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Abstract The e�ect of in vitro dilution of arti®cial ur-
ine or human urine on the crystallization of calcium
oxalate was examined in a mixed suspension, mixed
product removal crystallization system. Direct growth
inhibition by components of arti®cial urine was not
signi®cant and supersaturation was the dominant factor
in determining crystal nucleation and growth rates.
Dilution of human urine caused a decrease in crystal
growth rate that was independent of the input calcium
and oxalate concentrations, suggesting that dilution of
growth inhibitors could be physiologically more im-
portant than any reduction in supersaturation. This loss
of growth inhibition was counteracted by a reduction in
nucleation promotion, with the net e�ect that the mass
of crystals declined. Correlation of crystallization mea-
surements with urinary concentration (osmotic pres-
sure) con®rmed these observations, with a negative
relationship for growth rate and a positive relationship
for nucleation rate and suspension density. Increasing
the concentration of urine shifts the crystallization
balance from low nucleation/high growth to high nu-
cleation/low growth. Calcium oxalate crystalluria in
healthy urine is therefore less likely at early stages of
urine development in the nephron and the likelihood
can be further reduced by increased ¯uid output. Our
results suggest that lowering the heterogeneous nucle-
ation activity by dilution is more than su�cient to
override the loss of growth inhibition.
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Introduction

There is wide agreement that the single most e�ective
means to prevent renal stone formation is to increase
one's ¯uid output [2±4, 13, 17, 20]. The primary purpose
of this is to reduce the concentration, and thus the su-
persaturation, of stone-forming salts, but a possibly
negative (and as yet unquanti®ed) by-product will be to
reduce the concentration and activity of crystallization
inhibitors [2, 16, 17]. The importance of urine concen-
tration with regard to its ability to support calcium
oxalate crystallization is also relevant to intra-nephron
crystallization, where the composition is being altered by
secretion and reabsorption, particularly of water. Recent
work has suggested that dilute urine or speci®c formu-
lations reproducing the ionic composition of proximal
or distal tubules might be more relevant for experi-
mental studies than urine that has passed through the
bladder [7, 8, 12]. With these points in mind, the aim of
the series of experiments we report here was to investi-
gate the signi®cance of urine concentration on calcium
oxalate crystal growth and nucleation and to try to
distinguish between e�ects due to the major urinary
electrolytes, to calcium and oxalate and to other urinary
components, especially urinary macromolecular sub-
stances (UMMS). These results should be viewed in the
context of similar experiments using fundamentally
di�erent methods.

In seeded, batch crystallizer systems, inhibition of
calcium oxalate crystal growth has often been shown to
be related to the amount of urine included. Usually this
has been performed with urine diluted to about 1±10% of
its initial concentration [14, 18, 21], which has the ad-
vantage that the calcium and oxalate concentrations of
the metastable starting conditions are not unduly per-
turbed by the contribution from the urine. The inhibi-
tion/urine concentration relationship can be used to
quantify the crystal growth inhibitory activity [8]. Using
a similar method but with 5±100% urine, Baumann et al.
[1] also showed growth inhibition was related to urine
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concentration and this was relatively insensitive to the
calcium and oxalate concentrations in the urine
employed. When unseeded systems are used both nucle-
ation and growth e�ects will contribute to the crystalli-
zation; if the observations are made in the early phase
then nucleation e�ects will dominate, whereas growth
will be more important as the crystallization develops.
Using a method in which crystals are counted 2 min after
oxalate additions [23], the calcium oxalate crystallization
risk was found to be positively correlated with increasing
concentration (measured by conductivity) of urine sam-
ples [24]. When the mass of precipitate after a 33 min
crystallization period was measured there was a strong
positive correlation between the concentration of urine
samples (creatinine concentration or osmotic pressure)
and the degree of crystallization inhibition [19]. The ap-
parent paradox between these two reports ± that the
urinary concentration is related both to its crystallization
risk and to its inhibitory power ± can be understood in
terms of nucleation promoters (most likely to dominate
in the ®rst case) and growth inhibitors (most relevant in
the second). In vivo and in vitro dilution of urine were
found to raise the metastable limit for calcium oxalate
crystallization (i.e. to lower the propensity for nucle-
ation) [14]. Using concentrated urine, frozen and thawed
to induce crystallization, both nucleation-promoting and
growth-inhibiting activities were shown to be present in
the macromolecular fraction of human urine [6].

