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Abstract Despite intensive research the knowledge of
stone pathogenesis, which is the basis of every rational
stone metaphylaxis, has remained rather scanty. Epide-
miology shows that stone formation in most patients is
only a sporadic event, probably resulting from a coin-
cidence of different factors. The hypercalciuria, hypo-
citraturia, hyperuricosuria and hyperoxaluria frequently
found in calcium stone formers can be influenced ther-
apeutically and, in affluent societies, seem to be the
result of protein over-consumption. These four factors
favour crystallization processes in urine. However, urine
is normally protected from nucleation, growth and ag-
gregation of calcium minerals by crystallization inhibi-
tors. In urine, crystallization of calcium oxalate can only
be induced by an extreme supersaturation, a deficient
inhibitor activity and promoters of crystallization. To
form a stone, crystals have to be retained in the urinary
collecting system. Two mechanisms of retention are
discussed: large crystal aggregates trapped in collecting
ducts of renal papillae, or a pre-existing calcification of
the papilla (mainly calcium phosphate) that may be
responsible for growth of an initially fixed particle to a
concretion large enough to become symptomatic. An
excessive oxalate intake combined with a low calcium
consumption can produce marked hyperoxaluria. In the
animal model, hyperoxaluria induces not only calcium
oxalate crystallization but also papillary damage and
incrustrations. Hypercalciuria at a low pH favours the
aggregation of calcium oxalate, and at a high pH the
crystallization of calcium phosphate, a promoter of
heterogeneous nucleation of calcium oxalate. All these
factors and further complex phenomena mentioned
in this paper have to be taken in account to perform
rational stone metaphylaxis.
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Introduction

As everywhere in science, an increasing gap between
technology and basic research can be observed in
urolithiasis research. While “‘stone machines” and so-
phisticated percutaneous and endourological techniques
have revolutionized stone treatment, the knowledge of
stone pathogenesis, fundamental for a rational stone
metaphylaxis, has remained rather scanty. Opinions
about the efficiency of calcium stone metaphylaxis by
thiazides and potassium citrate are controversial [12, 24].
Whether dietary calcium restriction still has a place in
stone metaphylaxis [11] or whether a high dietary cal-
cium intake even decreases the risk of symptomatic
stone disease [15] is a matter of debate. Many urologists
have lost interest in stone prevention and the pharma-
ceutical industry has cancelled sponsorship of stone re-
search. However, the incidence of urolithiasis in the
population of Western countries exceeds 10% [46], and
in long-term surveys a recurrence rate of at least 60—75%
was reported [3, 51]. In the United States the total an-
nual costs of urolithiasis were recently estimated to be
$1.83 billion [14]. Therefore the editorial board of this
journal has initiated a paper which should “stress the
difficulties of stone research” and elucidate ‘“‘major
points of interest and expected future development”.

This paper is restricted mainly to calcium oxalate
nephrolithiasis, which not only is the most frequent but
also, from a pathogenetic and metaphylactic point of
view, the most problematic stone disease.

What can we learn from epidemiology?

Although stone incidence and recurrence rate are high in
Western populations, in most individuals stone episodes
occur only occasionally. In one of the most extensive
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retrospective studies (538 patients followed for an av-
erage of 18.5 years) the average time interval between
the initial stone event and the first recurrence was 9.5
years, and only 26% of the patients had more than two
recurrences [51]. In more recent studies, the recurrence
rate was 24% or 26% respectively during a 10-year
follow-up [3, 10]. The active recurrent stone formers (at
least one stone episode annually) usually examined in
stone trials are found in about 6% of the stone popu-
lation [25, 51].

Another phenomenon complicating metaphylactic
studies is that most stones seem to form during a limited
span of life [16]. Stone formation seems to fade out with
time [25]. Therefore the question arises whether stone
metaphylaxis should be studied in age-matched rather
than randomized patients.

Stone epidemiology shows that stone formation in
the upper urinary tract is increasing in all affluent soci-
eties [4]. Socio-economic studies revealed that this phe-
nomenon may be related to an increased consumption of
animal protein [39]. High protein intake is known to
produce hypercalciuria, hypocitraturia, hyperoxaluria
and hyperuricosuria, the four urinary alterations fre-
quently found in stone disease [20]. Therefore the
question arises as to whether stone formation is a met-
abolic disease.

Is stone formation a metabolic disease?

For a long time, calcium urolithiasis has been connected
with hypercalciuria and dietary calcium restriction was
the treatment of choice. Much effort was expended to
find out whether hypercalciuria was the result of in-
creased intestinal calcium absorption, increased bone
resorption or a renal calcium leak. Some authors even
distinguish seven different types of hypercalciuria and
recommend selective treatment with calcium restriction,
thiazides, orthophosphate, sodium cellulose phosphate
or indomethacin [11]. In their highly selected groups of
patients, these authors reported very successful treat-
ment by these measures. However, in some other studies
with less selected patients, such beneficial effects could
not be confirmed [12, 25].

