN (1973), 
BICHLER et al. (1981) were able to demonstrate the GAG excretion of uric 
acid and calcium oxalate stone patients to lie in the same range as that of 
healthy subjects. On the other hand, patients with large struvite calcium had 
substantially lower levels, a finding in accordance with earlier reports by 
ROBERTSON et al. (1978) that stone patients had lower overall GAG excretions 
than normal. By contrast, ULSHOEFER and ZENKER (1984) have found elevated 
mucopolysaccharide concentrations in the urine of stone patients and suggest a 
stone promoting role for these substances. 

Ribonucleic acid (RNA) also has a fundamentally inhibitory effect on cal
cium oxalate (ITO and COE 1977; ROBERTSON et al. 1984; BROWN et al. 1985). 
On the other hand WERNESS et al. (1981) were able to demonstrate that RNA 
mixtures had less inhibitory effect on calcium oxalate monohydrate crystal 
growth than would be predicted from the activities of the added RNA and 
urine. It was shown that the inhibition is probably due to hydrolysis of RNA by 
normal urinary ribonuclease activity. These studies and general considerations 
of molecular weight led SCHRIER et al. (1981) to propose the existence of 
RNA-like material, responsible for 10-20% of the urinary inhibitor activity 
seen in their studies. 

Finally, a group of glycoproteins has been postulated as inhibiting calcium 
oxalate (NAKAGAWA et al. 1978, 1979; ROBERTSON et al. 1984). This group 
would include the TAMM-HoRSFALL mucoprotein, detectable by quantitative 
immunoassay (BICHLER et al. 1973; HAUGEN et al. 1978). SCHRIER et al. (1979) 
found each of these compounds to be capable of up to 50% inhibition at 
micromolar concentrations, whereas KITAMURA and PAK speak of a slight inhi
bition of spontaneous calcium oxalate precipitation and crystal growth. By con
trast SOPHASAN et al. (1980) were unable to detect any inhibitory effect of the 
TAMM-HoRSFALL glycoprotein in vitro. 

/3) Loading Studies 

Once hypercalciuria has been demonstrated, proper treatment will require ab
sorptive, resorptive and renal forms to be distinguished one from another. 

This can conveniently be achieved by a calcium tolerance test, of which vari
ous modifications are described in the literature (PAK et al. 1975; HESSE 1979; 
BROADUS et al. 1978; PAK 1978; SAKHAEE et al. 1979; JOOST and PuSCENDORF 
1980; KOHRI 1980; JOOST and PUTZ 1982; KORN and BICHLER 1982; FUTTERLIEB 
et al. 1984; HESSE et al. 1984; KOHRI et al. 1983; MATOUSCHEK and HUBER 
1984; PFAB et al. 1984; VONTOBEL et al. 1984). 

The calcium content in the fasting urine of absorptive hypercalciuria suf
ferers has been shown to be normal, whilst it is markedly raised postprandially. 
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PAK et al. (1974) and PAK (1978) therm this "type I", as distinct from a type II. 
In the latter a calcium load will cause hypercalciuria, just as in type I, but a re
duced calcium intake (low calcium diet) is required to keep calcium excretion 
within the normal ran~e. 

Raised serum calcium, parathormone and phosphate levels together with a 
raised tubular threshold to phosphate are regarded as evidence of resorptive hy
percaiciuria. The fasting urine has a raised calcium/creatinine ratio and ele
vated cAMP levels. Oral calcium loads result in increased urinary calCium ex
cretion. Note that in urolithiasis the indices of parathyroid function (parat
hormone, cAMP) will be unequivocally elevated only in cases of overt primary 
hyperparathyroidism (SCHWILLE et al. 1981). Furthermore, 10-20% of cases 
have parathormone and cAMP levels within the normal range or belong to the 
normocalcemic variant of primary hyperparathyroidism (SCHOLZ and 
SCHWILLE 1981). 

Patients with renal hypercalciuria have raised calcium levels in their fasting 
urine. SCHOLZ and SCHWILLE (1981) have demonstrated a concurrent increase 
in sodium excretion and postulate an abnormality of tubular membrane trans
port. Unlike COE et al. (1973) or PAK et al. (1974), SUTTON and WALKER (1981) 
and SCHOLZ and SCHWILLE (1981) were unable to detect any evidence of in
creased parathyroid activity. 

