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Abstract The in vitro study of calcium oxalate (CaOx)
stone formation is usually based on crystallisation models
but it is recognised that both healthy individuals and stone
formers have crystalluria. We have established a robust in
vitro stone growth model based on the principle of mixed
suspension, mixed product removal system (MSMPR).
Utilising this technique we studied the inXuence of CaOx
crystallisation kinetics and the variation of calcium and
oxalate concentrations on CaOx stone growth in vitro. Six
stones received standard concentration of Ca (6 mM) and
Ox (1.2 mM) in the medium while another six received var-
iable concentrations of both Ca and Ox at various intervals.
Stone mass was plotted against the experiment duration
(typically 5–7 weeks). The stone growth was dependent on
suYcient input calcium and oxalate concentrations and
once triggered, stone growth could not be maintained at
reduced calcium and oxalate inputs. The stone growth rate
was positively correlated to the number of crystals in sus-
pension around the stone and to the crystal nucleation rate
and negatively correlated to the crystal growth rates. This
leads to the conclusion that aggregation of crystals from the
surrounding suspension was the dominant mechanism for
stone enlargement.
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Introduction

Current understanding of renal stone formation is mainly
based on the study of crystallisation in simple salt solu-
tions, urine-like media or urine itself. While crystals are the
building blocks for stones, the pathophysiological process
of microscopic crystals transforming into macroscopic
stones remain unclear; nor is it inevitable, as it is well
recognised that crystalluria occurs commonly in healthy
subjects [1]. The “stone farm”, an in vitro stone growth
model that was developed in our laboratory operates on the
principle of equilibrium supersaturation which is dynami-
cally similar to the kidney [2–4]. This allows us to study the
relation between the solution composition, the crystal sus-
pension and stone enlargement.

At Wrst sight, it might seem self evident that higher input
supersaturation, through increased calcium and/or oxalate
concentrations being fed into the system, should lead to
increased stone growth. The opposite, however, might
occur if the increased supersaturation causes an increase in
nucleation of new crystals, which in turn would result in the
solution supersaturation being lowered and the potential for
crystal growth at the stone surface diminishing. If this
mechanism were to operate, then stone enlargement might
proceed eYciently at relatively low input calcium and oxa-
late concentrations and this might explain the in vivo “trig-
gering” experiments of Vermeulen [5], where a high initial
dose of stone salts allowed embryonic stones to form and
these continued to grow in a low stone salt environment.
An aim of the studies reported here is to try to replicate this
behaviour in an in vitro system. Another objective is to
obtain quantitative data pertaining to another conundrum
about stone growth: does it occur primarily through crystal
growth at the surface or through aggregation of suspended
crystals?
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Materials and methods

The study was conducted with the in vitro stone farm
method described by Chow et al. [3, 4]. This is based on
MSMPR continuous crystallisation. By allowing contin-
uous Xow through the crystallisation chamber, this sys-
tem is able to establish an equilibrium supersaturation,
which is dynamically similar to the renal system [6]. The
stone farm consists of six pairs of individually jacketed
crystallisation chambers containing a fragment of core
material suspended in each chamber. The pairs of cham-
bers were set up in parallel, the Wrst of each pair received
two feed solutions at a total Xow rate of 1 L/day. The
output of the Wrst chambers was used as the feed for the
second. Six pair of chambers received control artiWcial
urine (AU) as feed solutions while the remaining six
received modiWed AU in terms of the calcium and oxalate
concentrations.

Flow rates were checked daily by the change of weight
of the feed solutions over time. The solutions within each
chamber were continuously stirred and the temperature
controlled at 37°C. The volume of solution of each cham-
ber was set at 20 ml. Every 24 h the stones were removed
and the system cleaned with 0.1 M HCL. Stones were
weighed about every 48 h, and ion-selective electrodes
measured the pH and ionized calcium of each individual
chamber regularly. The stones were grown for periods of
between 5 and 7 weeks.

ArtiWcial urine

ArtiWcial urine used was prepared according to the standard
values used by Chow et al. [3]. The AU in one feed solution
contained calcium while the other oxalate. Feed solution I
was made up of 12 mM CaCl2, 6 mM MgCl2 and 4 mM
K3citrate. Feed solution II contained 300 mM NaCl,
151 mM KCl, 40.4 mM (NH4)2SO4, 10.2 mM Na2HPO4,
38.8 mM NaH2PO4 and 2.4 mM Na2Ox. Each feed solution
was fed in at the same Xow rate (0.35 ml/min), giving a
mixture with a pH of 6.0. A number of procedures were
adopted to try to prevent any microbial contamination [3]
and no evidence of any such contamination (e.g. deviation
of pH from about 6.0) was observed.