Studies comparing rates of stone episodes and uri-
nary composition showed a strong correlation between
the severity of stone disease and urinary oxalate but not
urinary calcium excretion [38]. Such findings and the
improved methods for analysing oxalate have turned the
interest of stone research to urinary oxalate. With low
oxalate consumption, oxalate excretion is mainly of
metabolic origin. Recently a genetic control of oxaluria
by a pair of co-dominant alleles for high and low renal
excretion was postulated [27]. In this genetic study rel-
ative hyperoxaluria was found in 9% of 101 controls and
28% of 101 stone patients. Also, in the 24-h urine of
3473 calcium stone formers examined under free diet in
five different regions of the USA, moderate hyper-
oxaluria was found with a frequency of only 18-25%

[20]. Under an identical diet, oxaluria was equally
present in 23 recurrent calcium stone formers and 16
healthy controls without any case of hyperoxaluria in
either group [8]. However, after an excessive dietary
oxalate load of 1200 mg, oxaluria increased in both
groups by at least 300%. Diet-induced hyperoxaluria
was abolished when the oxalate load was combined with
a high calcium consumption at the same meal [2]. This
finding may explain why in a recent prospective study of
about 46 000 men a high dietary calcium intake dimin-
ished the risk for the development of kidney stones by
about 40% [15]. This latter study, together with the
finding of a decreased bone density in hypercalciuric
stone patients [18, 29], has resulted in some consterna-
tion among stone patients and their doctors. However, it
has to be pointed out that the abovementioned study
was originally designed to follow vascular disease and
cancer and is not representative for stone formers, be-
cause 8.7% of patients with a previous history of kidney
stones as well as the age group below 40 years (that is
often affected by stone formation) were excluded.

As we will show below, metabolic disorders, although
important for urolithiasis, are rarely the single cause of
stone formation.

Can stone formation be explained
by crystallization processes in urine?

It has been generally accepted that stone formation is a
crystallization process in urine supersaturated with stone
minerals and that this supersaturation is the driving force
for the formation of a crystal nidus (nucleation) and its
transformation into a visible particle (crystal growth).
The state of urinary supersaturation can be measured
by comparing the concentration product (e.g. calci-
um X oxalate) before and after equilibrating urine with
the corresponding stone mineral (e.g. calcium oxalate)
and expressing the state of saturation as the corre-
sponding concentration product ratio (CPR) [35]. The
main objections to this method are the difficulty of ob-
taining an equilibration in the presence of inhibitors and
the dependency of the results on the crystal density used
for the equilibration [22]. Supersaturation is most often
expressed as relative saturation (RS). RS is the ratio
between the activity product of the stone-forming ions
in urine and the corresponding solubility product ob-
tained from artificial solutions. Activity products are
calculated using special software [13]. This computer
program is based on the chemical analyses of 15 to 23
urinary compounds and the calculation of more than
100 complexes formed between these solutes. Apart
from the extensive chemical analyses the main drawback
of this method is that it neglects the effect of urinary
macromolecules. Activity products can be estimated by
the calculation of activity product indices from five
urinary parameters using empirical formulas [48]. The
state of saturation can also be expressed by the differ-
ence (s) between the concentration of a substance in



solution and the solubility of the substance [44]. Re-
cently we have developed a simple method to determine
this difference with respect to calcium oxalate in native
urine [6].

Average values for CPR, RS and s calculated for
normal urine and for urine with a high calcium and
oxalate concentration respectively, are shown in Ta-
ble 1. The table demonstrates that an increase in calcium
and oxalate had almost an identical influence on CPR
whereas s was almost exclusively dependent on urinary
oxalate. Such a predominant influence of oxalate was
also found when correlating urinary oxalate with the
rate of stone episodes [38], the extent of crystalluria [38]
and the state of urinary saturation with calcium oxalate
in equilibration experiments [2]. The use of the difference
between the solute and the solubility allows an exact
description of nucleation and growth of calcium oxalate
in native urine by a simple equation [6].

Since even in healthy subjects urine is often super-
saturated with calcium oxalate (CPR and RS above 1.0
and s positive in Table 1), the main question is not why
stones form but why stones do not form more often [17].
The presence of important crystallization inhibitors in
urine is a 40-year-old answer to this question [28].
Low molecular weight inhibitors such as citrate and
macromolecular substances such as glycosaminoglycans,
Tamm Horsfall protein (THP), osteopontin, nephro-
calcin, uronic acid-rich protein and urinary prothrombin
fragment 1 [41, 42] have a high affinity for calcium ions.
By their ability to adsorb to crystal surfaces and nidus,
some inhibitors can block nucleation, growth and
aggregation even in nanomolecular concentration. Ab-
normal THP [23] and nephrocalcin [34] levels have been
found in stone formers. Although abundant test systems
have been developed to study crystallization processes
[22, 30] a general lack of inhibitor activity often postu-
lated in urine of stone formers could not be proved until
now. A major problem is that most tests were performed

Table 1 Values of various parameters in normal urine, high-cal-
cium urine and high-oxalate urine. CRP concentration product
ratio (Ca x Ox before/Ca x Ox after equilibration with calcium
oxalate), RS relative saturation (activity (a) product [aCa X aOx]/
thermodynamic solubility product obtained in artificial solutions),
s calcium oxalate concentration, which to reach saturation can be
precipitated from supersaturated or dissolved in undersaturated
urine.

