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DESPITE its antiquity, the mechanism of urinary
calculus formation remains obscure, but recent
studies have provided a better understanding of
the many factors that are involved and some of
these are considered in the present review.
Studies in this department have been concerned
mainly with stones consisting of calcium oxalate
or a mixture of calcium oxalate and calcium
phosphate. These are the commonest types of
stones in Western countries (Murphy and Pyrah,
I962; Prien, I963).

Urinary excretion of calcium, inorganic
phosphate and oxalic acid
Hypercalciuria occurs in approximately onethird of patients with calcium-containing renal
stones (Hodgkinson and Pyrah, I958; Litin,
Diessner and Keating, I96I). A significant metabolic.cause for the hypercalciuria can be found in
about 25% of these cases, the principal causes
being primary hyperparathyroidism, bone disease,
immobilisation, renal tubular acidosis, sarcoidosis
or an excessive intake of milk, alkalis or vitamin D
(Harrison, 1959; Litin and others I96I; Hodgkinson and Pyrah, I962). In these cases it is usually
possible to reduce calcium excretion to normal
levels by appropriate treatment. In the remaining
75% of cases, however, the cause remains obscure
and the term 'idiopathic high urine calcium' was
introduced by Flocks (I940) to describe this condition. There is no established treatment for
idiopathic hypercalciuria at present though calcium
excretion can be reduced to normal or near-normal
levels by a low calcium diet (Hodgkinson and
Pyrah, 1958; Harrison, 1959), oral sodium phytate
(Henneman, Benedict, Forbes and Dudley, I958),
diuretic sulphonamides (Lichtwitz, Palier, de Seze,
Hioco and Miravet, I96I) or neutral sodium phosphate (Fig. 2).
Although the phosphate radicle is a common
constituent of renal calculi, no significant abnormality has been found in the excretion of inorganic
phosphate (Cottet and Vittu, 1955; Hodgkinson
and Pyrah, 1958). Reduction of urinary phosphate
by low phosphorous diets and oral aluminium
-hydroxide, however, will sometimes prevent the
recurrence of phosphate-containing stones (Shorr
and Carter, I950; Pyrah, Raper and Smith, I956).
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We have found that patients with 'pure' calcium
phosphate stones are most likely to benefit from
this treatment.
The daily excretion of oxalic acid is within
normal limits in the majority of patients with
urinary calculi (Hodgkinson, 1958; Dempsey,
Forbes, Melick and Henneman, I960), but a
markedly increased excretion is observed occasionally in children and young adults having a history
of recurring calcium oxalate stones. This condition
has been studied extensively by Archer and his
colleagues who introduced the term 'primary
hyperoxaluria' (Archer, Dormer, Scowen and
Watts, I958). The nature of the defect is still not
fully understood but recent studies suggest that
there is a genetically-determined abnormality in
the metabolism of glyoxylic or glycollic acid which
results in an increased production of endogenous
oxalic acid (Frederick, Rabkin, Richie and Smith,
I963). There may be more than one defect, however, since studies in this laboratory have revealed
a markedly increased renal clearance of oxalic
acid (Zarembski and Hodgkinson, I963). There is
no satisfactory treatment for this condition at present.
Although the majority of patients with urinary
calculi have a normal daily excretion of oxalic acid
when receiving a normal controlled diet, a
moderately increased excretion is observed in some
adult patients with recurrent calcium oxalate stones
(Hodgkinson, 1958; Ludwig, I963). It is not yet
clear whether this represents a mild adult form of
primary hyperoxaluria or a completely different

atiology.