Stone core

Previously we have used residual CaOx stone fragments as
the stone nidus for the study of CaOx stone growth in vitro
[2–4] but this has some shortcomings. The amount of resid-
ual fragments that is suitable for stone farm experiments is
limited and this poses the diYculty of standardising all
fragments used in the experiments. Ideally we would use
fragments with the same mass, surface area, and composition

but this is diYcult to achieve with natural stone material.
Marble chips (calcium carbonate) were used for the experi-
ments performed in this study. They address most of the
disadvantages faced by CaOx stone fragments. Their usage
allows not only the proper standardisation of fragments but
also the source they are derived from. The initial deposition
upon the marble chips appears as readily as with natural
stone fragments and, as might be expected, once this Wrst
layer has been completed the subsequent product is indis-
tinguishable from material grown around natural stones. In
particular, the growth rates with marble chips are compara-
ble to those obtained with natural fragment but the inter-
and intra-experimental variation of controls stones is much
improved [7].

Protocols

In each experiment, a total of 12 stones were grown in the
stone farm. Six stones acted as controls receiving 6 mM
calcium (Ca) and 1.2 mM oxalate (Ox) in the standard
media while the remaining stones received diVerent con-
centrations of either one or both calcium and oxalate at var-
ious intervals. Stone growth was measured by periodic
weighing and growth rates calculated assuming a surface
area-dependent model [2, 7]. Towards the end of each daily
growth period the equilibrium crystal size distribution was
measured twice in the surrounding suspension of each stone
using a Coulter counter (Coulter Multisizer II, Beckmann).
The crystal nucleation and growth rates were calculated
from the crystal size distribution, using the principles of
MSMPR [8].

Results

Pulses of high and low calcium and oxalate 
concentrations

This experiment was intended to determine whether stone
growth, once initiated, could be maintained by a lower
dose of calcium and oxalate, in a manner comparable to in
vivo experiments by Vermeulen [5]. With 50% of the
standard calcium and oxalate concentration, growth was
minimal. Increasing both calcium and oxalate to the stan-
dard condition caused the stones to grow appreciably.
Returning the calcium and oxalate in the input media to
50% reduced growth back to a minimal rate (Fig. 1;
Table 1). Because the growth rates in Table 1 are calcu-
lated with only 4–6 data points they do not have a very
high degree of conWdence. The lower panel of Fig. 1
shows that, although the rate estimates for the individual
segment vary, when the growth is very slow they cannot
really be distinguished.
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Variable calcium concentration

Rapid stone growth was obtained in the presence of 5 mM
or more while 3 and 4 mM of Ca produced only minimal
stone growth (Fig. 2).

The relationship between suspension crystallisation 
kinetics and stone growth

Through 26 experimental growth periods, the stone growth
rate was correlated to the crystal nucleation rate and the
number of crystals in suspension around the stone. There
was an inverse relationship between stone growth rate and
crystal growth rate. Similarly, the nucleation rate was cor-
related to the particle density and inversely related to the
crystal growth rate (Table 2). Multiple linear regressions
showed that only the nucleation rate was an independent
and signiWcant predictor of stone growth.

Discussion

Vermeulen [5], summarising a series of in vivo experiments
with diVerent animals and stone forming protocols,
concluded that a brief but high level of supersaturation
was suYcient for a stone embryo to form while further
stone growth could be sustained at a lower level of
supersaturation. Similar results for in vivo production of

Fig. 1 Stone growth (mean § s.e., n = 6) in AU with Ca and Ox at
standard concentrations (6 and 1.2 mM respectively, solid circles) or
reduced by half (open circles). Upper panel: the upper series A of Wve
curves are relate to the same six stones while the lower series B of two
curves correspond to the other six stones grown at the same time. Low-
er panel: an enlargement of the Wrst section of series B. The heavy solid
and dashed lines are the best Wt curves to the four time sections shown
in Table 1. The lighter solid line is the best Wt curve to all the data
shown
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Table 1 Stone growth rates 
during periods of exposure to 
standard AU and to AU with 
reduced Ca and oxalate

Time (h) Stone series A Stone series B

Ca, Ox 
(mM)

Rate 
(103 £ mg/h3/2)

Ca and Ox 
(mM)

Rate 
(103 £ mg/h3/2)

0–186 3, 0.6 1.7 3, 0.6 0.7

186–371 6, 1.2 5.4 3, 0.6 1.0

371–509 3, 0.6 0.7 3, 0.6 1.1

509–782 6, 1.2 6.3 3, 0.6 1.3

782–1091 3, 0.6 1.4 6, 1.2 6.1

Each rate is the mean derived 
from the growth of six stones. 
The two series of stones, A and 
B were grown in parallel, see 
Fig. 1

Fig. 2 Changes in mean stone mass (§s.e., n = 6) at variable calcium
concentrations. The input oxalate concentration was 1.2 mM through-
out. The lines through the data are Wtted to the surface area-dependent
model, used to estimate the growth rate, k (103 £ mg/h3/2)
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nephrocalcinosis have also been recently published [9].
Figure 1 shows an attempt to replicate these Wndings in
vitro. We used 6 mM Ca and 1.2 mM Ox as the “trigger”
dose since these concentrations are known to promote stone
growth in previous experiments [2, 3] while the “mainte-
nance” dose was 50% of the concentrations of the “trigger”
dose. An initial period of maintenance dose, with negligible
stone growth, was followed by a period of triggering dose
for half the stones. This resulted in the consistent growth
that we regularly Wnd under these conditions [7]. Reverting
back to the maintenance dose caused the growth rate to fall
back to the same level as the control stones that had not
received a triggering dose. This pattern was repeatable and
we found no evidence to suggest that the growth in the
maintenance dose could be enhanced by a period of trig-
gered growth. Vermeulen [5] used a maintenance dose,
which was 25% of the triggering dose, so although the con-
centrations in the vitro and in vivo models are not directly
comparable, it is likely that had the same eVect been achiev-
able in our system then our maintenance dose would have
been suYcient to demonstrate this. The disparity in out-
comes might be associated with the absence of biological
factors in our model. Future work involving the inclusion of
whole urine or UMM might help to clarify this issue.

