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Abstract To examine the e�ect of hydroxyapatite (HAP)
seed crystals and urinary macromolecules on the crys-
tallization under conditions similar to those in the col-
lecting duct, we evaporated 100 ml samples of salt solu-
tions with an ion composition assumed to correspond to
that in the collecting duct without and with HAP seed
crystals. The crystallization in seeded solutions was as-
sessed both with and without dialysed urine (dU). After
evaporation the number and volume of crystals were
recorded in a Coulter Multisizer and the crystal mor-
phology examined with scanning electron microscopy
(SEM) and X-ray crystallography. Addition of HAP
crystals was apparently followed by an approximately
15±20% increase in heterogeneous nucleation of calcium
oxalate (CaOx). In these experiments SEM and X-ray
crystallography showed a high percentage of CaOx in the
precipitate. In samples reduced to 40±69 ml, addition of
dU to the collecting duct solution containing HAP seed
resulted in a greater mean (SD) number of crystals; 3895
(1841) in samples with dU and 1785 (583) in samples
without. This was mainly explained by an increased mean
(SD) number of small crystals. The mean crystal volume
was 17.8 (1.1) and 34.3 (9.1) in samples reduced to 40±
69 ml with and without dU, respectively. This might re-
¯ect the inhibitory e�ect of dU on the growth and/or
aggregation of the CaOx-CaP precipitate or a promoted
nucleation resulting in a large number of small crystals. It
is concluded that calcium phosphate formed above the
collecting duct might induce heterogeneous nucleation of
CaOx at lower levels of the renal collecting system, and
that urinary macromolecules are powerful modi®ers of
these processes.
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Introduction

The mechanisms of formation of urinary calcium oxa-
late (CaOx)-containing concrements are incompletely
understood, and the process can certainly not be
explained by a crystallization of CaOx alone. Urinary
stones have an organic matrix accounting for approxi-
mately 2.5% of their weight [10]. It has also been shown
that a considerable fraction of CaOx stones is composed
of mixtures of CaOx and calcium phosphate (CaP) [28,
29, 40, 41, 45, 46, 52]. Furthermore Leusmann and co-
workers [30] showed that more than 70% of oxalate-rich
stones had CaP within or near their central core.

It is reasonable to assume that the crystallization is
initiated in the nephron [3, 12, 14, 18, 19, 26, 34, 54].
Finlayson and Reid [15] showed that even with a max-
imal crystal growth of CaOx the renal transit time was
too short to result in crystals with a size that would
obstruct the collecting duct. Baumann and coworkers [4]
showed that after an oral oxalate load the size of the
crystals was generally smaller than 200 lm in a con-
centrated overnight urine. In a recent experimental study
Kok and Khan [25], however, concluded that during the
normal transit time for urine through the nephron
crystalline particles might form large enough to be
retained, mainly due to the size-increasing e�ect of
agglomeration. Thus a pronounced agglomeration and
crystal retention are factors that might be of importance
for stone development. Randall's plaques seem to start
from a CaP deposition in the papillary tissue [47] and it
has been shown that crystals of hydroxyapatite can in-
duce a heterogeneous crystallization of CaOx [6, 7, 16,
17, 51]. Crystals of CaP that are retained in the nephron
or in the renal collecting system are therefore highly
interesting as possible promoters of CaOx nucleation.
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In two recent studies [18, 34] we have shown that
there is a risk of CaP crystal formation in the proximal
and distal tubule whereas CaOx is the primary type of
crystal that forms in the collecting duct. In a recent
study Kok [26] also found that crystallization of CaOx is
most likely in the collecting duct, and it has been shown
by several authors that there is a high risk of CaP
crystallization at a nephron level above the collecting
duct [3, 12, 26]. These observations have raised the
question of whether CaP formed at a high level in the
nephron is a natural and common promoter of CaOx
nucleation in the collecting duct. Heterogeneous crys-
tallization of CaOx induced by CaP is a mechanism that
has previously been proposed by several authors [2, 5, 7,
22, 27, 35, 36, 43, 44].