Most of the oxalic acid excreted in the urine
appears to originate from metabolic processes in
the body rather than from the diet. Nevertheless
it would seem prudent for patients with calcium
oxalate stones to avoid high oxalate-containing
foods such as rhubarb, spinach and beet. We have
found that tea is the major source of oxalic acid in
English diets (Zarembski and Hodgkinson, I962)
but there is no evidence that tea drinking contributes to oxalate stone formation.
Various attempts have been made to reduce
oxalate excretion in patients with oxalate stones,
particularly those with primary hyperoxaluria.
Archer and others (1958) reported a decrease in
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oxalate excretion in primary hyperoxaluria when
oral sodium benzoate was given to deplete the
glycine pool but others have found that the effect
is only slight (McLaurin, Beisel, McCormick,
Scalettar and Herman, I96I; Marshall and
Horwith, I959). Hammarsten (I956) reported that
the oral administration of magnesium oxide to
twelve adults, four of whom had passed calcium
oxalate stones, resulted in an appreciable reduction
in oxalate excretion, but we have been unable to
confirm this (Pyrah, Anderson, Hodgkinson and
Zarembski, I959).
Experimental pyridoxine
deficiency has been found to cause oxalate
nephrocalcinosis and lithiasis in the cat and rat
(Gershoff, Faragalla, Nelson and Andrus, 1959;
Andrus, Gershoff and Faragalla, I959) but pyridoxine supplements have proved to be ineffective in
reducing urinary oxalate in man (Daniels, Michels,
Aisen and Goldstein, I960; McLaurin and others,
I96I).

Relatively little is yet known about the endogenous sources of urinary oxalate. Investigations of
oxalate metabolism have been hampered in the
past by the lack of an accurate micro-method for
determining oxalic acid in biological materials. We
have recently developed a spectrophotofluorimetic
method for determining oxalic acid which promises
to overcome this difficulty (Zarembski and Hodgkinson, to be published).

Solubilizing substances in urine
Since the excretion of stone-forming substances
(calcium, phosphate and oxalate) is frequently

normal in patients with renal calculi, attention has
been directed to the substances which influence
the solubility of calcium salts in the urine.
It is well known that normal urine will maintain
higher concentrations of calcium salts in solution
than will water. This property is due partly to
the non-specific 'salting in' effect of the urinary
electrolytes (sodium, potassium, chloride, sulphate)
and also to the presence of various organic
constituents, for example, urea, glucuronides,
ammonium chondroitin sulphate and the salts of
several organic acids. Neuberg (I9I6) introduced
the term 'hydrotropy' to describe the solubilizing
effect of these organic constituents but the
mechanism is still not understood. The chief
interest in hydrotropy stems from the work of
Prien and Walker (1956) who recommended the
oral administration of salicylates in order to
increase the excretion of glucuronide. The value
of this treatment is doubtful, however, since
Vermeulen, Finlayson and Chapman (I9S7) found
that significant solubilizing of calcium salts
requires a much higher concentration of glucuronide than can be achieved by salicylate
therapy. Moreover, clinical trials with salicylates
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have generally been disappointing (Abrams, 1957;
Comarr and Carne, Iq58).
Miller, Vermeulen and Moore (1958) concluded
that the observed solubility of calcium oxalate
in urine could be adequately explained by the
'salting-in' effect of the urinary electrolytes and
the formation of complex ions with magnesium
and citrate. In the case of calcium phosphate
there appeared to be an additional dialysable
factor which was not identified (Vermeulen,
Lyon and Miller, 1958).
The role of magnesium as a solubilizing factor
in urine has been recognized for many years but
its importance in calculus formation is still
uncertain. Hammarsten (I956) suggested that
oxalate stone formation may be due to a deficiency
of urinary magnesium but this has not been
confirmed by subsequent studies (Desgrez,
Thomas, Thomas and Rabussier, I962; Hodgkinson, I963). The efficacy of oral magnesium
supplements in preventing the recurrence of
calcium phosphate and calcium oxalate stone is
being investigated by Prien, Gershoff and Andrus
(I962) and Mukai and Howard (I963) but the
results of these studies are not yet available.
Citric acid is present in normal urine at molar
concentrations comparable to that of the calcium
present and it is well recognized that this acid will
bind calcium ions with the formation of a soluble,
slightly ionized complex. A reduced excretion of
citrate has been observed in some patients with
urinary lithiasis and various measures to increase
citrate excretion have been investigated, for
example alkalinizing salts, cestrogens and fluoroacetate. Conway, Maitland and Rennie (I949)
suggested that the rationale for such measures
required reconsideration since hypocitricuria
appeared to be due to post-renal destruction of
citric acid by organisms infecting the urinary
tract, rather than to a deficiency of citric acid
excretion by the kidney. However, Scott, Huggins
and Selman (1943) were unable to find extensive
evidence of urinary tract infection in their patients
and subsequent studies indicate that the primary
cause of hypocitricuria is impairment of renal
glomerular function (Hodgkinson, I962; Taupitz
and Gaca, I962). In such cases it is unlikely that
measures to increase the excretion of citrate
would be of significant value in preventing the
recurrence of stone.
Impairment of renal function is not the only
cause of hypocitricuria however. At least two
'metabolic disorders' are known in which calculus
formation is associated with hypocitricuria in the
absence of glomerular damage, namely, renal
tubular acidosis, and following prolonged ingestion of acetazoleamide (Gordan and Sheps,
I957; Dedmon and Wrong, I962). In these cases,
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treatment with alkalis and potassium salts is of
considerable therapeutic value.
Although urinary citrate has received considerable attention, its importance in stone formation
is still not very clear. Nordin (I959) observed that
hypocitricuria is not such a frequent or striking
finding in patients with renal calculus as has been
suggested by previous workers and this has also
been the writer's experience (Hodgkinson, I962).
The solubilizing effect of individual urinary
constituents cannot be considered in isolation
however. For example, Walser (I96I) reported
that in biological fluids, citrate has an equal or
greater affinity for magnesium than it has for
calcium. An increase in the concentration of
citrate will therefore reduce the concentration of
magnesium ions available for complexing with
calcium oxalate. Conversely, an increase in the
concentration of magnesium will reduce the
amount of citrate available for complexing with