The system we have employed is mixed suspension,
mixed product removal (MSMPR) continuous crystal-
lization in which a dynamic equilibrium is obtained and
the crystal growth rate and crystal nucleation rate can be
measured and from these values the suspension density
estimated [8, 10, 22]. This method has advantages over
batch crystallization but is not without limitations [9].
The experiments consist of measurements of the equi-
librium growth and nucleation rates at di�erent dilu-
tions of human urine (HU) and arti®cial urine (AU),
which di�er mainly in the presence and absence of
UMMS. We therefore expect to gain information on the
e�ect of urine-concentration and urine-speci®c crystal-

lization modi®ers (especially UMMS) on growth and
nucleation.

Materials and methods

Human urine samples were obtained from healthy men or women
(six individuals took part) with no history of urolithiasis. Speci-
mens were collected in a pre-warmed Dewar ¯ask, adjusted to pH
6.0 with HCl or NaOH and centrifuged at 3000 g for 5 min at
37°C. The urinary calcium concentration was immediately mea-
sured by atomic absorption and osmotic pressure by freezing-point
depression and the crystallization experiment begun within 30 min
of sample collection. The three solutions comprising the arti®cial
urine are described in Table 1.

The crystallization experiments were performed in a pair of
identical MSMPR crystallization chambers (20 ml reaction vol-
ume, thermostatted at 37°C and continuously stirred: see Nishio
et al. [15] for further details). HU or AU Feed Solution 1 (held at
37°C) was pumped into each crystallization chamber at 92% of the
total ¯ow rate and Feed Solutions 2 and 3 were each pumped at 4%
of total ¯ow rate. When using HU the composition of Feed Solu-
tion 2 (CaCl2) was adjusted to take into account the endogenous
calcium.

A detailed description of the MSMPR method and the equa-
tions governing its behaviour are given by SoÈ hnel and Garside [22].
The residence time (s) is the average time that crystals remain in the
crystallizer and is given by

s � V =Q �1�
where V is the chamber volume and Q is the total ¯ow rate. All
experiments reported here were performed with s = 7 min. After a
number of residence times have passed (typically 6±10) the particle
size distribution reaches equilibrium. Starting at 8 residence times
the particle size distribution in each chamber was measured three
times (Elzone 80XY, Particle Data Inc.). Particle number data were
collected in 128 size channels, distributed over 8 log scales. When
plotted as ln N (where N, no./ml, is the number of crystals per unit
volume greater than size L) against size (L), MSMPR data should
give a straight line and the growth rate (G, lm/min) and nucleation
rate (B0, no./min/ml) can be calculated from the slope and intercept
according to the relationship
ln�N� � ln�B0s� ÿ L=Gs �2�
After converting the raw data to this form, results from at least 20
size channels, covering a minimum size range of 14.5±21.5 lm but
often extending up to 32 lm, were used for linear regression and
calculation of the crystallization parameters.

The suspension density (MT, mol/l) can be estimated from the
equation

Table 1 Make-up of arti®cial
urine (relative urine concentra-
tion = 1.0) and its composition
(mmol/l) in the crystallizer

Input to crystallizer Within crystallizer

Feed Solution 1a

NaCl 160.0 Na+ 195.6
KCl 82.1 K+ 81.3
Na2HPO4 25.0 NH4

+ 43.5
(NH4)2SO4 21.9 Mg2+ 3.0
NH4Cl 3.5 Ca2+ 6.0c

MgCl2 3.26 Cl) 244
K3Citrate 2.17 PO4

2) 23.0

Feed Solution 2 150.0b SO4
2) 20.2

CaCl2 Citrate3) 2.0

Feed Solution 3 30.0 Oxalate2) 1.2c

Na2oxalate

aAdjusted to pH 6.0 with HCl
bWith human urine this concentration was reduced appropriately to take into account the endogenous
urinary calcium
cThe concentration that would be obtained if no crystallization took place
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MT � pqB0G3s4=D� 10ÿ9 �3�
where q is the crystal density (g/cm3) and D is the molecular weight
of the crystalline species. In practice, for the calculation of sus-
pension density we assumed that only calcium oxalate dihydrate
(q=2.22 g/cm3) was precipitated. Apart from this simpli®cation,
there are a number of di�culties in applying Eq. (3) as it is very
sensitive to small errors in s and errors in the estimates of B0 and G
can be compounded.

