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A B S T R A C T Brushite (CaHPO42H2O) was con-
sidered to govern the formation of renal calculus of cal-
cium phosphate origin. The degree of saturation of
urine with respect to this phase was therefore calcu-
lated. This value was obtained from the ratio of the
activity product of Ca"+ and HP04- (K.,) before and
after incubation of urine with brushite. The errors in
the calculation of K.p were largely eliminated by this
procedure.

The urine of patients with idiopathic hypercalciuria
and recurrent calcium-containing renal calculi was su-
persaturated with respect to brushit largely because of
the high urinary concentration of Ca'. The urine of
normocalciuric subjects was undersaturated except at
high urinary pH. This technique of estimating the de-
gree of saturation of urine should allow a quantitative
assessment of the various therapeutic regimens recom-
mended for patients with nephrolithiasis.

INTRODUCTION
The pathogenesis of renal stone of calcium phosphate
origin represents dual processes of nidus formation and
the subsequent development of the nidus into a stone.
The formation of the nidus may be analagous to the first
stage in physiologic calcification of bone in which a
nucleus of calcium phosphate develops in an organic
matrix (1-4). Alternatively, the nidus may form spon-
taneously by precipitation from a supersaturated urine
(5-8). If this occurs, the organic phase may represent
only secondary constituent of a stone, not etiologically
important in its formation.

Once the crystal nidus has been established by either
one of the two mechanisms, it develops into a renal
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stone by precipitation or by the process of crystal
growth. The high degree of internal structure usually
found in the stone suggests an orderly addition of ions
to the nidus by epistaxy (9) or under the influence of
the interionic forces of the nidus rather than by simple
precipitation.

A state of supersaturation of urine in terms of cal-
cium and phosphate ions is probably essential for the
development of a renal stone of calcium phosphate com-
position, irrespective of the mechanism for the nidus for-
mation and the growth of the stone (5, 6, 10). Further-
more, some degree of supersaturation is probably re-
quired for maintenance, since the stone may undergo
partial dissolution in an undersaturated urine (11).

There is, however, a considerable disagreement as to
whether the urine of patients with nephrolithiasis of
calcium phosphate origin is supersaturated with re-
spect to calcium and phosphate ions. This confusion has
arisen from (a) failure to calculate the solubility of
calcium phosphate from ionic activities (12-16), and
(b) disagreement regarding the specific calcium phos-
phate compound which governs the formation of the
stone (10, 11, 16, 17).

In a previous communication, we considered brushite
(CaHPG4. 2H20) as the solid phase which is important
in the pathogenesis of the calcium phosphate stone (11).
It is the phase which is probably first formed from urine;
its rate of hydrolysis into calcium phosphates of a higher
calcium-to-phosphorus ratio is probably very slow at
the normal acid pH of urine (18, 19). We therefore
determined the solubility of brushite in urine as the
activity product of Ca++ and HP04-. From these
studies it was possible to show that the urine specimens
of patients with idiopathic hypercalciuria (20) were
supersaturated with respect to brushite. The urine
specimens from normocalciuric subjects were under-
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TABLE I
Activity Coefficients of HTPOS, Ca++, and x at Varying Ionic Strengths (JA)*

X = 7.182 + log _
(equation 5)

JA 'YKH2PO4 YH2PO4 Cic 2A , BYYHPO Yex++x

0.010 0.896 0.889 0.902 0.103 0.008 0.644 0.672 7.042
0.025 0.844 0.832 0.856 0.163 0.020 0.512 0.564 6.971
0.050 0.792 0.768 0.817 0.231 0.040 0.404 0.478 6.903
0.075 0.756 0.723 0.790 0.283 0.060 0.342 0.430 6.857
0.100 0M731 0.697 0.767 0.326 0.080 0.303 0.396 6.821
0.125 0.708 0.675 0.743 0.365 0.100 0.273 0.367 6.788
0.150 0.685 0.638 0.736 0.400 0.120 0.246 0.353 6.767
0.165 - 0.229 0.343
0.200 0.653 0.595 0.717 0.462 0.160 0.213 0.323 6.736
0.300 0.602 0.529 0.685 0.565 0.240 0.171 0.287 6.693

* Terms necessary in their calculation are also presented.

saturated except at a high urinary pH; at a pH above
6.5 most of the specimens (14 of 18) were super-
saturated. In this communication, the method for the
calculation of this activity product and for the esti-
mation of the degree of saturation of urine with respect
to brushite will be described in detail.

