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Introduction

Urolithiasis is a disorder that is recognised throughout the world, although its form
and prevalence vary widely from one country to another"*!, The pattern of the disor-
der has altered considerably over the centuries, a process which is continuing even to
this day, but the underlying trend has been for the prevalence (especially of upper
urinary tract stones in adults) to increase!". At the same time, the prevalence of
lower urinary tract stones in children, particularlg boys, has tended to decrease and
even to disappear altogether ih some countries"**. Both these trends have closely
followed a general increase in the level of affluence in the populations concerned and
appear to be largely related to the changes which take place in the dietary habits of
individuals as their relative “standard of living” increases!"®!. These changes include
a movement away from a diet that is high in fibre and low in dairy produce and
energy-rich nutrients, such as protein and refined carbohydrate, to one which is com-
pletely the reverse“'si. The former diet, which used to be the norm for many parts of
Northern and Western Europe in the last century and early part of this century, is still
common in some developing countries in the Middle and Far East today, in a belt ex-
tending from Turkey to Indonesial*?). This type of diet, which is poor in certain nut-
rients, leads to a high risk of bladder stones in children. The prevalence of this form
of the disorder is gradually decreasing as nutritional standards improve in the coun-
tries concerned and, by the turn of the century, may disappear altogether.

Upper urinary tract stones in adults, on the other hand, is generally associated with
populations at the other end of the nutritional scale who ingest a diet that is low in
fibre and high in dairy produce, animal protein and refined carbohydrate[4'6'8], This
form of the disorder has been increasing in most industrialised countries over the
past 40 years“'w] and is becoming particularly prevalent in countries where the in-
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take of animal protein is highest!®'",

Whatever the overall prevalence of urolithiasis in a given population, 1d10 athic
calcium stone-formation is generally the most common form of the disorder!”l. It is
mainly this aspect of the overall problem which will be discussed in this update. De-
tails of the causes of other forms of the disorder may be found in various reviews!*!].

Theories of Stone-Formation

Examination of the relative solubilities of the various constituents of urinary cal-
culi suggests that stone-formation is essentially due to the precipitation of those min-
erals and organic acids which are sparingly soluble in urine. If so, most of the process
of stone-formation should be explicable in terms of the chemical laws governing the
nucleation, growth and agglomeration of crystals of these relatively insoluble com-
pounds. In recent years, however, it has been suggested that some additional factors
may be involved, such as anatomical abnormalities in the urinary collecting system[
or damage to the urinary eplthellumm]

Many theories have been proposed over the years to account for the formation of
stones, but, so far, none completely explains why some individuals form stones while
others do not. Indeed, in the vast majority of patients, the disorder appears to be
multifactorial rather than being due to a unique ‘factor X’ which distinguishes indis-
putably betweeen stone-formers and normal subjects, although, based on this
philosophy, many workers are still striving to define a single diagnostic abnormality
of this type. ‘Factor X’ has been variously described as (i) a particular normal con-
stituent of urine that is present in abnormally high (or low) concentrations in stone-
formers, or (ii) an abnormal constituent of urine that causes the nucleation, growth
and agglomeration of crystals of one of the stone-forming minerals or acids, or (iii) a
single anatomical, biochemical or physiological abnormality which leads to the con-
centration of a stone-forming mineral or acid at a particular site in the urinary tract.

The theories broadly fall in two ﬁroups — the so-called ‘free-particle’ and ‘fixed-
particle’ models of stone- formation'"]. Both groups of theories share a common de-
pendency on the concept that stone-formation is essentially a physical chemical
phenomenon explicable in terms of the various processes involved in the crystalliza-
tion of the relatively insoluble components of stones. The point at which the two di-
verge concerns the site and mechanism of the initial events involved in stone-forma-
tion. Proponents of the ‘free-particle’ model contend that the entire process of crys-
tal nucleation, growth, agglomeration and entrapment takes place in an extracellular
environment within the lumen of the renal tubule and, in theory, could occur in any
individual who produces the requisite abnormal urinary environment*"*l. Advo-
cates of the ‘fixed-particle’ model, on the other hand, hold that the initiation step in-
volves either some pathophysiological process or physical damage at some intracel-
lular, interstitial, or cell-surface site which either initiates crystal nucleation and
growth at that site or causes preformed crystals, present within the tubular fluid, to
adhere to the tubular epithelium, thereby creating a focus for stone- formatlon[13 1l
This controversy constitutes the main debate within the stone field at the present
time and deserves a more detailed analysis.
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Free-Particle Theory

