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1. ABSTRACT

One commonly encountered problem in clinical
urology is how to treat patients with calcium stone disease
in a long-term perspective. At least ten per cent of the
population in most parts of the world are afflicted by stone
formation of which calcium stones undoubtedly dominate.
The clinical problem comes from the fact that the disease is
associated with a considerable recurrence rate. During a 10-
year follow-up period recurrent stone formation can be
expected in about half of the patients. In a Swedish
epidemiological study it was shown that 30 per cent of
patients who presented with their first stone had formed
one or more new stones after 10 years. For those who had a
history of more than one stone at the start of follow-up, the
corresponding recurrence rate was 70 per cent (1). There is
thus an obvious reason to provide some form of recurrence
prevention at least to patients with the most severe course
of the disease. Although several therapeutic alternatives
today are available for such a purpose, their clinical
efficacy is far from that desired. There are several
explanations for our therapeutic shortcomings, but one
important factor is our incomplete understanding of exactly
how calcium stones form. Such knowledge is an absolute
prerequisite for designing a rational effective and dynamic
recurrence preventive treatment.

Of all calcium stones that form in the urinary
tract the vast majority  have calcium oxalate as the most
common constituent (2-6). This salt is present either as
calcium oxalate monohydrate (COM) or as calcium oxalate
dihydrate (COD). Calcium oxalate trihydrate (COT) can be
experimentally demonstrated, but is thermodynamically
labile, and albeit this crystal phase probably is the one that
precipitates first, it is not present in calcium stones, nor in
the urinary sediment.

The dominance of calcium oxalate in the stones
accordingly has led to the designation calcium oxalate
stone disease. Nevertheless careful analysis of stone
composition has disclosed that calcium phosphate (CaP) is
a very frequent component of a large fraction of calcium
stones, though often in small amounts only (5-10).

It is noteworthy that CaP was found in as many
as 75 percent of those CaOx-rich stones that Leusmann
analyzed (5). Moreover, Cifuentes-Delatte and coworkers
reported that stones with an apparently papillary origin had
a concave surface built up of CaP (11). The conclusion
from these observations was that papillary crystals of CaP
(i.e. Randalls plaque) were the focus of CaOx
crystallization. Similarly CaP was demonstrated in 20.5
percent of the kidneys in an autopsy material. The crystals
were located either interstitially or intratubularly (7).

Numerous CaP crystal phases are demonstrated
in calcium stones or in urine. Hydroxyapatite (HAP) and
carbonate apatite (CarbAp) are the most frequently
encountered calcium phosphate salts, but brushite (Bru)
octacalcium phosphate (OCP) and whitlockite also occur.
There are, moreover, two amorphous types of CaP (ACP1
and ACP2) and it is assumed that ACP1 is the first form of
CaP that precipitates in urine. The conversion of ACP1 to
other CaP – salts is schematically shown in Figure 1.The
regulation and clinical importance of this series of phase
transformations will be further discussed below.

In terms of stone composition it needs to be
emphasized that whereas CaOxCaP- stones and pure CaOx-
stones occur in similar proportions in Europe and North
America, pure CaP-stones are rare. This finding is



Role of calcium phosphate in calcium oxalate stone formation

327

Figure 1. Interconversion between differentcrystal  phases
of calcium phosphate.

Figure 2. The effect of pH on AP(CaP) index in urine in
which the 24h calcium  is 6 mmol, phosphate 40 mmol and
citrate 3 mmol. The volume was set to 1.5 L.

Table 1. Occurrence of salts in a Swedish population of
patients subjected to stone removal with extracorporeal
shock wave lithotripsy.
Crystal phase Percent
Calcium oxalate monohydrate 89.3
Calcium oxalate dihydrate 68.2
Hydroxyapatite 69.8
Calcium oxalate + calcium phosphate 61.8
Brushite 3.4
Magnesium ammonium phosphate 4.6
Carbonate apatite 10.1
Uric acid /urate 4.2
Cystine 1.0

Table 2. Solubility (SP) and formation products (FP)
of some CaP-salts (19, 23, 25, 26)

Salt SP FP
ACP 2.29 x 10-11 (mol/L)2 -
OCP 8.30 x 10-48 (mol/L)8 2.0 x 10-45 (mol/L)8

HAP 2.35 x 10-59 (mol/L)9 -
Brushite 1. 87 x 10-7 (mol/L)2 2.0 x 10-6 (mol/L)8

surprising in view of the obvious fact that crystals of CaP
very often are demonstrated in urine and that, moreover,
urine in most people temporarily might be highly
supersaturated with CaP (12-20). The present paper
summarizes observations on the physical chemistry of CaP
and its possible role in the development of calcium oxalate
and calcium phosphate stones in the urinary tract.