The aim of this study was to examine whether CaP
crystals can induce heterogeneous nucleation of CaOx
under conditions corresponding to those in the collecting
duct and to study the possible in¯uence of the urinary
macromolecules on this process. Since hydroxyapatite
(HAP) is the thermodynamically most stable form of
CaP [13], HAP crystals were used in these experiments.

Materials and methods

Salt solutions with an ion composition assumed to correspond to
that of urine in the distal part of the collecting duct were prepared
by dissolving in Millipore-®ltered water as previously described [34]
the following commercially available salts: calcium chloride
(CaCl2 ´ 2H2O), magnesium chloride (MgCl2 ´ 6H2O), sodium
chloride (NaCl), potassium chloride (KCl), sodium sulphate
(Na2SO4), sodium phosphate (Na2HPO4), sodium oxalate
(C2Na2O4) and sodium citrate (C6H5Na3O7 ´ 2H2O). One litre of
this solution was given the following ion composition: calcium
4.50 mmol, magnesium 3.85 mmol, phosphate 32.3 mmol, oxalate
0.32 mmol, citrate 3.21 mmol, sodium 106 mmol, potassium
63.7 mmol and sulphate 20.8 mmol. No ammonium was added to
avoid the risk of precipitating ammonium salts. The pH was set to
5.80, which was considered the average pH in the collecting duct
according to the results reported by Rector [48].

A suspension of HAP seed crystals with a concentration of
400 lg/ml was prepared by adding the commercially available salt
(Merck, Darmstadt, Germany) to Millipore-®ltered water. After
ultrasonication for 30 min the crystal size distribution was analysed
in a Coulter Multisizer (Coulter Electronic, Luton, UK). No
crystals were found with a size greater than 15.4 lm and the size
distribution showed that 93% of the crystals had a diameter of 2.4±
4.4 lm, 5% a diameter of 4.5±5.4 lm and 2% a diameter of 5.5±
15.4 lm. Scanning electron microscopy of the suspension showed
that the majority of the crystals were smaller than 2.4 lm and that
the fractions found in a di�erent size interval were composed of
HAP crystal aggregates (Fig. 1).

Pooled dialysed bladder urine (dU) from 10 normal male sub-
jects was used as a source of macromolecules, thereby ignoring the
fact that certain macromolecules might have been added to
the urine as a result of its passage and storage in the lower parts of
theurinary system whereas others might have been removed during
the preparation of dU. This urine was collected between 2200 and
0600 hours, and screened to exclude bacteria, protein and glucose
before being pooled. Urine was dialysed as previously described
[34]. According to the concentration of urine in the distal part of
the collect duct, the samples with dU were prepared by dissolving
the necessary salts in the dU.

Solution samples of 100 ml were passed through Millipore
®lters with a pore size of 0.22 lm (Millipore, Molsheim, France)

before evaporation in a BuÈ chi Rotavapor RE at 37°C (BuÈ chi,
Flawil, Switzerland). The ®ltration was carried out at room tem-
perature at a rate of approximately 1 ml/s. Evaporation was per-
formed of salt solutions without either HAP and dU (CD solution),
of salt solutions with 1 ml of HAP suspension but without dU
(CD-HAP solution) and of salt solutions with 1 ml of HAP sus-
pension and with dU (CD-HAPdU solution). After evaporation to
a predetermined volume, the number and volume of crystals in the
size interval 2.4±45 lm were recorded in a Coulter Multisizer with a
100 lm capillary tube, which we have found most appropriate for
assessing crystals in this interval. Furthermore the distribution of
the crystals was recorded in the following size intervals: 2.4±5.1 lm,
5.1±10.2 lm, 10.2±20.2 lm and 20.2±45 lm. Recordings were
carried out both immediately after evaporation and after 60 min of
continuous agitation in an incubator at 37°C. The mean crystal
volume (MCV) was calculated as the quotient between the total
volume (lm3) and the total number of crystals. After evaporation
the mean and standard deviation (SD) were calculated for the
following sample volume intervals: 70±95 ml (sample A), 40±69 ml
(sample B) and 10±39 ml. No sample was reduced to less than 10%
of its original volume.