The simplest model of stone-formation defines the disorder as being due to the in-
creased excretion of sparingly soluble minerals and organic acids in urine, leading to
excessive supersaturation and precipitation of these substances within the lumen of
the urinary tract. The process involves (i) the nucleation of crystal embryos within
excessively supersaturated tubular fluid (or urine), (ii) the growth and aggregation of
the embryos to form larger particles, (iii) the retention of one of these secondary par-
ticles which has enlarged sufficiently to become trapped at some narrow segment of
the urinary tract, and (iv) the growth of this trapped particle to form a stone.

This hypothesis is supported to the extent that, in most forms of the disorder,
stone-formers excrete higher amounts of one or more of the constituent ions of the
salt or acid of which their stones are composed. Because of the relative insolubility in
urine, any increase in the supersaturation of urine with respect to these substances
exacerbates the risk of crystalluria. If crystalluria becomes persistent, the probability
of an abnormally large particle forming and becoming trapped increases. Alterna-
tively, blockage may occur by a “log-jam” mechanism in a urinary stream over-
crowded with crystals. In support of this hypothesis, it has been shown that, com-
pared with non-stone formers, (i) stone-formers pass more ¢ P'stals of the mmeral or
organic acid which constitutes their particular type of stone 1617 , (ii) their crystals
tend to be larger and more aggregated“(’ ¥ and (iii) these abnormal crystals and
aggregates exist in calyceal urine and are hkely to have started forming in the collect-
ing ducts'”). It has also been shown that the severity of stone disease (as defined by
the stone episode rate of the patient) is proportional to the percentage of large crys-
tals and aggregates generally present in his/her urine!*

Fixed-Particle Theory

Based on some theoretical calculations involving urine flow rates, crystallization
rates and the dimensions of various parts of the urinary tract, F 1nla?ls0n deduced that
the “free-particle’ mechanism of stone-formation was impossible'*! and that there
had to be some other abnormality present which would cause crystals to form or be-
come “attached” to a particular fixed site either within the renal parenchyma or on
the surface of the renal epithelium. He grouped this set of possible mechanisms
under the term ‘fixed-particle’ model of stone-formation’®

In order that crystals should adhere to cell walls and/or to each other, various
biological “glues’, mamly mucous substances, have been proposed. These include
‘matrix substance A", the polymerised form of Tamm-Horsfall muco- protem
(sometimes referred to as ‘uromucoid’ )[20 anda urinary protein termed PC-30 =

Other workers believe, however, that it is not the presence of excess “glue” which
is important in the causation of stones but the absence of an “anti-gluing factor” or
inhibitor of crystallization. This category of protective substances includes smali
polyanions such as pyrophosphate 221 and citrate'® and macromolecular polyan-
ions such as the non-polymerised form of Tamm-Horsfall mucoprotemm] a specific



6 W.G. Robertson

y-carboxyglutamic acid- contammgzﬁlycoprotein called “nephrocalcin”[28'3°] certain

glycosammoglycans 2431 RNAP** and more recently an aspartic acid-rich protein
called “uropontin” »33] and another protein referred to as “crystal matrix protem”['u]
At the moment most interest centres around citrate, nephrocalcin, uropontin,
Tamm-Horsfall mucoprotein (polymerised and non-polymerised) and crystal matrix
protein.

However, whether or not any one of these turns out to be the unique ‘factor X’, re-
ferred to above, is a matter of conjecture. Already, there is considerable evidence
that hypoc1tratur1a may not be as potent a risk factor for calcium stone-disease as first
thought Slmllarly, doubts are being cast on the roles of nephrocalcm[3 ) and of
Tamm-Horsfall mucoprotein

The “anti-gluing” property of these substances is attributed to their high negative
charge density which assists their binding to calcium ions on the surface of crystals of
calciumsalts and at the same time causes the crystals coated in this way to repel each
other rather than agglomerate. As well as inhibiting agglomeration, some of these
substances, particularly the small polyanions, may retard the rate of crystal growth of
either or both calcium oxalate and calcium phosphate[23 "1 It should be emphasised,
however, that very few of the above list of substances inhibit both agglomeration and
crystal growth of both salts'?!