One of the pair of crystallization chambers served as a control
and received the three feed solutions without further dilution (rel-
ative urine concentration = 1.0). Dilution experiments were per-
formed with dilution by the appropriate addition of puri®ed water
to urine only (Feed Solution 1 or HU) or dilution of urine, calcium
and oxalate (Feed Solution 1 or HU, Feed Solutions 2 and 3). All
experiments were therefore carried out at a ®xed calcium to oxalate
ratio of 5:1 The dilutions used are shown in Table 2. The calcium
oxalate supersaturations for the mixed feed solutions of AU were
calculated by Equil2 [25], assuming no crystallization (Table 2).
Because of the contribution of Feed Solutions 2 and 3, the actual
HU concentration at a relative urine concentration of 1.0 was 92%.

Each dilution was repeated four times using freshly prepared
AU or fresh HU on each occasion. The results are expressed as the
mean di�erence between control and diluted crystallization cham-
bers. Statistical analysis was by analysis of variance (ANOVA) of
the paired di�erences. The signi®cance of individual relative urine
concentrations can be judged by comparison of the 95% con®dence
limits of the mean di�erence to zero. Control data (undiluted) with
AU showed no signi®cant di�erences across all experiments
(P > 0.05, by ANOVA) and in all cases there was no signi®cant
di�erence between the experimental and control chambers at a
relative concentration of 1.0 (P > 0.05).

Results

The mean paired growth rate di�erences from the four
dilution experiments are presented in Fig. 1. When HU
was diluted the growth rate increased and this response
was quantitatively the same whether calcium and oxalate
were diluted or kept constant. Using AU, growth rates
decreased with increasing dilution and this was more
pronounced when calcium and oxalate, as well as the
urine, were diluted.

The mean paired nucleation rate di�erences are
shown in Fig. 2. When HU was diluted the nucleation
rate decreased, and this was a little more pronounced
when calcium and oxalate were also diluted than when
they were kept constant. When AU, but not calcium and

oxalate, were diluted, the nucleation rate increased.
When calcium and oxalate, as well as AU, were diluted
nucleation rates appeared not to change, but these esti-
mates became di�cult to quantify accurately and re-
producibly. This is because smaller and fewer crystals
were being produced that did not span such a wide range
of size channels as was usually the case and hence the
regression to the particle size data was dominated by a
few small size ranges, giving added uncertainty over the
estimation of the intercept.

Table 2 The urine concentrations used in the dilution experiments
and the calcium oxalate supersaturation being fed into the crys-
tallizer when used with arti®cial urine

Relative urine
concentration

Supersaturation

Calcium and
oxalate diluted

Calcium and
oxalate constant

1.0 39.7 39.7
0.75 44.5
0.67 24.3
0.50 18.2 57.7
0.33 12.4
0.25 80.4
0.0 123.0

Fig. 1 Mean paired di�erences in growth rates (�95% con®dence
limits). HU human urine, AU arti®cial urine, Ca calcium, Ox oxalate

Fig. 2 Mean paired di�erences in log nucleation rates (�95%
con®dence limits)
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From the growth and nucleation rate data, the sus-
pension density of precipitated calcium oxalate can be
calculated (Eq. 3). For AU the control data averaged
0.61 mM (the available maximum was 1.2 mM); with
HU there was considerable variation in the suspension
density of control samples, the means corresponding to
the di�erent relative urine concentrations ranged from
0.34 to 1.03 mM, and the overall average was 0.65 mM.
The change in suspension density is shown in Fig. 3. At
the lower dilutions of AU, precipitation was almost
complete (calcium and oxalate constant) or almost
completely absent (calcium and oxalate diluted). This
re¯ects the changes occurring in the supersaturation of
the mixed feed solutions being input to the crystallizer
(Table 2). With dilution of HU there was a small decline
in suspension density when calcium and oxalate were
kept constant, but this was only signi®cant at the lowest

dilution. There was a more pronounced reduction in
suspension density when calcium and oxalate were also
diluted. The changes observed in the four dilution ex-
periments are summarized in Table 3.