Normal High-calcium  High-oxalate
urine urine urine
Ca (mmol/)* 2.52 8.18 2.51
Oxalate (mmol/l)* 0.22 0.22 0.78
CRP? 2.18 9.30 10.73
RS?* 5.78 11.77 19.30
s (mmol/1)° 0.11 0.20 0.68

4 Data from [35]
b Calculated from these data by:

o= (Ca+0x)-v/(Ca + Ox)’-4CaOx(1-CRP ")
2
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in well-controlled artificial solutions with the addition of
only a few per cent of urine. However, results obtained
with diluted urine are only of limited clinical value, since
urinary crystallization properties can change markedly
with urinary dilution [37]. Even centrifugation and fil-
tration of urine, which removes important macromole-
cules, influences test results [43].

Measuring the critical oxalate concentration neces-
sary to induce crystallization in native urine revealed
extreme values, rarely observed in urine [5]. This is in
agreement with the fact that calcium oxalate crystals are
only rarely present in urine examined immediately after
voiding and without cooling [21, 47]. However, the
critical supersaturation to induce crystallization is re-
duced by the action of promoters presenting preformed
surfaces to the solution [5, 41]. Polymerized Tamm
Horsfall protein and membranous cellular degradation
products are such promoters, but their importance for
stone formation has not been clarified [41]. Also heter-
ogeneous nucleation of calcium oxalate by calcium
phosphate is still under debate [7, 26]. Hypercalciuria
and a high urinary pH are the two factors mainly
responsible for urinary supersaturation with calcium
phosphate [2].

Urinary stones consist of crystal aggregates embed-
ded in a macromolecular matrix [1]. The question
whether stone formation is a process of crystallization
and secondary adsorption of urinary macromolecules
[50] or the mineralization of a preformed matrix [1] re-
mains open. The finding that even the smallest crystals in
urine are coated by urinary macromolecules [31] sug-
gests that crystal and matrix formation are simultaneous
rather than consecutive processes. The question whether
this coating inhibits or promotes stone mineralization
has not been answered definitively [42].

The problem of crystal and stone retention

Crystalluria and stone formation are far from synony-
mous. Crystalluria can be considered a useful process to
manage a dangerous episode of urinary supersaturation
by forming a large number of small crystals that are
rapidly washed out of the urinary tract. For the for-
mation of a clinically symptomatic stone, crystals have
to be retained.

About 30 years ago it was already recognized that
aggregation may be the most important process for
stone formation [40]. But a method allowing the direct
measurement of this phenomenon in supersaturated
solutions such as urine has yet to be developed. Re-
cently, in a computer model, it was calculated that at
high supersaturation calcium oxalate aggregates may
become large enough to be trapped in the ducts of
Bellini and thus to give rise to growth of initially fixed
particles into a stone [33]. However, even in concen-
trated overnight urine that was examined after an oral
oxalate load, large aggregates were found only rarely [9].
Apart from citrate, urinary macromolecules seem to be
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the most important inhibitors of aggregation [41]. Tamm
Horsfall protein can change from an inhibitor to a
promoter of aggregation by polymerization [23]. This
polymerization is favoured by a highly concentrated
urine, a high urinary calcium and a low pH. Concen-
trated urine, hypercalciuria and hypocitraturia with a
low urinary pH are frequent findings in calcium stone
formers [20].

Recently much attention has been paid to crystal-cell
interaction in renal tubules [49]. In animal models it has
been shown that calcium oxalate crystalluria caused re-
nal epithelial injuries with loss of epithelium, exposure of
basement membranes to urine and incrustration of renal
papillae [32]. Membranous cellular degradation prod-
ucts always found in urinary crystals and stones proved
to be excellent nucleators of calcium oxalate [31]. The
calcium phosphate incrustrations frequently found in
urinary stones and renal papillae (Randall’s plaques)
were also claimed some time ago to be responsible for
nephrolithiasis [36]. However, renal medullary calci-
fication was found in all of 100 randomly selected
autopsies [19].

Conclusions

Epidemiology shows that stone formation in most pa-
tients is a sporadic event and probably the result of an
accidental coincidence of different unfavourable factors.
In urolithiasis research too often only individual factors
have been studied. Future stone research should pref-
erably try to elucidate and measure critical constella-
tions initiating stone formation. In view of the generally
sporadic nature of stone events and the new facilities for
stone removal, metaphylaxis in most cases can be limited
to a high fluid intake and a moderate protein intake
without dietary calcium restrictions. All dietary excesses,
especially those with oxalate, should be avoided. Reli-
able stone analyses by infrared spectroscopy and X-ray
difraction analyses are still mandatory. Stone-associated
diseases such as urease-positive infection, gout, hyper-
parathyroidism, renal tubular acidosis and morpholog-
ical anomalies of the urinary tract have to be kept in
mind. In most cases they can easily be excluded by
simple urine and serum analyses or by the radiological
examinations necessary for stone diagnosis. The few
stone patients with short-term recurrence may benefit
from more extensive investigations and from specific
treatment [45].
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