The differential hypercalciuria test after SCHOLZ et al. (1980) and SCHOLZ 
and SCHWILLE (1981) is a useful aid to the differential diagnosis of hy
percalciuria: Patients are asked to attend in the morning after an overnight fast. 
They bring with them a 24 hour urine collection and a record of the type and 
quantities of food and drink consumed the previous day. Blood is taken without 
venous occlusion (to avoid raising the plasma protein and distorting calcium 
and phosphate levels) on the morning of the test. The patient is then given 
2x300 ml tapwater or distilled water to promote diuresis. Urine is collected for 
two hours to determine. basal creatinine clearance and fasting mineral ex
cretion. Calci urn uptake is crudely determined by giving 1000 mg (25 mMol) 
ionised calcium with a commercially available synthetic feed. Three hours later 
the urinary calcium/creatinine ratio is determined. 

Table 9 lists the parameters of 24 hour urine, fasting blood and fasting and 
postprandial urine that distinguish the hypercalciurias from one another and 
from the normal. 

HEGEMANN et al. (1982), who conduct the test exactly as described by 
SCHOLZ et al. (1980), have drawn attention to variability in the normal ranges. 
They attribute this effect to variations in patient preparation, in hospital rou
tine, size of patient cohort and to a number of other endogenous and exo
genous, recommending that every center establish its own normal values. They 
also suggest that diagnostic discrimination can be improved by calculating the 
rise in calcium/creatinine ration after an oral calcium load (B~oADus et al. 
1978). Note must also be taken of the observation by VONTOBEL et al. (1982) 
that repeated tests yield inconsistent levels of hypercalciuria. Indeed LIEN and 
KEANE (1983) have denied the test any value whatever in distinguishing the hy
percalci urias. 
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Table 9. Classification of hypercalciuria by the differential hypercalciuria test of Scholz and 
Schwille 1981 (-)=no change against the normal range; t =at upper end of normal range; 
l = at lower end of normal range; t t = above upper limit of normal; II = below lower limit of 
normal 

Hypercalciuria 

absorptive resorptive renal 

Serum 
Total calcium (-) 11 (-) 
Ionised calcium (-) 11 t 
Parathormone (-) 11 (-) 
Tubular phosphate threshold l U l 

2 hour fasting urine collection 
calcium/creatinine ratio t 11 11 
Cyclic AMP (-) 11 (-) 

Postprandial urine (3 hours) 
Calcium/creatinine ratio 11 11 t 

24 hour urine 
Calcium 11 11 11 
pH (-) t (-) 

JOOST and PUSCHENDORF (1983) have described a reliable outpatient cal
cium tolerance test for separating different types of hypercalciuria and yielding 
results as good as those of the classical procedure. 

Calcium absorption studies based on the intestinal uptake kinetics of 47Ca 
(A VIOLI et al. 1965) have also been put forward as a simple outpatient method 
for classifying cases of hypercalciuria. The isotope is given by mouth as a load
ing dose and whole body counts compared with the relative 47Ca levels in 
blood, urine and feces. No special dietary preparation is required in this tech
nique (ZECHNER et al. 1978; HOFFMANN et al. 1982). 

In the proven absence of urease positive bacterial infection a urinary pH 
consistently above 5.8 strongly suggests renal tubular acidosis, a suspicion to be 
confirmed or refuted by an ammonium chloride tolerance test. If the pH still re
mains above 5.4 the diagnosis can be further strengthened by blood gas analysis 
(WRONG and DAVIES 1959; BACKMAN et al. 1976; SOMMERKAMP et al. 1977; AL
KEN 1981; DANIELSON et al. 1981; HESSE and BACH 1982; ROSE 1982; THIEL and 
SASCHOWA 1982). 

LJUNGHALL et al. (1982) have developed an abbreviated test using ammoni
um chloride to generate a metabolic acidosis and relating blood acid base 
balance to urinary pH. This test procedure is also capable of detecting partial 
forms of renal tubular acidosis, a finding noted by the authors in approximately 
20% of all their patients. 

In patients unable to tolerate ammonium chloride by mouth the test dose 
may be administered by intravenous infusion of an isotonic mixture of 
70 mMoll1 ammonium chloride and 70 mMoll1 sodium chloride over one hour 
(ROSE 1982). 
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ALKEN and PRELLWITZ (1981) noted patients with hyperparathyroidism to 
show a sharp increase in calcium excretion in response to an ammonium 
chloride challenge, so that the latter offers an additional means of confirming 
or excluding abnormal parathyroid activity. 