2. OCCURRENCE OF CALCIUM PHOSPHATE IN
CALCIUM STONES

Careful analysis of the composition of urinary tract calcium
stones has disclosed the frequent occurrence of CaP. By

wet chemical methods it was accordingly shown that stones
with a weight of less than 20 mg had a surprisingly high
content of CaP (21).  It was, moreover, demonstrated that a
high content of CaP in mixed CaOx/CaP stones was
associated with a higher risk of recurrent stone formation
than when the CaP content was low or CaP was absent
(22) . As is evident from Table 1, mixtures of CaOx and
CaP were the most common stone entity, whereas pure CaP
stones were uncommon. These proportions of calcium
stones most certainly vary form one geographical area to
another, but differences in analytical routines and methods
might give confounding results. Nevertheless it stands to
reason that CaP is a common constituent of calcium oxalate
stones and that it might be of etiologic importance.

3. PRECIPITATION OF CALCIUM PHOSPHATE

In order to form a solid CaP crystal phase the
urine (or any other water solution) has to be sufficiently
supersaturated with that CaP crystal  phase. The ion-
activity product of any CaP crystal phase is directly
dependent on the free ion-concentrations of calcium and
phosphate (6). By means of computerized iterative
approximation it is possible to calculate the ion-activity
products (AP) for the various CaP salts. In these
calculations attention is paid to a number of complexes
formed in urine and the procedure requires input of a large
number of urine variables (23, 24).

The solubility products and formation products of the most
common calcium phosphate crystal phases are summarised
in Table 2 (19, 23, 25, 26).  These products were derived
from experiments in aqueous solutions. The most important
determinants of the ion-activity products of CaP are the
concentrations of calcium, phosphate and citrate as well as
the pH. Based on these observations a simplified estimate
(AP(CaP) index)  of the ion-activity product of calcium
phosphate (APCaP) can be derived and used to get
approximate information on the level of supersaturation:
(6).

AP(CaP) index (for a 24-hour urine collection) =

 2.7 x 10-3 . Calcium (mmol)1.07 x
Phosphate(mmol)0.70 x (pH-4.5)6,8

Citrate (mmol)0.20  x
Volume (L)1.31

It is evident that urine pH is by far the most
important determinant. Figure 2  shows how AP(CaP)
index changes in a 24-hour urine sample (in which the
excertion of calcium, phosphate and citrate is 6.0, 40 and
3.0 mmol, respectively, and the volume 1500 mL), when
the pH is  increased form 5.0 to 8.0. When these data are
expressed in terms of APOCP values it is evident that the
FPOCP is exceeded already at a pH between 6.5 and 7.

According to physical chemical laws the crystal
phase with the highest level of SP is the one that most
easily precipitates (6). As depicted in Figure 1 the first
precipitate is ACP1 which is further converted to ACP2,
OCP, HAP and CarbAp of which the latter two crystal
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phases are thermodynamically most stable and accordingly
most frequently observed in calcium stones (25, 27).
Brushite has a higher solubility product than the other CaP
crystal phases but does not precipitate until a sufficiently
high concentration of HPO4 2- is present. Although CarbAp
is a common constituent of infection stones it is obvious
that a conversion between HAP and CarpAp occurs also in
the absence of infection. A conversion from ACP2 to
brushite might be a common phase transformation, but
brushite stones develop only rarely (28), probably because
of the fact that brushite under normal conditions is
thermodynamically labile. Magnesium is known to
counteract both the conversion of ACP2 to brushite and of
ACP2 to OCP and HAP (25, 27). It has accordingly been
observed that a high calcium/magnesium ratio favors the
formation of brushite.

Citrate apparently inhibits the transformation
from OCP to HAP and stabilizes the amorphous calcium
phosphate (29). The pH level is another important
determinant of which crystal phase that will form when the
concentration of calcium is increased and while HAP thus
is the preferred crystal phase above pH 6.9, formation of
brushite is favored by a pH less than 6.9 (29).