Composite Model of Calcium Stone-Formation

The apparent multifactorial nature of calcium stone-formation may be sum-
marised in a general model as shown in Fig. 1. This defines the first prerequisite of
stones as being a period of abnormal crystalluria which, in turn, is dependent on a set
of “chemical risk factors” including the supersaturation of urine with respect to cal-
cium oxalate and/or calcium phosphate and the balance between the various urinary
inhibitors and promoters of crystallization. These chemical risk factors, which to-
gether control the thermodynamic and kinetic forces involved in the crystallization
process, are controlled by a set of “urinary risk factors” which are essentially the con-
centrations of the ions which affect supersaturation and promotive and inhibitory ac-
tivity. Beyond this array of urinary risk factors lies a multitude of environmental,
genetic, metabolic, pathophysiological and demographic risk factors which between
them determine the composition of urine and ultimately the risk of stones. Similar,
but slightly simpler, models can be drawn up to explain the formation of cystine, uric
acid, and infection stones[ ]

‘Stone-Formation in the Arabian Peninsula

Prevalence and Stone Composition

It has become increasingly apparent in recent years that urolithiasis is particularly
common among the oil-rich states of the Arabian Peninsula. Data from the United
Arab Emirates ~®, Bahrain, Kuwait and Saudi Arabia/’®*>*” indicate that the oc-
currence of idiopathic calcium — and/or uric acid — containing stones is particularly
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MODEL OF CALCIUM STONE DISEASE
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common and that this is essentially a problem of upper urinary tract stones affecting
adults (male/female ratio about 4:1) rather than of lower tract stones in children as is
still found in some countries of the north of the Arabian Gulf'!, Table 1 shows that
the age-specific expectancy of stones in men in some of the southern Gulf states
ranks amongst the highest in the world, to the extent that over 20% of men in Saudi
Arabia will be expected to have had at least one stone by the age of 60. This compares
with values of 7.8% in the UK and 13.0% in the USA.

TaBLE 1. Relationship between life-time expectancy of urolithiasis in men and urinary and dietary com-
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Fi1G. 1. A diagrammatic model of calcium stone-formation.

position in normal men in various countries.

—»|Stone

Life-time stone Urinary Urinary Dietary Dietary
Country expectancy in oxalate calcium Ox/Ca AP
men (%) {(mmol/day) (mmol/day) (mmol/day) (g/day)
China 1.5 - 3.5 - 21
Japan 54 0.31 4.1 - 39
U.K. 7.8 0.35 6.0 0.04 53
West Germany 8.0 0.36 5.8 0.06 59
Sweden 8.6 0.35 5.0 0.06 60
Canada 12.0 0.39 55 - 66
New Zealand 12.5 0.40 43 - 72
U.S.A. 13.0 0.41 55 0.10 76
U.AE. 18.0 0.46 42 0.25 ‘very high’
Saudi Arabia 20.1 0.53 3.2 0.26 82

AP = animal protein: Ox = oxalate: Ca = calcium.
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A more detailed study[‘"] indicates that the high age-specific expectancy of stones
in Saudi males extends over the entire age range, including that of children. Indeed,
idiopathic calcium stone-formation starts at an earlier age in Saudis and is about
twice as common as in children in Western countries!*'! (Table 2). Uric acid stones
and rare stones (consisting of cystine, xanthine or 2,8-dihydroxyadenine) are also
more common in Saudi than in Western children. On the other hand, phosphatic
stones (including those due to urinary tract infection) are much less common than in
the West.

TasLE 2. Composition of stones from children in various countries.

