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Abstract To understand the genesis of urinary stones
di�erent crystallization models have been developed to
simulate the crystallization processes that occur at the
beginning of the stone formation. In this study a laser
probe working on the principle of the measurement of
back-scattered light was mounted on a batch crystalli-
zation model, in which calcium oxalate nucleation was
induced by titration of an arti®cial urine with ammo-
nium oxalate. With the laser probe the particle num-
bers and particle size distributions in the range from
1±250 lm can be measured in a single experiment.
Measurement is performed directly at the place of
crystal development and, therefore, falsi®cation of the
results (by dilution, mechanical transport or isolation,
temperature gap, multiple measurements, mathematical
calculations after indirect measurements, etc.) is pre-
vented. In a basic urine, containing 7.5 mmol/l calcium
(4.13 mmol/l free calcium), nucleation of calcium oxa-
late appears at a concentration of 0.58 mmol/l oxalate.
At the start of nucleation the particle size rises to 7 lm.
After addition of citrate and magnesium in concentra-
tions up to 12 mmol/l the metastable limit is clearly
shifted up to 1.50 mmol/l oxalate. Both ®ndings are in
good agreement with the literature. The laser crystalli-
zation model has proved to be useful for the testing of
inhibitors and promoters of urinary stone formation.
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Introduction

The initial step in the formation of urinary stones is the
nucleation as a result of supersaturation of urinary
components. These initial microcrystals start to grow or
agglomerate and eventually form the pathological uri-
nary stone. The extent of nucleation, crystal growth, and
agglomeration is mainly determined by urinary chemical
thermodynamic and kinetic factors such as ion-active
production and high or lower molecular inhibition.
Therefore, speci®c crystallization risk indices such as the
relative supersaturation [6] or the Tiselius risk index [18]
have been derived semi-empirically from the measure-
ment of urinary parameters such as calcium, oxalate,
citrate, or uric acid. However, due to the complex
interaction of the urinary components the indices are
only approximations of the real crystallization proper-
ties of the urine [12]. Furthermore, the in¯uence of
macromolecular inhibitors such as Tamm-Horsfall
protein or glycosaminoglycans, or the initiation of the
crystallization process by seed crystals, is not considered
in these analytical-mathematical methods.

Di�erent batch and ¯ow crystallization models, in
which the stone-forming processes of nucleation,
agglomeration, and growth are simulated and the actual
crystallization (i.e., irrespective of urine composition)
is measured, have been developed [1, 4, 16, 17]. The
simulation of the crystallization processes in these
models is well established and reproducible, whereas the
measurement of the crystallization is still problematic
for several reasons. A detection system for crystal sizes
and concentrations has to ful®ll some speci®c require-
ments:

± the determination must be independent of crystal and
matrix concentration;

± small and large particles ranging from 1 to about
300 lm have to be recorded simultaneously;

± the detection system must not a�ect the actual
crystallization process (e.g., by thermostatic gap,
mechanical forces, or surface activity);
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± the particle shape has to be taken into consideration;
± the measurement has to be made in (quasi) real-time.

The most common indirect method for the deter-
mination of crystal concentration is the measurement
of the turbidity of the solution by a photometer [9].
For the determination of particle size distributions
(PSD; histogram of particle size and frequency) the
Coulter counter, which measures the volume displaced
by the particles, is widely used [15]. The measurement
of laser light scattering and intensity can also be used
for the determination of PSD [2]. The reference
method (DIN 66 111 [13]) for the measurement of PSD
is the measurement of particle sedimentation speed in
a viscous ¯uid, which is not applicable to (on-line)
measurement in urine. In particular the fast and reli-
able Coulter technique and the laser scattering method
are limited by matrix concentration and particle size
range.

In this paper we present the application of a total
re¯ection laser probe which, in combination with a
batch crystallization model, allows the on-line mea-
surement of PSD in a wide range of particle sizes even
at high particle concentrations.

Materials and methods

The laser probe (Messtechnik Schwartz, Duesseldorf, Germany)
consists of a stainless steel tube with a diameter of about 40 mm
(Fig. 1). In the tube a rotating optical system with di�erent optical
lenses and prisms is mounted. The laser source is coupled to the
optical system by a ®breglass wire. In the rotating optics the laser
beam is de¯ected from the center axis, so that it describes a scan
circle in the crystallization medium. The focus point, which has to
be optimized with respect to the crystal concentration, can be ad-

justed by moving the rotating optics back and forth. If the laser
beam hits a crystal, it is re¯ected partially through the probe and
can be detected by a photodetector. The rough detector signal is
processed by an electronic device, which can be adapted in
threshold and slope to the speci®c re¯ection properties of every
crystal type, and ®nally the signal is evaluated by the system soft-
ware. Each signal represents a single crystal (i.e., a count). The
crystal size can be calculated from the known angular speed of the
rotating optical system and the duration of the signal. The
geometrical shapes of di�erent crystal types are included in the
calculation by means of form factors.

The laser probe is attached to a batch crystallization model
(Fig. 2) [3]. The model consists of a glass vessel at 37°C in which
calcium oxalate (CaOx) nucleation is initiated by titration of an
arti®cial urine [7] with ammonium oxalate [(NH4)2Ox] by an au-
tomated titration station. The course of the crystallization process
is evaluated with the laser probe by monitoring the relative count
rate (i.e., crystal number registered by a photodiode of each re-
¯ected laser impulse according to the time base of the measurement
of the scanning laser probe) and the PSD during the titration. The
basic parameters of the model and the laser probe are listed in
Table 1. The system parameters used here (i.e., continued titration
with oxalate for maintaining CaOx supersaturation) are applied for
measuring the metastable limit of CaOx with respect to crystalli-
zation inhibitors. This makes up only a small part of the system's
abilities: with its automated titration stations it is capable of ad-
justing and maintaining di�erent saturation states in the crystalli-
zation vessel (e.g., adjusting metastable CaOx concentrations to
observe crystal growth and aggregation or to estimate nucleation
rates).