4. LEVELS OF CALCIUM SALT
SUPERSATURATIONS IN THE NEPHRON

Calculations of the approximate ion-activity
products in urine at different nephron levels clearly showed
that, under physiological conditions, the supersaturation
with CaOx at levels above the collecting duct was usually
not high enough for CaOx crystal formation,
notwithstanding this is a process of heterogeneous
nucleation (30-31). In contrast urine both in the distal part
of the distal tubule and in the loop of  Henle might be
highly supersaturated with CaP (17, 30, 32-34). Although it
is reasonable to assume that the precipitation of calcium
phosphate also is the result of heterogeneous nucleation,
the ion-activity products might occasionally be at a level
required for spontaneous crystal formation. Experimental
data have shown that CaP might precipitate in urine with a
composition corresponding to that in the loop of Henle as
well as in the distal tubular urine (35).

5. CAN WE EXPLAIN CALCIUM OXALATE STONE
FORMATION FROM AN ABNORMAL
CRYSTALLISATION OF CALCIUM PHOSPHATE?

The dominance of CaOx in calcium stones
formed in the urinary tract has resulted in a focus of almost
all recent research on factors that are of importance for
CaOx nucleation, growth and aggregation as well as on
factors that regulate the interaction between CaOx crystals
and cells. Much less attention has been paid to the CaP
crystallization. Undoubtedly the precipitation of a CaOx
crystal phase is of utmost importance for the stone-forming
process, but the possible role of a CaP crystal phase needs
serious consideration (36).

The fact that CaP and not CaOx, under the
conditions prevailing in most stone-formers, can form a

solid crystal phase at a nephron level above the collecting
duct is an important feature (17, 30, 32). Over the years
several authors have put our attention to an etiologic role of
CaP (26, 37, 38). Pak and co-workers presented evidence
that brushite served as a suitable surface for CaOx
nucleation (39). The fact that brushite was an uncommon
constituent of calcium stones was explained by a rapid
transformation of brushite to HAP (37). Smith and Werness
described calcium phosphate as “the forgotten crystal” and
Baumann and co-workers proposed that CaP might act as a
promoter for heterogeneous nucleation of calcium oxalate
(37, 40, 41, 42).

Numerous experimental studies have also shown
that calcium oxalate can be deposited on CaP  crystals,
whereas the reverse process does not easily occur (9, 17,
43, 44). Only calcium oxalate trihydrate seems able to
induce CaP deposition  and such a mechanism might
explain the co-precipitation of CaOx and CaP that has been
observed (45,13). Recently Achilles and his group showed
in a gel flow crystallization system that granules of CaP
induced precipitation of CaOx (46).

One conceptual problem for understanding the
subsequent development of a CaOx stone is that the growth
of CaOx or CaP is a relatively slow process. Stone
formation might, however ensue when the CaP crystals for
a sufficient period of time are retained in nephron urine that
is critically supersaturated with CaOx.

In terms of solution chemistry it is important to
note that the CaP phases precipitate in alkaline urine and
dissolve in acid urine. Experiments have clearly shown that
hydroxyapatite added to urine with pH 5.0, 5.25 and 5.5
dissolved during a two-hour period. This is probably one
way by means of the kidney clears the nephron from small
calcium phosphate crystals.

From a theoretical point of view small crystals
can be eliminated either in this way or by internalization
and subsequent dissolution by lysosomal enzymes (47, 48).
Large crystal masses of CaP will probably move through
the tubular system adherent to the wall and thus be subject
to a pronounced retention. It is, moreover, possible that
large crystal masses can destroy cells and become attached
to the basement membrane (17). In this position and in
urine that periodically has a low pH-level, dissolution of
CaP might occur. During this process the release of calcium
might establish high APCaOx -levels in the macromolecular
environment that surrounds calcium salt crystals in urine.
The combination of a large CaP crystal mass, a low pH and
a peak CaOx supersaturation lays the ground for a
heterogeneous nucleation of CaOx. This process might thus
occur intratubularly or at the papillary tip following
migration of crystalline material that following
internalization has reached the interstitial tissue (17).

Conditions for a primary crystallization of  CaOx
is most certainly occasionally met in nephronic urine.
Under these circumstances the net results will be stones
composed of  pure CaOx. It is, however, also possible that
a pure CaOx stone is the end result of a heterogeneous
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Figure 3. Tentative model for the role of CaP in calcium oxalate crystallisation.

nucleation of CaOx on CaP followed by a complete
dissolution of the CaP – crystal phase.