calcium (Johnson, 1959).
The absolute amount of citrate in the urine may
be of less importance than the ratio of citrate to
calcium. We have found considerable differences
in the citric acid/calcium ratio between normal
adults and patients with renal calculi; this was
particularly marked in the patients with hypercalciuria although the concentration of citrate was
frequently within normal limits (Fig. i).
Raaflaub (I960) reported that from 33 to 58%
of urinary calcium is normally in a 'free' or
ionized form, the remainder being bound, mainly
with citrate. The low citrate/calcium ratios in
urine from patients with renal calculi suggest that
the proportion of free to total calcium is higher
than normal and this is supported by the work
of Nordin and Tribedi (I962) who reported a
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significantly higher percentage of ionized calcium
in the urine of stone-forming patients, compared
with normal subjects. Others, however, have
failed to detect any divergences from normal
(Vermeulen, Miller and Chapman, I956; Thomas
and Howard, 1959; Hunt and King, I96I) and
further confirmatory studies appear to be desirable.
The ratio of urinary calcium to phosphate may
also be a significant factor although opinions
differ as to the nature of this effect. For example,
Gill, Finlayson and Vermeulen (1959) reported
that experimental calculus formation in rats could
be prevented by adding calcium to the diet. The
additional calcium caused a marked increase in
urinary calcium but phosphate excretion was
reduced. The authors suggested that stone
formation does not occur below a critical concentration of phosphate, even if the concentration of
calcium is relatively high. Neuman (I962),
however, reported that the tendency for calcium
phosphate to precipitate increases as the calcium/
phosphate molar ratio approaches that observed
in octocalcium phosphate or apatite; this value is
approximately I.7.
Supersaturation, nucleation and crystal
poisons
There is increasing evidence that, despite its
'supersolubility', urine is usually supersaturated
with respect to apatite and other stone-forming
substances (Yarbro, I958; Neuman, I962; Vermeulen, Lyon and Gill, I964). Under conditions
of supersaturation a solute will precipitate
spontaneously from solution, the rate of precipitation or crystallization being proportional to
the degree of supersaturation. The rate of
crystallization may be very slow if there is only
a slight degree of supersaturation ('metastable'
supersaturation) but the process can be accelerated
by introducing a small crystal of the solute; this
is referred to as 'seeding', or 'nucleation'. Crystallization from the 'metastable' supersaturated
state can also be accelerated by particles having a
different composition to the solute and many
microscopic particulate bodies within the urinary
tract may be potential nucleators.
One of the main reasons why calculi are not
more frequent appears to be that urine contains
crystal 'poisons' that will prevent nucleation and
subsequent crystal growth. An example of the
practical application of crystal poisons is found in
the use of organic or inorganic polyphosphates to
prevent boiler-scale production. The influence
of these compounds on the mineralization of bone
has been recognized within recent years. For
example, a-glycerophosphate was found to inhibit
the mineralization of powdered bone ash (Di
Stefano, Mulryan and Neuman, 195i) and
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certain phosphopeptides and inorganic polyphosphates will inhibit the mineralization of
rachitic rat cartilage (Howard, Thomas, Mukai,
Johnston and Pascoe, I962; Thomas, Bird and
Tomita, I963).
The possible role of phosphate compounds in
preventing urinary stone formation has been
investigated by a number of workers (Howard,
I962; Neuman, i962; Fleisch and Bisaz, I962;
Thomas, Bird and Tomita, I963). Fleisch and
Bisaz (I962) concluded that normal urine contains
a number of inhibitors to hydroxyapatite precipitation, one of the more important being
inorganic pyrophosphate. In a subsequent paper,
however, the authors reported that urinary
pyrophosphate levels are appreciably higher in
normal men than in normal women (Fleisch and
Bisaz, I963). Since calculus formation occurs
more frequently in men than in women, pyrophosphate excretion might be expected to be lower
in the former than in the latter. The significance
of pyrophosphate in relation to calculus formation
therefore remains uncertain.
Studies by Howard (I962) on the mineralizing
propensity of rachitic rat cartilage revealed that
this preparation would calcify when incubated in
urine from stone-bearing patients but it failed to
calcify in normal urine. The oral administration
of neutral sodium phosphate (Na2HPO4) to
patients with urinary calculi resulted in the
production of urine in which cartilage failed to
calcify, suggesting that phosphate supplementation
might be of value in preventing the recurrence of
urinary calculi. Preliminary trials in this laboratory
and elsewhere indicate that this treatment is of
considerable value in selected patients but further
studies are necessary before any definitive conclusions can be reached.
The mechanism by which phosphate supplementation inhibits stone formation is still not
resolved. The effect of phosphate deprivation and
supplementation on the urinary excretion of
calcium, magnesium, phosphate, citrate and
pyrophosphate was observed in four male patients
with calcium-containing renal calculi who were
maintained on controlled normal diets and the
results are summarized in Fig. 2. The patients
were observed for a period of IO days on each
regime and the experimental points shown in
Fig. 2 represent the mean values for the four
patients.
Phosphate supplementation resulted in a substantial increase in urinary phosphate, pyrophosphate, and citrate, and a decrease in urinary
calcium. Phosphate deprivation resulted in a
reduced excretion of phosphate, pyrophosphate
and citrate and an increased excretion of calcium.
Magnesium excretion was not altered to any
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FIG. 2.-The effect of oral aluminium hydroxide and
neutral sodium phosphate on the urinary excretion
of calcium, magnesium, phosphate, pyrophosphate
and citrate in four men with renal calculus.