The ion-activity products of CaOx (APCaOx), calcium hydrogen
phosphate, brushite (APBru), hydroxyapatite (APHAP), amorphous
calcium phosphate (APACP) and octacalcium phosphate (APOCP)
at di�erent degrees of evaporation, were calculated by means
of computerized iterative approximation with the EQUIL2
program [57]. For ACP, we used the approximate formula
Ca(PO4)0.74(H)0.22 [13].

The crystal morphology was studied in a JEOL JSM-840
scanning electron microscope (Tokyo, Japan). Preparation for
scanning electron microscopy (SEM) was performed as described in
detail previously [34].

Solutions CD, CD-HAP and CD-HAPdU were evaporated
down to a volume of 70±80 ml, 40±50 ml and 10±20 ml. Half the
crystalline material recovered from these samples was pooled be-
fore being centrifuged at 1500 rpm for 15 min. The other half was
left for 60 min of continuous agitation in an incubator at 37°C
before being pooled and centrifuged at 1500 rpm for 15 min. The
sediment was dried in air and then subjected to X-ray crystallo-
graphic examination at LC Herring and Company (Orlando, Fla.,
USA) for quantitative assessment of the content of CaOx and
CaP.

Statistical analysis

Wilcoxon's rank sum test was used for comparing samples with and
without HAP, and with and without dU. Wilcoxon's signed rank
test was used to compare samples immediately after evaporation
with those obtained after 60 min of continuous agitation in the
incubator.

Fig. 1 Scanning electron microscopic examination of hydroxyapatite
(HAP) seed crystals in a concentration of 400 lg/ml. The precipitate is
shown at a magni®cation of ´5000
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Results

Scanning electron microscopy showed that volume re-
duction of the CD solution resulted in formation of
CaOx and CaP crystals. Thus CaOx dihydrate (COD)
was the predominant crystal phase in the least concen-
trated samples immediately after evaporation (Fig. 2A)
whereas CaP became more common in samples sub-
jected to more excessive volume reduction (Fig. 2E).
CaP predominated in samples drawn after 60 min irre-
spective of the degree of volume reduction (Fig. 2B, D,
F). These ®ndings were supported by analysis with X-
ray crystallography (Table 1) showing that the precipi-
tate obtained from the CD solution immediately after
evaporation contained 50% COD, 40% brushite and
10% HAP following a volume reduction to 70±80 ml,
and 35% COD, 60% brushite and 5% HAP when the
volume was reduced to 40±50 ml. The dominance of

CaP, mainly as brushite, was even more pronounced
with further volume reduction.

During the 60 min following evaporation of the CD
solutions, the crystal number and volume in sample A
did not change (Table 2). In contrast these variables
increased signi®cantly with the more extensive volume
reduction in sample B.

As a result of the presence of seed crystals a larger
number of crystals as well as greater crystal volumes
were recorded in the CD-HAP solutions in comparison
with the CD solutions immediately after evaporation in
both samples A and B (Table 2). As expected this dif-
ference was mainly seen in the size interval 2.4±5.1 lm.
In comparison with the CD solution, samples A and B
from the CD-HAP solutions had a lower MCV
both immediately after evaporation and 60 min later
(Table 2). In addition to the added HAP seed in the
CD-HAP solutions, the larger number of crystals in
samples A and B could probably be explained by the

Fig. 2A±F Scanning electron
microscopic examination of the
precipitate after evaporation of
100 ml samples of CD solution.
A, B Evaporated down to a
®nal volume of 70±80 ml, A
immediately after evaporation
and B 60 min after evaporation.
C, D Evaporated down to a
®nal volume of 40±50 ml, C
immediately after evaporation
and D 60 min after evapora-
tion. E, F Evaporated down to
a ®nal volume of 10±20 ml, E
immediately after evaporation
and F 60 min after evaporation.
The precipitate is shown at a
magni®cation of ´1000
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development of CaOx crystals as shown by X-ray
crystallographic analysis of the precipitate. As illus-
trated in Table 1, a volume reduction to 70±80 ml and
40±50 ml increased the CaOx content in comparison
with that recorded in the precipitate retrieved from the
CD solution. Crystals of calcium oxalate monohydrate
(COM) were almost entirely found in these samples,
whereas, in the absence of HAP crystals, only COD
was found. A more common occurrence of CaOx
crystals in the CD-HAP solution compared with the
CD solution was also demonstrated with SEM
(Figs. 2C, 3C).