Stone type UK Austria USA KSA | Saudi/Western™
(%) (%) (%) (%) frequency

Uricacid 0 3 4 + 15 9.0

Calcium 32 37 58 63 2.1

Infected 60 53 28 9 0.3

Rare 8 7 10 13 . 2.2

*Including the overall Saudi/Western prevalence ratio in children of 1.4:1, KSA = King-
dom of Saudi Arabia.

Table 3 shows that the pattern of stone-formation in Saudi adults is similar to that
in children with a high predominance of calcium oxalate-containing stones and uric
acid stones. Phosphatic calculi, as in Saudi children, are much less common than in

most Western countries.

TABLE 3. The proportion of calculi according to predominant mineral in adult
stone-formers from Saudi Arabia, the USA and the UK.

. . KSA USA UK KSA/UK*
Predominant mineral (%) (%) (%) frequency ratio
Uricacid 14.6 10.1 4.0 5.8
Calcium oxalate 713 58.8 53.8 21
Calcium phosphate 7.6 20.3 30.9 0.4
MAP 3.7 9.3 9.6 0.6
Rare constituents 29 1.5 1.7 2.6

*Including the overall Saudi/UK prevalence ratio in adults of 1.6:1, KSA = Kingdom of
Saudi Arabia.

Urine Composition

Studies on urine composition in Saudi Arabia have shown that, amongst both nor-
mal subjects and stone-formers, urinary volume, pH and citrate excretion tend to be
low, whereas the excretions of uric acid and oxalate (particularly the latter) are con-
siderably higher than corresponding values in the West! (Table 4). It should be
noted that these differences are more accentuated in Saudi stone-formers than in
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Saudi normals. However, hypercalciuria, which is a common finding among Western
stone-formers, is rare in the Arabian Peninsulal'®*®,

TABLE 4. Twenty-four urine biochemistry in male, recurrent
calcium stone-formers in the UK and in Saudi

Arabia.
Constituent UK Saudi Arabia
pH 5.92 5.68
Calcium (mmol) 8.9 4.6
Ogxalate (mmol) 0.43 0.69
Citrate (mmol) 3.1 1.1
Uric acid (mmotl) 35 4.9

It is easy to understand from these data why the pattern of stone composition in
Saudi Arabia is as it is in Tables 2 and 3. The low urine pH together with the low uri-
nary volume and hyperuricosuria markedly increase the risk of forming uric acid-
containing stones; the extensive mild hyperoxaluria, low urinary volume and
hypocitraturia increase the risk of forming calcium oxalate-containing stones and the
low pH and low urinary calcium excretions explain the low occurrence of calcium
phosphate stones in the region. ,

The high occurrence rate of mild hyperoxaluria (> 0.5 mmol/day) in the Saudi
population is particularly noteworthy in the light of the relative importance of this
abnormality in increasing the supersaturation of urine with respect to calcium oxa-
late, the volume of calcium oxalate crystalluria produced, the proportion of large
crystals and aggregates of calcium oxalate formed in urine and the recurrence rate of
stone-formation"”*3. In these respects, mild hyperoxaluria is much more important
than thpercalciuria in increasing the overall risk of forming calcium oxalate
stones! ¥, Together with the tendency to low urine volumes (as a result of mild de-
hydration), the high occurrence of mild hyperoxaluria is probably the main reason
why the prevalence of calcium oxalate-containing stones is so high, not only in Saudi
Arabia, but also throughout most of the Arabian Peninsula. The relative dominance
of mild hyperoxaluria, in comparison with hypercalciuria, as a determinant of the
life-time expectancy of stones in the population as seen in Table 1.

Diet

Diet histories taken from male Saudi stone-formers and normal subjects have
shown that Saudis, in general, have a very high intake of animal protein and purine,
an extremely high intake of oxalate and a relatively low intake of calcium (Table 5).
This combination provides a very high oxalate/calcium ratio in the intestine (Tables
1 and 5) and a high acid load to the body. Between them these dietary “abnor-
malities” explain the more acid urine (from the acid-ash diet), the hyperuricosuria
(from the high intake of purine), the extensive mild hyperoxaluria (from the high
oxalate/calcium ratio in the diet) and the hypocitraturia (from the acid urine). Furth-
ermore, hypercalciuria is rare because of the combination of the reported low cir-
culating levels.of vitamin D™ and relatively low calcium intake inthe Saudi popula-
tion!*”l. When these urinary abnormalities are combined with a tendency to a low uri-
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nary volume, it is not difficult to understand the high prevalence of calcium oxalate
and/or uric acid stones and the relative low occurrence of phosphatic stones in the re-
gion (Tables 2 and 3).