METHODS

The activity product of brushite (K.,) may be described
by the equation:

Kap = aca+-*aHPo4- = [Ca++]y c++ * [HP04-]yHpo4- (1)
where a is the activity (21), the brackets [ ] denote molar
concentration, and -y represents activity coefficient. The
problem in calculating K8p of urine resolves into (a) the esti-
mation of [HP04-] from the concentration of total ortho-
phosphate [P] in urine, (b) estimation of ionic strength, a&,
by the method to be described in Methods, section D, and (c)
calculation of the activity coefficients for Ca++ and HPO4-
at the ionic strength of the urine. The calculation of K8p
requires the knowledge of js, since both activity coefficients
of Ca++ and HP04- and the degree of dissociation of di-
hydrogen phosphate are dependent on M, as will be shown.

A. Estimation of HP04-. For the reaction of H2PO4- =H+
+ HP04-, the dissociation constant (K.) is represented by:

K P4Hpo-* aH+ YHPOC [HP04 ]
H=PO YHsPO- LH HPO4]aH (2)

In logarithmic form, equation 2 becomes:

pH = pK2 + log 7HP04 + log [HP04o] (3)
'YH2P04 CH!P04-]

Given urinary pH and the pK2 for the equilibrium of 7.182
(22), the ratio of [HP04=] to [H2PO4 ] can be calculated if
the activity coefficients are known.

[HP04]] = antilog (pH - x)

x = pK2 + log[YHPo4/-YH2PO4]
where

(4)

x was calculated at various ionic strengths of urine by means
of the activity coefficients for HPOC-and H2PO4- which were
determined by the method to be described (Table I, Fig. 1).

When x is known, [HPO4-j may be calculated from [P].
Since in the pH range of urine the only ionic species of phos-
phate present in significant concentrations are H2PO4- and
HP04-, we assume:

[P] = [H2PO4-] + [HP04-] (6)
where [P] is the molar concentration of total phosphate as
determined by chemical analysis. [HP-04] can therefore be
obtained from the equation:

[H04=]P[]1+
antilog (pH- x)}[HP~g]= [P]I + fantilog (pH - x)} 7

B. Calculation of the activity coefficient of Ca++. Yca++ was
calculated from an extension of the Debye-HIuckel limiting
law, which shows dependence of y on ionic strength (mu):

Az1+ l(8lg -

1+Bb /y

where z is the valence, b the effective ionic radius in Ang-
stroms, and A and B are temperature-dependent constants.

yc.++ was calculated for various ionic strengths with the values
for b, A, and B given by Moreno and associates (22) and with
those given by Frankenthal (23). Values for -Cc++ obtained
with the two sets of values were slightly different; an average
of the two values for yc.++ was employed in this study (Table
I, Fig. 1).

C. Calculation of the activity coefficient of HP04-. YHPO4-
could be obtained from equation 8 by substitution of appro-
priate values for b, A, and B (22, 24). However, we chose
to employ a more direct method, described by Levinskas (25),
for estimating YHPO4-.

Nims (26) has derived the following equation from the
Debye-Huckel theory:

log LYcr- YHPo4C] = 2A; -B
r tHPo4l

On rearrangement, equation 9 leads to:

(9)

(5) 10g YHPo47 = log YCI- + log YH2PO4-- 2A 4m + By (10)
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(equation 5) at

YHPO4- was calculated from the terms of the right side of
equation 10. Values of A and B were determined experi-
mentally by Nims (26) from electromotive force measure-
ments of cells without liquid junction. yclr was assumed to be
equal to 'yycl (27); it was therefore obtained from the values
Of -YKCI presented by Harned and Owen (28). 'YH2PO4- was
calculated from PYKSgPO4from the following equation:

PYKHi2PO4
'YH2P04_ = YK+

'YKH2PO4 was obtained from the data of Harned and Owen
(28) or was calculated according to Stokes (29). -YK+ was
assumed to be equal to yKCI (27). Table I presents the values
for all the terms of equation 10 at various ionic strengths.