In sample B, the number of crystals was about twice
as high in the CD-HAPdU solution compared with the
CD-HAP solution, both immediately after evaporation
and after 60 min (P < 0.01; Table 2). A much smaller
and statistically insigni®cant di�erence between the two
solutions was recorded in sample A. The total crystal
volume was signi®cantly higher in sample B from the

CD-HAPdU solution. These e�ects could be explained
by a larger number of small crystals (Table 3). A sig-
ni®cantly lower MCV in the CD-HAPdU solution was
observed in both samples A and B immediately after
evaporation (P < 0.01).

Scanning electron micrographs in Figs. 3C, D, 4C, D
show that the crystals were smaller and apparently
less aggregated in the CD-HAPdU solutions than in the
CD-HAP solutions.

For the most extensively evaporated samples, which
were reduced to a volume of 10±39 ml, there was no
evident di�erence in terms of number of crystals, crystal
volume or MCV compared with the CD-HAP solution.
In the CD-HAPdU solution, however, there were a
larger number of small crystals than in the CD-HAP
solution. By SEM examination of the precipitate re-
duced to a volume of 10±20 ml it was also obvious that
the crystals from the CD-HAPdU solutions were smaller
than those from the CD-HAP solutions (Figs. 3E, 4E),

Table 2 Mean (SD) number, total crystal volume and mean crystal volume (MCV) at di�erent sample volumes immediately and 60 min
after evaporation of 100 ml samples of CD, CD-HAP and CD-HAPdU-solutions (crystal size 2.4±45 lm)

Time
(min)

Sample A (70±95 ml) Sample B (40±69 ml)

CD CD-HAP CD-HAPdU CD CD-HAP CD-HAPdU

No. of crystals 0 131 (133)   1372 (378)° 1479 (588) 347 (315)  ° 1785 (533)° 3895 (1841)**°
60 127 (142) 926 (232)° 1414 (755) 1999 (1476)  ° 2659 (1089)° 5398 (2254)°

Total crystal 0 30.4 (41.0) 54.3 (26.6) 61.6 (42.3) 30.2 (31.5) ° 59.9 (19.3)° 134 (50.9)**°
volume (1000 ´ lm3) 60 27.0 (34.7) 44.7 (13.5) 88.5 (81.8) 405 (508)° 396 (474)° 482 (325)°

MCV 0 178 (133)  38.9 (9.7) 16.7 (1.1)**° 101 (57.7)   34.3 (9.1)° 17.8 (1.1)**°
60 234 (120) 49.7 (12.9) 55.2 (34.2)° 164 (150) 122 (110°) 82.3 (32.0)°

No. of experiments 5 5 6 6 8 6

Comparison of CD and CD-HAP samples:  P < 0.05;   P < 0.01
Comparison of CD-HAP and CD-HAPdU samples: *P < 0.05; **P < 0.01
Comparison of samples immediately and 60 min after evaporation: °P < 0.05

Table 1 The percentage of dif-
ferent calcium salts in the pre-
cipitate at di�erent degrees of
evaporation of 100 ml samples
of CD, CD-HAP and CD-
HAPdU solutions analysed by
X-ray crystallography (COD
calcium oxalate dihydrate,
COM calcium oxalate mono-
hydrate, Bru brushite, HAP
hydroxyapatite, CaOx calcium
oxalate, CaP calcium
phosphate)

Sample volume
after evaporation

Salt solution Time
(min)