The dilution experiments with HU take no account
of the di�erent concentrations of the native urines as
passed by the subjects. From consideration of the re-
sults presented, one would expect this to be a signi®cant
factor; indeed this underlines the requirement to use
matched control and experimental samples running in
parallel. To examine this, the urinary concentration
(expressed as the osmotic pressure) of urines used as
controls and experimental samples from the dilution
experiment with constant calcium and oxalate were re-
lated to the crystallization results. Twenty-eight control
urines had a mean osmotic pressure of 486 mosmol/kg
H2O (range, 162±949); 16 diluted experimental samples
had a mean (and range) of 279 (97±775) mosmol/kg
H2O (taking into account the dilution applied: see Ta-
ble 2). There was a signi®cant negative relationship
between growth rate and urine osmotic pressure
(Fig. 4), a signi®cant positive relationship between the
natural log of nucleation rate and urine osmotic pres-
sure (Fig. 5) and a signi®cant positive relationship be-
tween the suspension density and urine osmotic pressure
(Fig. 6).

Discussion

In an MSMPR system the supersaturation reaches a
dynamic equilibrium that is determined by the prevailing
growth and nucleation rates, acting upon the input su-
persaturation conditions within the selected residence
time. The supersaturation of the input is primarily de-
pendent on the calcium and oxalate concentrations and
decreases as these are diluted; when these are kept
constant, and the remaining components are diluted, the
input supersaturation rises because of dilution of ions
such as citrate and magnesium and ionic strength e�ects
(Table 2). Therefore dilution of all components might be
expected to have a di�erent result from dilution of all
except calcium and oxalate.

The experiment in which HU, calcium and oxalate
were diluted (open circles, Figs. 1±3) is comparable to

Fig. 3 Mean paired di�erences in suspension density. Con®dence
intervals are large and overlapping; they have been omitted for clarity.
Points signi®cantly di�erent from zero (P < 0.05) are marked with an
asterisk

Table 3 Summary of changes in input supersaturation (SS), nu-
cleation rate (B0), growth rate (G) and suspension density (MT).
Arrows show the direction of change i.e., increasing (­), no change

(«) or decreasing (¯); the number of arrows is indicative of the
magnitude of the change (HU human urine, AU arti®cial urine, ns
not signi®cant)

Dilution experiment Outcome

Urine Ca, Ox diluted Symbol in
Figs. 1±3

SS B0 G MT

HU Yes s ¯ ¯¯* ­* ¯ns
AU Yes h ¯ «ns ¯¯* ¯¯*
HU No d ­ ¯* ­* «/¯ns
AU No n ­ ­* ¯* ­­*

*P < 0.05
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increasing urine output (reading the graphs from right to
left) and is also relevant to changes in crystallization
behaviour that might occur as urine is concentrated by
water reabsorption during passage through nephrons
(reading from left to right). The changes in growth and

nucleation rates observed here will be the net result (but
not necessarily in a simple additive manner) of e�ects
due to the supersaturation and any direct or indirect
e�ect of crystallization modi®ers. The other dilution
experiments are an attempt to identify the relative sig-
ni®cance of these factors.

The components of AU might a�ect calcium oxalate
crystallization through their in¯uence on the supersat-
uration or by direct crystal interaction. In both the AU
dilution experiments the growth rate was reduced by
dilution, showing that any direct growth inhibition (e.g.
by citrate or magnesium) was not signi®cant in relation
to other changes taking place. In these two experiments
the results are comprehensible in relation to the changes
in the supersaturation of the input to the crystallizer.
When calcium and oxalate were kept constant (®lled
squares, Figs. 1±3) the input supersaturation rose until,
at the lower dilutions, homogeneous nucleation could
become relevant (Table 2) and the nucleation rate rose
dramatically. At this stage growth rates declined,
presumably limited because the amount being
precipitated was close to the maximum available oxa-
late. When calcium and oxalate were diluted (open
squares, Figs. 1±3) the input supersaturation was re-
duced so that, while heterogeneous nucleation could
persist, the growth rate was markedly reduced and a
negligible amount of precipitation occurred.

The main di�erence between AU and HU is the
presence of UMMS in HU. In both the HU experi-
ments dilution caused a decrease in nucleation rate and
an increase in growth rate, which is consistent with
dilution of nucleation promoters and growth inhibitors.