There can be no doubt of the pathogenetic significance of latent hyper
uricemia or hyperuricosuria for both uric acid and calcium oxalate stone for
mation. Recurrent formers of this type of calculus who have no other demon
strable metabolic abnormality should be subjected to a purine tolerance test. If 
this procedure results in a persistently raised serum uric acid, latent hyperuri
cemia is demonstrated (OHLENSCHLAEGER and ULBRICH 1976; BACH et al. 1979; 
SCHNEEBERGER et al. 1979, 1981; HESSE et al. 1981; Lux et al. 1981, 1982). 

PFLUEGER and ZECHNER (1981) have documented a correlation between re
currence rates for calcium oxalate or calcium phosphate stones and elevation of 
urinary uric acid excretion, whereas uric acid stone patients show the same af
ter-loading pattern as healthy controls. 

The value of such loading studies for research into pathogenesis has been 
demonstrated by PAK et al. (1978), who showed that rising urinary uric acid 
levels in the wake of an oral purine load increase the spontaneous nucleation 
rate of calcium oxalate in the urine. 

In principle oxalate tolerance tests can also be performed where specific as
pects of oxalic acid metabolism need clarifying (ROBERTSON et al. 1969; AN
DERSSON and GILLBERG 1976; BARILLA et al. 1978; CONSTABLE et al. 1978; HESSE 
et al. 1979; MATOUSCHEK and HUBER 1979; RAMPTON et al. 1979; HESSE et al. 
1981; SINGH et al. 1985). The procedure should, however, be performed with 
discretion, since the hyperoxaluria occuring during the test may of itself in
crease the risk of stone formation in oxalate stone patients. 

y) Steady State Investigations 

Free diet and fluid intake lead to great variability in the urinary excretion and 
concentration of lithogens and inhibitors (TISELIUS and ALMGARD 1977; 
SCHOENBERGER et al. 1978; LOUZENSKY et al. 1982). For this reason steady state 
conditions of standardized diet and fluid intake may be more appropriate to 
the clarification of key questions. 

Table to. Investigation flow chart for recurrent stone formers 
investigated at the Urinary Stone Research Unit, Department 
of Urology, Bonn University Hospital 

I. Out patient on free diet (baseline values) 
Day 0 Serum and 24 hour urine 

II. Inpatient on 12 day standard diet 
Days 1-8 Serum and 24 hour urine 
Days 9-10 Circadian rhythms of urinary lithogens 
Days 11-12 Loading tests for serum and urine 

studies 
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Fig. I. Circadian rhythm of urinary oxalic acid concentration in a calcium oxalate stone for
mer (SF) and in 10 healthy subjects (H). The 24 hour urinary oxalic acid concentration of the 
stone former was 0.250 mMol/1 (normal range 0.237 ± 0.067 mMol/1) 

Table 10 lists our steady state protocol. It takes 5 days to induce an adequate 
basal state for studying any parameter of interest (BASTIAN and VAHLENSIECK 
1975; BASTIAN et al. 1975; V AHLENSIECK 1979; BACH et al. 1979; HESSE et al. 
1979; BACH et al. 1981; V AHLENSIECK et al. 1981, 1982; BACH et al. 1982; 
STRENGE 1982; V AHLENSIECK et al. 1982; BACH et al. 1984). 

First of all, such conditions permit normal values to be determined, by cal
culating the mean of levels obtained in healthy subjects over a 6 - 10 day period 
(see Tables 3 and 7 a, b). These normal values form the basis of all further studies 
on stone patients under identical conditions. 

Thus comparison of the levels obtained on free diet and fluids with those 
under control conditions will reveal the specific effects of the former. Levels 
persistently higher than normal under basal conditions suggest a non-dietary 
etiology (PAK 1978; V AHLENSIECK 1979; V AHLENSIECK et al. 1981, 1982; 
STRENGE 1982). 

Considerable interest attends the circadian rhythms exhibited bY'lithogens 
and inhibitors on the 9th and 10th days. Typical rhythms occur in healthy indi
viduals and stone formers alike, depending on food intake. Once the normal 
pattern has been determined for control subjects (shaded zone in Fig. I), it is 
possible, following any dietary or fluid load, to demonstrate peaks which will 
represent risk situations for stone formation. In 24 hour urines such peaks may 
be masked and be quite undetectable (HESSE et al. 1977; HARGREAVE et al. 
1977; TISELIUS 1980; VAHLENSIECK et al. 1981, 1982; HERING et al. 1982; 
OGAWA et al. 1983; BACH et al. 1984). 

From the above it should be clear that the steady state offers optimal con
ditions for testing the influence of dietary loads (HESSE et al. 1982; STRENGE 
1982; STRENGE et al. 1982) and of drugs. 
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