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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 successes in prophylaxis and treat-
ment, 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. 1973¢), 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 Jena 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 from 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 1973 a,
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 all 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. 1. 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

Ur@c acid CH,N,O, 10916 11.4 14 2.6
Uric acid dihydrate CHNO,-2H,0 2,534 2.6 1.7
Ammonium dihydrogenurate C;H,N,O, 369 0.4 1.6
Sodium hydrogenurate NaC,H,N,O, - H,0 24 0.02 1.4
monohydrate
Cystine C:H,,N.,O,S, 180 0.2 1.0
Xanthine C,H,N,O, 2 - -
Protein 476 0.5 0.8
Whewellite Calcium oxalate CaC,0, - H,0 56,056 58.6 2.1
monohydrate 72.4

Weddellite Calcium oxalate CaC,0,-2H,0 13,255 13.8 2.4

dihydrate

Whitlockite Tricalcium phosphate Ca,(PO,), 65 0.07 0.6

Hydroxyapatite  Pentacalcium Ca,(PO,),OH 1,494 1.6 0.7

hydroxyphosphate

Carbonate apatite Basic calcium phosphate Ca, ,5s(PO,),s5 3320 3.5 0.7

(Dahllite) with carbonate (OH),4:(CO,)0.5
Octacalcium phosphate Ca,H,(PO,), - SH,O 2 - -

Newberyite Magnesium hydrogen- MgHPO, - 3 H,0 4 - -

phosphate trihydrate

Struvite Magnesium ammonium MgNH,PO,-6 H,O 4,875 5.1 1.2

phosphate hexahydrate
Magnesium ammonium MgNH,PO, - H,0 14 0.01 2.5
phosphate monohydrate

Brushite Calcium hydrogen- CaHPO, -2 H,0 242 0.2 1.9

phosphate dihydrate

Calcite, Vaterite, Calcium carbonate CaCoO, 94 0.1 0.7

Aragonite

Opal, Trydimite Silicon dioxide SiO, 1,836 1.9 0.6

Gypsum, etc. Calcium sulfate dihydrate ~ CaSO, - 2 H,0

Bobierite? Trimagnesiumphosphate Mg,(PO,), - 8 H,0O

octahydrate

Hopeite? Zinc phosphate Zn,(PO,),- 4 H,0

hexahydrate

Monetite? Calcium hydrogen CaHPO, (BECK et al. 1974)

phosphate ’
Trimagnesium ortho- Mg,(PO,) - SH,0 (CARMONA et al. 1980)
phosphate pentahydrate )

Trimagnesium phosphate ~ Mg,(PO,), - 22 H,O (ARMBRUSTER 1978)
22-hydrate?

Hannayite? Trimagnesium ammonium Mg,(NH,), (GIBsSON 1974)

phoshate octahydrate

H,(PO,), -8 H,0
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Table 1. (continued)

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

Monohydroxy- Calcium carbonate CaCO,-H,0 (DoscH 1981)

calcite?® monohydrate
Humboldtine? Iron oxalate dihydrate FeC,0, - 2H,0 (GEBHARDT 1974)
Collophane? (Ca,(PO,),), (KosLowski et al. 1977)

2,8-dihydroxyadenine?

CO,(OH),F, - NH,0

CH;N,0,

Potassium dihydrogenurate? KC,H,N,O,

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

CaC,H,N,0,

(ASPER et al. 1982,
JoosT et al. 1981)
(CIFCUENTES DELATTE
et al. 1981,

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

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

material

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-
** rystone with staghorn pro-
g cesses, formed in the renal
pelvis

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

Fig. 6. Rough-surfaced weddellite
ureteric calculus
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Fig. 7. Whewellite calculus with rough warty excrescences, formed within a ureterocele

Fig. 8. Large solitary bladder stone
of uric acid

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. 11).

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; JOOsST 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-
genurate, cystine, uric acid and uric acid dihydrate have all been documented
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Fig. 11. Struvite urethral stone
(hour-glass calculus)

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 1981a; SANTOS etal. 1976; SUTOR and
WOOLEY 1974b). A distinction may therefore be made between endogenous
(true) and exogenous prostatic calculi (RAMIREZ et al. 1980 a).