appreciable extent by either phosphate supplementation or deprivation.
The significance of these results in relation to
calculus formation is not yet clear. Although the
product (Ca x P) increased during phosphate
supplementation, this, presumably undesirable,
effect may be compensated by the increase in
citrate and pyrophosphate excretion. Conversely,
the substantial decrease in- (Ca x P) which
occurred during aluminium hydroxide administration may be nullified by the simultaneous fall in
citrate and pyrophosphate excretion. It may be
necessary to consider, not only the product
(Ca x P), however, but also the ratio of calcium
to phosphate in the urine (Gill, Finlayson and
Vermeulen, 1959; Neuman, I962).

Conclusions
Investigations in this laboratory have been
based on the hypothesis that calculus formation is
primarily a process of crystallization from supersaturated solutions rather than one of adsorption
on a specific protein matrix, as has been postulated
by Boyce and his colleagues (Boyce and King,
I963). That crystallization is the primary factor
is strongly suggested by the recent studies of
Vermeulen, Lyon and Gill (I964). These authors
produced artificial concretions which closely
resembled urinary calculi by immersing a rotating
wire loop in normal urine for several days and
slowly adding the appropriate stone-forming
elements.
If the above hypothesis is correct then the
factors of primary interest in urinary stone
formation are those responsible for supersaturation,
nucleation and crystal poisoning. Much remains
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to be learnt about these various factors, their
inter-relationships, and their relative importance.
The significance of the urinary colloids (proteins,
muco-proteins and polysaccharides) in calculus
formation is still not clear but it is probable that
they play an important secondary role in binding
crystalline precipitates to form a non-friable
calculus. Since time is an important factor in
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crystal growth such non-specific binding by
proteins would increase the chances of stone
growth and retention within the upper urinary
tract.
The author wishes to thank Dr. F. W. Heaton, Mr.
N. A. Edwards and Mr. R. G. G. Russell for the data
contained in Figure 2.
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