D. Calculation of ionic strength (,.) of urine. YCyC++ and
'YHPo4- are dependent on M& (equation 8). Further, since x
varies with ionic strength (Table I, Fig. 1), [HPO4-] is also
dependent on ,u (equation 7). The ju value for 12 urine speci-
mens was calculated from the following equation:

= j{[Na+] + [K+] + [NH4+] + 4[Ca++]
+4[Mg++]- + [Cl-] + [EH2PO4]

+ 4[HPO4] + 4[SO4-] + [A-} (12)

where [HP04 ] and [H2PO4-] were calculated from [PI
according to the method described in section A, and [A-]
represented anion deficit, calculated as the concentration of
univalent anions required to satisfy the requirement of elec-
trical neutrality. The concentrations of citrate, pyrophosphate,
and oxalate were not included in this calculation. Neverthe-
less, equation 12 probably gives a reasonably accurate esti-
mate of ,u, since these anions are normally present in low con-
centrations in urine.

The value of ,u calculated from equation 12 was compared
with that obtained from cation composition alone given as

peat = [Na+] + [K+] + [NH4]
+ 4[Ca++] + 4[Mg++] (13)

The ratio of js to scat was 1.056 410.002 (SEM) (Table II).

A good correlation between ,u and Mcat was demonstrated
despite wide variation in pH and [P].

/ = 1.056/uat (14)

Equation 14 was usually employed to estimate the p of urine.
E. Calculation of activity product of brushite (K.p). Equation 1

may now be solved for K,8. Values for [Ca++] were obtained
directly by chemical analysis.' Values of ca.++ and 7HP04-
were derived from Fig. 1, based on the value of ju calculated
according to equation 13 or 14. Values of [HP04-] were
determined from equation 7, based upon the value of [P]
obtained directly by chemical analysis, and the value of x
was obtained from Fig. 1.

K.p obtained by this method was slightly lower than the
activity product of brushite calculated according to Moreno
and associates' (22).

Sample calculation. Given [Ca++] = 0.002 mole/liter,
[P] = 0.01 mole/liter, pH = 6.767, [Na+] = 0.097 mole/
liter, [K+] = 0.013 mole/liter, [NH4+] = 0.016 mole/liter,
and [Mg+-] = 0.002 mole/liter.

From equations 13 and 14, IA is 0.150. yca.+ is 0.353 and
THPO4_ is 0.264 at this ionic strength (Fig. 1). Since x is given
as 6.767 (Fig. 1), antilog (pH - x) is 1 (equation 4). [HP04-]
is therefore equal to 0.005 mole/liter (equation 7).

K8p = yc8++. [Ca++] 'YHPO4_ [I-HPO4]
= (0.353)(0.002)(0.264)(0.005) = 9.32 X 10-7.

F. Estimation of the degree of saturation of urine with respect to
brushite; correction of errors in the calculation of Kp,. K8p of
urine calculated by this method probably represents an over-
estimation of the solubility of brushite because of the forma-

l All of the calcium determined chemically (31) was consid-
ered to be in the ionized form, although some of it is com-
plexed. This simplication is justified since it was corrected in
the subsequent calculation of the degree of saturation of urine,
as will be shown in Methods, section F.

' Pak, C. Y. C. Data in preparation.

1916 C. Y. C. Pak



TABLE I I
Estimation of Ionic Strength of Urine from Urinary Electrolyte Composition