Percentage of calcium salt in the sample

(ml) COD COM Bru HAP Total
CaOx

Total
CaP

70±80 CD 0 50 0 40 10 50 50
60 35 0 55 10 35 65

HAP 0 45 20 5 30 65 35
60 15 45 5 35 60 40

HAP-CDdU 0 35 0 5 60 35 65
60 20 0 5 75 20 80

40±50 CD 0 35 0 60 5 35 65
60 20 0 65 15 20 80

HAP 0 50 5 10 35 55 45
60 40 0 50 10 40 60

HAP-CDdU 0 60 0 5 35 60 40
60 35 0 5 60 35 65

10±20 CD 0 10 0 70 20 10 90
60 5 0 90 5 5 95

HAP 0 30 0 40 30 30 70
60 20 0 70 10 20 80

HAP-CDdU 0 20 0 75 5 20 80
60 5 5 85 5 10 90
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while no important di�erence was recorded between
samples from CD solutions and CD-HAP solutions
(Figs. 2E, 3E).

Ion-activity products

The ion-activity product of APCaOx exceeded the ther-
modynamic solubility product for CaOx (SPCaOx) of
0.23±0.25 ´ 10)8 M2 [42, 55] in the samples already
before evaporation. A formation product of CaOx
(FPCaOx) around 2 ´ 10)8 M2 was achieved already at a
volume reduction to only 90 ml (Table 4). The solutions
were supersaturated with respect to CaP, thus the
APOCP and APHAP much exceeded the solubility product
(SP) of 8.3 ´ 10)48 M8 for SPOCP and of 2.35 ´ 10)59 M9

for SPHAP [27] (Table 4). The APBru exceeded the SPBru

of 1.87 ´ 10)7 M2 in the non-evaporated solutions but
an FPBru of 2 ´ 10)6 M2 [27, 38] was reached only after a
volume reduction to 30 ml. It needs to be emphasized,
however, that when the ion-activity products were cal-
culated, the decrease in pH during volume reduction and
complex binding between ions and urinary macromole-
cules were not accounted for. The ion-activity products,
particularly, of di�erent calcium phosphate salts might,
therefore, be overestimated.

Discussion

As shown in these experiments, addition of HAP crystals
to a CD solution resulted in deposition of CaOx already

at a volume reduction of only 20±30%. This ®nding
gives support to the hypothesis that CaP crystals formed
at a nephron level above the collecting ducts [3, 12, 14,
18, 26, 34, 54] might promote the formation of a CaOx
precipitate when these crystals encounter the urine
environment in the collecting duct, at which level of the
nephron both pH and urine volume are reduced.

Under normal conditions the pH will be around 6.75
in the proximal tubule and 6.45 in the distal tubule [48]
and it has previously been shown in our laboratory that
CaP is the type of crystal that most easily forms at these
levels [53], whereas CaOx is the most likely product of
crystallization in the collecting duct [18, 34]. According
to measurements carried out by Asplin and coworkers
[3] the pH and the risk of CaP precipitation might also
be high in the loop of Henle. This crystallization risk
depends, among others factors, on the phosphate con-
centration in the loop of Henle. In this respect it is
noteworthy that stone formers have been shown to have
an abnormally high phosphate excretion in response to a
dietary load [49, 50].

Irrespective of the exact level of CaP precipitation in
the nephron, the crystal material will probably move
downwards in the nephron. Although small and unre-
tained crystals will be eliminated with the urine, this will
not be the case with crystals that are retained either
because of their particle size or because of morphologi-
cal abnormalities in the tubular layer of the collecting
duct. Khan [24] has shown, for example, that crystals
can easily get lodged in the distal part of the collecting
duct where the channels bend. The interaction between
crystals and cells that has been demonstrated by several

Table 3 Mean (SD) number and total crystal volume at di�erent sample volumes immediately and 60 min after evaporation of 100 ml
samples of CD, CD-HAP and CD-HAPdU-solutions

Crystal size
interval (lm)

Time
(min)

Sample A (70±95 ml) Sample B (40±69 ml)

CD CD-HAP CD-HAPdU CD CD-HAP CD-HAPdU

No of crystals
2.4±5.1 0 88 (92)   1279 (371)° 1328 (444) 294 (289)  ° 1670 (504) 3592 (1755)*

60 94 (94) 840 (206)° 1198 (569) 1484 (1109)° 1833 (658) 3979 (1359)**
5.1±10.2 0 35 (32)  79 (19) 142 (147)° 42 (45) ° 107 (47)° 290 (126)**°