To evaluate whether the laser probe achieves results comparable
to those obtained by other methods we tested the e�ect of the two
well-known crystallization inhibitors ± citrate and magnesium ± on
the metastable limit of CaOx by adding them in concentrations up
to 12 mmol/l to the basic arti®cial urine before titration. The ex-
periment was performed 4 times for each concentration. To obtain
a general idea of the change in the PSD the results are expressed as
a single parameter: the particle size d(50). The d(50) value repre-
sents (similar to the median in a Gaussian distribution) the central
value in a particle size distribution (see DIN 66141 [13]). For ex-
ample, a particle size d(50) of 5 lm means that 50% of all particles
are equal to or smaller than 5 lm.

Fig. 1 Diagram of the con-
struction of the laser probe.
Upper left: scan circle of the laser
in the focal plane with scanned
crystals
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Results

Due to background noise and the fact that the mea-
surement is near to the physical resolution of the laser
probe, a count rate of about 75 and a particle size d(50)
of about 2.5 lm were observed in the basic arti®cial
urine before starting the titration. In the basic urine
without addition of promoters or inhibitors the con-
centration of free calcium was 4.13 mmol/l as deter-
mined by a Ca-sensitive electrode. After starting the
titration we eventually observed a simultaneous increase
in both the relative count rate and the particle size d(50),
after addition of 6.75 ml ammonium oxalate to the basic
arti®cial urine (Fig. 3). This represents an oxalate con-
centration of 0.58 mmol/l. The d(50) size increased to
about 7 lm. No further change in the PSD was observed
after continued addition of oxalate to a ®nal concen-
tration of 3.3 mmol/l total oxalate.

After the addition of 6 mmol/l citrate to the basic
urine the start of nucleation is considerably delayed by a

factor of about 2, and the relative count rate at the end
of titration is about 33% lower than in the urine without
additives (Fig. 4). The delay in the start of the nucle-
ation shows a clear correlation with the concentration of
citrate (Fig. 5, left). The free calcium at the start of the
titration decreases from 4.13 mmol/l in the arti®cial
urine without additives to 0.53 mmol/l in the urine
containing 12 mmol/l citrate (Fig. 5, right). The experi-
ments were checked for reproducibility within a series
and from day to day. We could not ®nd any di�erence in
the PSD between the individual measurements. Addi-
tionally, particle sizes were cross-checked by light
microscopy.

With regard to the shift in the metastable limit the
results for magnesium are similar to those obtained for
citrate. We observed a considerable delay in nucleation,
which is correlated with the concentration of magnesium
(Fig. 5, left). In contrast to the situation with citrate, this
cannot be caused by a decrease in free calcium, because
it is almost constant for every magnesium concentration
(Fig. 5, right). Additionally, the relative count rate did
not noticeably increase after addition of magnesium. As
for citrate, the particle size d(50) after nucleation was
about 7 lm.

Discussion

The system described is suitable for the measurement of
crystallization processes in many respects. Due to its
technical principle the laser probe is capable of mea-
suring the PSD directly at the place the crystals are
developing. Neither mechanical transportation to a

Fig. 2 Diagram of the laser
probe connected to the crystal-
lization model

Table 1 Basic parameters of the crystallization model and the laser
probe [(NH 4) 2Ox ammonium oxalate]

Parameter Value

Volume of arti®cial urine 200 ml at starting time
pH of arti®cial urine 6.0 at starting time
Total calcium concentration 7.5 mmol/l
Concentration of (NH4)2Ox 20 mmol/l
Titration speed of (NH4)2Ox 1 ml/min
Total (NH4)2Ox added 40 ml
Stirrer speed 330 rpm
Measurement time 8 s
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measuring device with possible damage of the crystals
[14] nor any ®ltration or isolation steps [5] are required
for the determination of the PSD. Because the laser
probe is an integral part of the crystallization vessel the
determination is easily carried out in the original crys-
tallization medium at the desired crystallization tem-
perature. The measurement of the backscattered laser
light requires little penetration of the laser beam into the
crystallization medium (the focus of the laser is typically
adjusted to a distance up to 1mm from the sapphire
window: see Fig. 1), so that particle concentrations up
to 80% (volume) can be measured with appropriate
adjustment of the electronic device. By applying a
low-torsion nonmagnetic-driven stirrer no friction forces

are introduced to the crystals at the bottom of the
crystallization vessel.

The possibility of the simultaneous real-time deter-
mination of the relative number of crystals and the PSD
in a single experiment is a main advantage of the system.
In contrast to the Coulter counter or laser scatter sys-
tems the PSD can be determined even at high crystal
concentrations in a range from about 1 to 250 lm
without a change in the measuring device (i.e., capillaries
or focusing lenses).

In the system described, CaOx nucleation is induced
in arti®cial urine by a continuous increase in the
oxalate concentration. At an oxalate concentration of
0.65 mmol/l we observed a simultaneous increase in

Fig. 3 Course of count rate
and particle size d(50) in arti®-
cial urine without the addition
of promoters or inhibitors dur-
ing titration with ammonium
oxalate

Fig. 4 Course of count rate
and particle size d(50) in arti®-
cial urine containing 6 mmol/l
citrate during titration with
ammonium oxalate
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