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 acid/Whewellite 2,662 2.52
Ammonium dihydrogenurate/Struvite 293 0.27
Whewellite/Weddellite 22,250 21.12
Whewellite/Carbonate apatite 2,681 2.54
Whewellite/Apatite 5,351 5.08
‘Weddellite/Apatite 1,132 1.07
Weddellite/Carbonate apatite 979 0.92
Struvite/Carbonate apatite 3,310 3.14
Total 47,192 44.81
3. Three components
Uric acid/Uric acid dihydrate/Ammonium dihydrogenurate 87 0.08
Uric acid/Whewellite/Weddellite 1,132 1.07
Whewellite/Weddellite/Apatite 6,132 5.82
Whewellite/Weddellite/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 preventive 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 GLIKI
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 etal. 1982; CIFUENTES DELATTE etal. 1973b; 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 1976 a, 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. 1980, ¢).

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 ﬁndmgs (SCHNEIDER et al. 1977 a).

Brushite is a common nuclear component of phosphate calculi (HODG-
KINSON and MARSHALL 1975), and phosphate micronuelei 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 etal. 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 etal. 1972; ELLIOT 1968; REVEILLAUD etal. 1976;
SCHNEIDER et al. 1977a; SzAaBO etal.1976a). 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,
1972b). 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
Whitlockite 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 1968 b, 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. 1979 c; 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 (KRrizex 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-sand 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
(C1rUENTES DELATTE et al. 1981; DOsCH 1981 a, b) and calcium hydrogenurate
(DoscH 1981a) 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.

Utrates 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 miay 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
etal. 1972; CiFUENTES DELATTE and CASTRO-MENDOZA 1967; RAPADO 1973;
SEEGMILLER 1968; TERHORST 1969). Occasionally they occur as a complication
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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. 1973b).

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 PHILIPS-
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. 1973 c¢). 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

greyish-brown and the surface rough. Fracture planes reveal a radiate structure
(C1rUENTES 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 (MINON 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 diagnosis 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. 1978 c; JOKES et al.
1973 h; LAGERGREN 1962; MEDINA et al. 1978; LEVISON etal. 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 ricroprobe
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 considerably rarer
than they used to be. ScHoLz and WALCH (1970) described sulfonamide, BUH-
Low etal. (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.

II1. 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, GOT1Z 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. 1973b) (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:

__4 3
D—a_b(g/cm).

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 Density Mass X-ray Absorption
calculus —_— (g/cm?) absorption absorption capacity
Moh’s Knoop coefficient (after (greater
scale  values (after SCHLECHT) than water)
DALICHO (BOSHAMER
1967) 1961)
Uric acid 2.5 47.8 1.89 0.019 0.97 1.38
Cystine 2.0 25.7 2.06 0.07 1.18 3.7
Whewellite 2.5-3.0 2.23 1.36
Weddellite 4.0 }99'6 1.99 } 015 1.36 108
Apatite 5.0 21.3 3.16—3.22 0.16 1.33 22
Brushite 2.0 90.9 2.32 - - -
Struvite 2.0 39.6 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 of Uroliths

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 D).

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 PO;~~ 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 CaCO, 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% (BOycCE 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 TAwAsHI 1980),
binding individual crystals and preventing pH-dependent dissolution (OGBUII
et al. 1984; RESNICK 1984).

According to CARMONA etal. (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, Ra0 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; SzZABO and Mobis 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 KrRAMPITZ 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 umol/100 mg and of struvite stones 2.89 pmol/100 mg,
the corresponding glutamic acid content being 0.85 and 0.43 pmoi/100 mg re-
spectively. FLACH et al. (1978) were unable to demonstrate hydroxyproline and
hydroxylysine in uroliths.and 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 5. Flementary composition of matrix Table 6. The composition of matrix (KIMURA
(HorN and HESSE 1972) et al. 1976)
Element Proportion (in %) Substance Proportion (in %)
Carbon 48 — 57 Protein 57.5
Hydrogen 4— 175 Hexose 17.5
Nitrogen 10 Hexosamine 6.6
Oxygen 24 - 33 Uronic acid 4.5
Sulfur 0.53 -0.98 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.of renal calculi
(LiaN et al. 1977)

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

residues/1,000 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
Half Cys 4 9 15 3 11 14 -
Val 26 40 49 45 42 40 46
Met 7 7 2 1 7 - 1
Ile 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 1968 a)

Organic Mixed organic/ Oxalate stones Phosphate
crystalline inorganic calculi
calculi calculi Oxalates  Pseudo-
phosphates
Ash % b 1.61 44 65 74 85
s 2.06 9 3 3 3
Cag/kg X 5.7 152 200 200 184
] 133 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 b 0.24 15.3 12.9 69 176
] 0.21 25.3 16.6 43 25
K g/kg X 1.1 2.6 1.6 2.8 3.2
s 1.3 2.9 122 4.5 1.1
Nag/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 on