60 24 (36) 77 (34) 196 (190)° 340 (345)° 596 (523)° 1291 (981)°
10.2±20.2 0 7 (12) 5 (3.2) 8.2 (6.0) 11 (19)° 6.8 (5.0)° 12.3 (1.2)°

60 7 (13) 7.8 (5.5) 20 (28) 164 (227)° 172 (288)° 125 (104)°
>20.2 0 1 (1.4) 1 (0.7) 0.8 (1.0) 0.83 (0.9) 0.75 (0.9) 0.8 (0.8)

60 2 (1.3) 0.6 (0.6) 0.5 (0.9) 85 (195) 3.3 (5.1) 3 (4.0)

Total crystal volume (1000 ´ lm3)
2.4±5.1 0 2.2 (1.7)   22.6 (7.8)° 24.8 (10.3) 5.5 (4.7)  ° 29.9 (9.5) 70.4 (35.9)*°

60 6.1 (2.8)   15.9 (4.4)° 23.4 (12.3) 31.5 (24.6)° 41.6 (15.1) 99.4 (47.4)°
5.1±10.2 0 6.6 (6.5) 11.6 (3.1) 21.6 (22.9)° 8.2 (9.3) ° 17.1 (8.4)° 41.7 (18.1)**°

60 6.3 (5.8) 12.3 (5.4) 35.1 (37.9)° 69.6 (75.1)° 219 (330)° 23.0 (17.1)°
10.2±20.2 0 8.3 (15.2) 6.3 (5.1) 9.8 (7.3) 12.7 (21.9)° 7.7 (5.4)° 14.8 (4.1)°

60 9.6 (17.5) 10.2 (9.7) 22.1 (29.2) 233 (336)° 189 (335)° 133 (135)°
>20.2 0 17.1 (20.7) 13.3 (13.8) 5.3 (6.0) 4.4 (5.5)° 11.1 (16.8) 6.9 (7.8)

60 11.3 (10.0) 8.5 (9.3) 7.9 (16.9) 190 (377)° 23.1 (39.3) 20.8 (23.5)

No. of experiments 5 5 6 6 8 6

Comparison of CD and CD-HAP samples:  P < 0.05;   P < 0.01
Comparison of CD-HAP and CD-HAPdU samples: *P < 0.05; **P < 0.01
Comparison of samples immediately and 60 min after evaporation: °P < 0.05
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authors [8, 9, 11, 23, 32, 56] might be extremely impor-
tant for the development of crystals formed in the
nephron. It has been shown that CaP can bind to
MDCK cells, which have characteristics of the cells in
the distal tubule and the collecting duct. These adhesions
resemble small microliths [37].

When retained CaP crystals are exposed to the low
pH, they might dissolve either partially or completely.
Although this dissolution obviously is counteracted by
urinary macromolecules [19, 21, 54] it can nevertheless
be su�cient to cause a local increment in the supersat-
uration with CaOx and hence CaOx nucleation [19, 21].

The e�ect of HAP was studied in both the presence
and absence of dU. The presence of macromolecules
resulted in a larger number of crystals and a reduced
MCV. This most probably is caused by the inhibition of
growth and aggregation of the CaP crystals [20]. Urinary
macromolecules can also be expected to inhibit the
heterogeneous nucleation of CaOx. In comparison with
solutions without dU the content of CaOx that

precipitated following a small volume reduction was
lower in solutions with dU. With the higher CaOx su-
persaturation following more extensive evaporation, this
di�erence essentially disappeared. The exact mechanism
behind this inhibition has not been elucidated, but it
is reasonable to assume that liberated Ca2+ ions bind to
c-carboxyglutamic acid groups in the macromolecules
[31, 39]. Such a binding would, thus, counteract the
development of a local critical supersaturation when
the solution supersaturation remains low, but not when
it becomes high as a result of a pronounced volume
reduction.