Irrespective of the rate of stone growth, or whether it is
in an initial or maturing phase, there are two fundamentally
diVerent mechanisms of enlargement possible. A stone
could enlarge either by aggregation of crystals from the
suspension or by direct precipitation onto the stone surface
(onto secondary nuclei or mature crystals), or both [10].
These possible routes were investigated by examination of
the relationship between stone growth and the quantitative
analysis of crystal sizes and numbers surrounding the grow-
ing stone. In our earlier MSMPR studies [8] we demon-
strated that there were systematic changes in the crystal size
suspension in correspondence to changes in the input con-
centrations of the AU. Thus, by varying the calcium and
oxalate concentrations we have been able to produce diVer-
ent suspension conditions and diVerent rates of stone
growth. An example of the latter is shown in Fig. 2, where
the stone growth rate is demonstrated to increase with
increasing calcium concentrations. From these and other

experiments we found a signiWcant correlation between
stone growth rate and crystal nucleation rate which in turn
is positively correlated to the crystal density and negatively
related to the crystal growth rate.

If the direct precipitation mechanism is the more impor-
tant process then stone enlargement would be expected to
be greatest when the solution supersaturation is high in
order to support new crystal growth on the stone surface.
On the other hand, if the aggregation mechanism is more
important then stone enlargement would be expected to be
greatest when the particle numbers in suspension are high,
because this would increase the likelihood of collisions
between the stone and the surrounding crystals. Figure 3
illustrates these two scenarios and highlights our results,
which are consistent with the aggregation model as the
dominant mechanism of stone growth in the stone farm.

Calcium oxalate renal stones are complex structures.
DiVerent types can be recognised and within individual
stones there is much internal heterogeneity. The crystals
may be individually coated in matrix or groups of crystals
may be located within matrix bound regions. Adjacent crys-
tals may be randomly orientated, or ordered in sheet or stack
like structures [11–14]. Individual crystals are typically in

Table 2 Correlation matrix for stone growth, particle density, nucle-
ation rate and crystal growth rate; showing each Pearson correlation
coeYcient (and P value)

Based on 26 experimental periods

Stone growth rate Particle density Nucleation rate

Particle density 0.533 (0.004)

Nucleation rate 0.618 (0.000) 0.926 (0.000)

Crystal 
growth rate

¡0.435 (0.026) ¡0.488 (0.012) ¡0.592 (0.002)

Fig. 3 Illustration of two scenarios of crystal size distribution (sus-
pended crystals) and the expected outcome of stone enlargement based
primarily on aggregation (A) or crystal growth (CG). The correlations
we observed (Table 2) are consistent with the aggregation mechanism

Leads to stone enlargement which is 
low by crystal growth (CG) 
or
high by aggregation (A) 

High crystal numbers Leads to low
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supersaturationLow crystal growth 
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Low crystal numbers Leads to high high by crystal growth (CG) 
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supersaturationHigh crystal growth low by aggregation (A) 

CGS

1
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the “micro” rather than “nano” size range, although they
may be built up of smaller crystallites [15, 16] perhaps by a
process corresponding to mesoscopic transformation [17].
Although stones are undoubtedly polycrystalline aggregates
it does not necessarily follow that each crystal aggregated
into the bulk of the stone mass in its mature “micro” form.
(This would probably involve a small degree of local recrys-
tallisation in order to form a consolidated structure [18, 19]).
Alternatives would be for “nano” nuclei (from a primary or
secondary nucleation event) to become associated with the
stone and there to enlarge by classical crystal growth (ion
attachment and unit cell replication) or for multiple nuclei to
assembly as a mesocrystal [17]. When discussing stone
architecture, others have interpreted the structural informa-
tion in terms of “micro” crystals aggregating to the surface
[12] or to local solution chemistry and precipitation [14, 20]
or both [21]. The signiWcance of the distinction perhaps lies
in understanding the role of intratubular crystals. If, as is
widely believed to be possible [22, 23], crystals form in the
collecting ducts and pass freely beyond the ducts of Bellini,
can they then contribute to stone development? Our results
appear to give quantitative evidence that this is possible and,
as this happened in AU, the presence of matrix macromole-
cules is not a prerequisite for the process. Of course, in vitro
evidence that crystal aggregation can occur at the macro-
scale of real stones is not proof that it takes place in vivo,
but it does suggest that crystalluria itself will directly
enhance the process of new stone formation or re-growth of
residual fragments.
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