TaBLE 5. Diet histories in male idiopathic stone-formers in Saudi Arabia

compared with stone-formers in the West.

Constituent UK USA KSA
Animal protein (g/day) 61 85 87
Calcium (mmol/day) 24.5 25.0 13.0
Oxalate (mmol/day) 1.4 - 3.8
Purine (mg/day) 190 257 265

Prevention of Calcium Oxalate and Uric Acid Stone-Formation

Although extracorporeal shock-wave lithotripsy (ESWL) is widely used today to
eliminate stones from the urinary tract once they have formed, this is, in one sense,
an admission of failure on the part of researchers to identify an effective form of
stone prevention. The very different urine biochemistry in stone-formers from the
Arabian Peninsula compared with that in Western stone-formers raises a particularly
interesting challenge in terms of devising a form of medical treatment that is suitable
for the prevention of both calcium oxalate and uric acid stones, since most of the
existing modalities which are currently in vogue in the West would not be likely to be
beneficial in this environment. Altering the diet, in order to reduce the consumption
of animal protein, purine and oxalate, would not be popular; a low calcium diet
would only exacerbate the situation by further increasing urinary oxalate; thiazide
diuretics would probably not have much beneficial effect since urinary calcium
excretions are already low in most stone-formers; similarly, phosphate supplements
would be unlikely to be efficacious since urinary calcium excretions are low and, in
any case, if phosphate were to bind (or precipitate) calcium in the intestine then
more oxalate could become available for absorption in the colon; magnesium supple-
ments might be beneficial in those patients with hypomagnesiuria but most Saudi
stone-formers appear to have normal-to-high urinary magnesium excretions; al-
lopurinol should reduce the degree of hyperuricosuria and so decrease the risk of uric
acid stone-formation but its value in the treatment of calcium oxalate urolithiasis is
highly debatable. The only form of preventive therapy that might be of some value
would be alkaline potassium citrate supplements. These have been claimed to be ef-
fective in reducing the recurrence rate of both uric acid - and calcium oxalate con-
taining stones in the West!““! By alkalinising urine and stimulating citrate produc-
tion in the renal tubules, potassium citrate would be expected to solubilise uric acid
(in spite of the existing hyperuricosuria) and, at the same time, eliminate the hypocit-
raturia which is common in the Arabian Peninsula. The only major abnormality that
would not be affected by this modality would be the mild hyperoxaluria which is pre-
sent in about 80% of calcium oxalate stone-formers in Saudi Arabia and is the main
cause of their stones.



Renal Stones — An Update with Particular... 11

One possible way to correct the mild hyperoxaluria, which is essentially due to the
abnormally high oxalate/calcium ratio in the diet, would be to add calcium to the
diet™*®], Although this approach might not succeed in the West where a high propor-
tion of stone-formers is known to hyperabsorb calcium from the intestine and would,
therefore, exhibit a marked i mcrease in hypercalciuria, in the Arabian Penmsula
where calcium absorption is low!”) due to the paradoxically low vitamin D levels, sl
the increase in urinary calcium would be predictably small. In this connection, a pilot
study, utilising two different forms of calcium supplement, has shown that urinary
oxalate can be normalized without causing much, if any, increase in urinary cal-
cium™®!. In one arm of the study, calcium supplements were combined with potas-
sium citrate to reduce urinary oxalate and increase both urinary pH and urinary cit-
rate without causing any increase in urinary calcium. This regime significantly re-
duced the supersaturation of urine with respect to both uric acid (P < 0.001) and cal-
cium oxalate (P < 0.001) thereby markedly decreasing the risk of crystallurial*
With a minor modification this type of regimen should be tested in recurrent calcmm
oxalate and/or uric acid stone-formers on a long-term basis to determine whether or
not it reduces the actual recurrence rate of stone-formatlon in these patients over a
period of several years.
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