The increased number of small crystals that appeared
following limited volume reduction of CD-HAP
solutions was almost certainly the result of CaOx
nucleation on CaP crystals previously below the detec-
tion limit of the Coulter counter. The increased fraction
of CaP associated with extensive volume reductions in
the form of brushite was an interesting and unexpected
®nding. It is reasonable to assume that this is explained

Fig. 3A±F Scanning electron
microscopic examination of the
precipitate after evaporation of
100 ml samples of CD-HAP
solution. A, B Evaporated
down to a ®nal volume of
70±80 ml, A immediately after
evaporation and B 60 min after
evaporation. C, D Evaporated
down to a ®nal volume of
40±50 ml, C immediately after
evaporation and D 60 min after
evaporation. E, F Evaporated
down to a ®nal volume of
10±20 ml, E immediately after
evaporation and F 60 min after
evaporation. The precipitate
is shown at a magni®cation of
´1000
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by a transformation of HAP to brushite in the acid
environment [1, 33] and as a result of the increased
calcium/magnesium ratio [1]. Obviously brushite most
easily formed in the absence of both HAP seed and
urinary macromolecules. The very high content of
brushite that was recorded following volume reduction
to 12±20 ml is unlikely under clinical conditions and

probably a volume reduction to 70±80 ml best re¯ects
what happens in the urine of stone-formers.

The assessment of crystal formation with the Coulter
counter technique is associated with several problems.
Most importantly, as only crystals with a diameter
greater than 2.4 lm were recorded, anything that hap-
pens in the smaller size range is not known. With this

Table 4 Ion-activity products
(AP) for calcium oxalate and
di�erent calcium phosphate
salts at di�erent volumes after
evaporation of 100 ml of the
CD solution (CaOx calcium
oxalate, ACP amorphous
calcium phosphate, OCP
octacalcium phosphate, HAP
hydroxyapatite, Bru brushite)

Volume after
evaporation (ml)

108 ´ APCaOx

(mol/l)2
1012 ´ APACP

(mol/l)2
1025 ´ APOCP

(mol/l)8
1048 ´ APHAP

(mol/l)9
107 ´ APBru

(mol/l)2

100 1.94 1.82 1.60 0.74 4.59
90 2.18 1.83 2.03 1.56 5.32
80 2.43 1.86 2.67 3.54 6.28
70 2.78 1.90 3.59 8.51 7.56
60 3.20 1.98 5.08 22.5 9.38
50 3.86 2.13 7.57 65.0 12.1
40 4.82 2.43 12.2 204 16.7
30 6.43 3.15 21.9 645 25.1
20 9.55 5.59 45.7 1454 45.0
10 17.1 9.36 183 23 000 108

Fig. 4A±F Scanning electron
microscopic examination of the
precipitate after evaporation of
100 ml samples of CD-HAPdU
solution. A, B Evaporated
down to a ®nal volume of
70±80 ml, A immediately after
evaporation and B 60 min after
evaporation. C, D Evaporated
down to a ®nal volume of
40±50 ml, C immediately after
evaporation and D 60 min after
evaporation. E, F Evaporated
down to a ®nal volume of
10±20 ml, E immediately after
evaporation and F 60 min after
evaporation. The precipitate is
shown at a magni®cation of
´1000
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shortcoming in mind we recorded the number and size
distribution of crystals and derived an estimate of MCV.
Although MCV is sensitive to variations in crystal
number we nevertheless found MCV useful for ap-
proximately expressing the crystallization process. In
this respect we paid no attention to the possible e�ect of
an increased ion strength.

The presence of small HAP seeds apparently resulted
in a controlled secondary nucleation, since both CD-
HAP and CD-HAPdU solutions had an MCV smaller
than that in the CD solutions, at least with the size dis-
tribution used in these experiments. A more heteroge-
neous size distribution with large CaP crystals or crystal
aggregates would, in contrast, provide a basis for the
formation of easily retained CaP/CaOx crystal masses.

In conclusion, we were able to demonstrate that vol-
ume reduction of solutions with a composition corre-
sponding to that in the collecting duct resulted in
precipitation of CaOx and that HAP crystals might
augment such a process. The precipitation of CaOx was
most obvious when limited volume reduction was carried
out, similar to that expected under clinical conditions.
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