When the intra-nephronic APCaP is high or when
inhibitors of CaP crystal growth and CaP crystal
aggregation are absent or present at low concentrations
only, large crystal masses can form. Citrate, pyrophosphate
and magnesium are small molecules with a powerful
influence on CaP crystal growth. (49-51). Citrate and
urinary macromolecules are powerful modifiers of crystal
aggregation.

The crystal-cell interaction is most certainly of
great interest in the stone forming process. Most of which
has been described for CaOx crystals in this respect is also
probably true for CaP, but a detailed discussion of this
issue is beyond the scope of this review. A schematic view

of the possible role of CaP in the stone forming process is
presented in Figure 3.

The primary nucleation of CaP  in the nephron is
most certainly induced by a promoting agent. It is
suggested that formation of free radicals at high nephron
levels causes injury to the tubular cells with subsequent
release of brush-border fragments and membrane lipids /
phospholipids. Such urine constituents have been shown to
induce nucleation of CaP as well as of CaOx. (17, 31, 52-
56).

6. FORMATION OF CALCIUM PHOSPHATE
STONES

An even better understanding of how calcium
oxalate stones form can possibly be obtained by
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considering the mechanism of pure CaP –stone formation.
Stones composed of pure CaP are seen in patients with
renal tubular acidosis (57, 58), in many patients with
hyperparathyroidism  (59, 60)  and during treatment with
carbanhydrase inhibitors (61, 62). These subgroups of
patients have the common property of constant alkaline
urine. For patient with RTA and for those treated with
carbanhydrase inhibitors, there is also a low excretion of
citrate.

In the presence of a CaP crystal: Why does not CaOx
always precipitate? One possible explanation is that there is
no dissolution of the CaP crystal phase. Other explanations
are that the  concentration of calcium is low because of
extensive complex formation between calcium and
phosphate or that the inhibiting power is augmented in the
alkaline environment. Another interesting observation in
this regard is that when cats were given an acidifying
dietary formula with the aim of preventing struvite stone
formation, the animals started to from CaOx stones   (63).

All those observations taken together indicate
that an acid pH of collecting duct urine or final urine plays
an important role in CaOx stone formation. Why CaP
stones do not regularly form during treatment with alkaline
citrate or other alkalizing agents is probably due to the
accompanying increased citrate excretion. Although more
CaP crystals form in alkaline urine, they usually remain
small  (3).

7. THERAPEUTIC CONSIDERATIONS

In my view of an obviously central role of CaP in
CaOx stone disease: Can we utilize this information to
improve our preventive treatment of recurrent stone
formers? It appears reasonable that any reduction of the
supersaturation with CaP in urine in the loop of Henle and
in the distal tubule should be beneficial . Such a step will
decrease the risk of CaP nucleation as well as the growth
rate of CaP crystals. A reduced excretion of calcium and
phosphate together with a reduced pH and a high urine flow
through these parts of the nephron might be used to achieve
the goal of preventing CaP precipitation. It needs to be
emphasized, however, that it is difficult to modify urine
composition at high nephron levels.

Diclophenac sodium, eicosapentaenoic acid as
well as thiazides might serve the purpose of reducing the
excretion of calcium. Whether a reduced intake of
phosphate significantly influences the ion-activity product
of CaP at this level is not known. Although loop – diuretics
like furosemide brings about a net increase in urinary
calcium excretion, its diluting effect on urine in the
ascending part of the loop of Henle and the distal tubules is
an attractive therapeutic approach that has not been
clinically studied.

Any attempt to counteract the formation of stable
CaP crystal phases is probably worthwhile and a high
intratubular magnesium/calcium –ratio might be beneficial
in this respect. It is reasonable to assume that amorphous
CaP more easily is eliminated from the tubular system and

probably less prone to tubular cell adherence. A high
concentration of citrate can most certainly be used to
counteract CaP- nucleation, growth and aggregation.
Some of these therapeutic principles have a preventive
power also on the CaOx – crystallization, whereas others
have a specific effect on an abnormal CaP crystallization.
There are, however, so far no clinical studies that have been
designed with the aim of arresting the series of  CaP
crystallization events described above.
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