Fig. 4 The relationship between calcium oxalate growth rate and the
osmotic pressure of human urine samples (n = 44, r = )0.51,
P = 0.0004), at a constant calcium and oxalate load. d 92% urine,
s urine further diluted

Fig. 5 The relationship between calcium oxalate log nucleation rate
and the osmotic pressure of human urine samples (n = 44, r = 0.84,
P < 0.0001), at a constant calcium and oxalate load. d 92% urine,
s urine further diluted

Fig. 6 The relationship between calcium oxalate precipitated and the
osmotic pressure of human urine samples (n = 44, r = 0.47,
P < 0.0014) at a constant calcium and oxalate load. d 92% urine,
s urine further diluted
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In comparison with the corresponding experiments with
AU these factors lessened the overall response in terms
of the mass being precipitated. With a declining input
supersaturation (calcium and oxalate diluted) there was
a more modest reduction in suspension density with HU
than with AU, and with an increasing input supersat-
uration (calcium and oxalate constant) there was little
change or a decline in the suspension density with HU,
rather than the increase seen with AU. That the growth
rate changes with HU were the same regardless of the
input calcium, oxalate and supersaturation (Fig. 1) in-
dicates that growth inhibitors are a major determinant
of the crystallization behaviour and that dilution of
their activity is not compensated for by the dilution of
calcium and oxalate. In a seeded crystallization method
using similar proportions of human urine, Baumann
et al. [1] also found that crystal growth rate re¯ected the
urine concentration rather than the prevailing calcium
and oxalate concentrations. The changes in nucleation
rate on dilution of HU counteract the changes in
growth rate and these nucleation rate changes were
enhanced by a falling rather than rising input
supersaturation (Fig. 2, Table 2). The net e�ect was a
signi®cant reduction in the mass precipitated as almost-
whole HU was diluted (Fig. 3). These urine samples
were provided by a small group of healthy individuals
and it is possible that, with others, a di�erent balance
between the nucleation-promoting and growth-inhibi-
ting activities might apply, which could lead to di�erent
conclusions.

Using the osmotic pressure as a measure of the
urinary concentration reinforces the observations with
diluted HU. The growth rate was inhibited and the nu-
cleation rate promoted with increasing urine concen-
trations (Figs. 4, 5) with the overall outcome that the
precipitated mass also increased (Fig. 6). This suggests
that urinary dilution by increased ¯uid output will be
bene®cial, despite an increased growth rate due to loss of
growth inhibition. If these results could be extrapolated
to events occurring during the passage through the renal
tubules, while water is being reabsorbed and the urine
concentrated, then it suggests a changing balance in
crystallization risk as urine is concentrated, from a sit-
uation of low nucleation/high growth to one of high
nucleation/low growth. This might discourage the early
initiation of crystallization but favour the continued
growth of any crystals that do form, particularly if they
are not freely ¯owing. The point of addition of the
crystallization modi®ers would have important conse-
quences for this interpretation.

The underlying assumption behind the recommen-
dation that stone formers should increase their ¯uid
output is that the consequent reduction in supersatura-
tion will reduce the risk of crystallization and slow the
growth of any crystals that do form. The decreased
crystal nucleation rate brought about by diluting urine
and its associated decrease in suspension density indi-
cates that the risk and extent of calcium oxalate crys-
talluria can be reduced by increased ¯uid output.

The changes in growth rate we have observed suggest
that enlargement of ®xed or freely suspended crystals will
be enhanced by urine dilution, despite the reduced su-
persaturation. In our model we have used high initial
oxalate concentrations, which might undermine this
conclusion but, at the lowest dilutions used, physiologi-
cally normal concentrations were fed into the crystallizer
and, because of the precipitation occurring, even less is
present in solution. Furthermore, we have not taken into
account the role of aggregation inhibitors. Their dilution
might be expected to encourage further crystal enlarge-
ment. If a nascent stone is ®xed in the urinary tract, then
increased ¯uid output might be of little bene®t unless the
increased ¯ow is su�cient to ¯ush it free before it reaches
a critical size. The clinical value of increased urine vol-
ume may be greatest as a preventive measure, with little if
any impact on pre-existing stones.

The value of increased ¯uid output in reducing stone
recurrence has recently been con®rmed in a randomized
prospective trial [2], in which the bene®ts were ascribed
to the large drop in urine supersaturation. Our results
suggest that a decrease in the concentration of nucle-
ation promoters might have been a major contributory
factor.
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