Sample [Na+] [K+] [NH4+] LCa++] [Mg++] [Cl-I [P] [SO4-] pH Meat AAIlseat

moles/liver
168 0.0195 0.0290 0.0180 0.00333 0.00222 0.0199 0.01030 0.00205 6.770 0.0887 0.0900 1.015
170 0.0089 0.0262 0.0180 0.00172 0.00125 0.0209 0.00687 0.00540 6.300 0.0650 0.0689 1.060
171 0.1950 0.0420 0.0420 0.00768 0.00460 0.2127 0.01790 0.02760 5.500 0.3281 0.3446 1.050
172 0.1690 0.0520 0.0400 0.00937 0.00415 0.1738 0.02740 0.02212 5.780 0.3151 0.3268 1.037
173 0.1180 0.0310 0.0150 0.00225 0.00140 0.1244 0.00710 0.00900 6.515 0.1786 0.1866 1.045
174 0.1250 0.0450 0.0480 0.00258 0.00190 0.1686 0.01150 0.01288 6.575 0.2359 0.2493 1.057
175 0.1100 0.0390 0.0650 0.00217 0.00185 0.1474 0.01630 0.01672 7.090 0.2301 0.2537 1.102
176 0.0975 0.0130 0.0160 0.00232 0.00120 0.1012 0.00484 0.00460 6.910 0.1406 0.1507 1.072
177 0.1045 0.0160 0.0200 0.00375 0.00120 0.0890 0.01120 0.00885 6.885 0.1603 0.1706 1.065
178 0.1345 0.0450 0.0240 0.00555 0.00225 0.1251 0.01835 0.01536 5.920 0.2347 0.2550 1.086
179 0.0399 0.0281 0.0250 0.00141 0.00185 0.0462 0.00715 0.00382 6.665 0.1060 0.1096 1.034
180 0.0622 0.0269 0.0180 0.00145 0.00170 0.0632 0.00736 0.00536 6.690 0.1197 0.1252 1.046

Mean 4SEM 1.056 i0.002

Ionic strength calculated from all ions listed (i) is compared with that calculated from cations alone (jseat).

tion of complexes between Ca++ and HP04- and various
ligands in urine. In our analysis, calcium and phosphate in
urine were considered to exist as free ions, although they are
probably partially complexed. Important ligands for Ca++
include citrate, oxalate, H2PO4-, and S04=; ligands for HP04-
are probably Mg++, Na+, and K+ (17). The amount of calcium
and phosphate ions which are complexed, and not contributing
to the activity product, could be calculated from the stability
constants for the various complexes (17). However, such a
calculation represents a formidable task because of the numer-
ous possible complexes, uncertainty regarding the accuracy
of stability constants, and the need for determining experi-
mentally all the ligands in urine.

Wehave therefore devised a simplified approach (11) which
largely corrects the errors resulting from complex formation,
and which removes uncertainties in the calculation of the
complexed species of calcium and phosphate from the sta-
bility constants. This was achieved by calculating K8p of the
supernatant urine after it had been incubated with brushite.
The activity product of the urine supernatant (K8p,f) was
then compared with that of the original urine (K8p, i). Activity
product ratio (K8p, i/K8p, f) represents the degree of saturation
of urine, where the value of 1 indicates saturation, a value
greater than 1, supersaturation, a value less than 1, under-
saturation. The errors attendant upon our method of calcula-
tion of activity product were largely cancelled out by this
technique since they probably contributed to both Kp, i
and K81,, f, as may be appreciated from the following con-
siderations.

The combination of Ca++ or HP04- (M) by ligand (A)
to form a complex (MA) may be illustrated by the following
equation:

EMA] = KE[M][A] -t.YYA (15)

where K. is the stability constant. Since the ji of urine is not
significantly altered upon incubation with brushite, -vye and
TA remain essentially constant. Furthermore, [A] probably
does not change significantly with incubation. In our studies,
there was no significant change in [NIg++], [Na+], and [K+]
upon incubation with brushite. Concentrations of sulfate,
citrate, and oxalate, measured in selected urines, also did not
change. On the other hand, [H2PO4-c was altered slightly
with incubation as shown by a small change in [P] (Table
III). However, H2PO4- is probably not an important ligand
in urine, since we were not able to demonstrate a significant
formation of CaH2PO4+ under our experimental conditions.'

[MA] is therefore directly proportional to [M], since other
terms in equation 15 remain essentially constant. In other
words, a fixed fraction of the total Ca++ or HP04- is com-
plexed regardless of the changes in [Ca++] or [HPO4-] re-
sulting from incubation with brushite. This "bound fraction"
cancels out in the calculation of the activity product ratio
(K,, i/K81, f). Errors in the calculation of the activity product
of brushite, arising from complex formation, are thus removed.
This procedure of estimating the degree of saturation of urine
should be equivalent to obtaining the ratio of the true activity
product of urine (corrected for complex formation) with the
theoretical activity product of brushite (Kp, th) of 2.68 X 10-'
(18).

It should be emphasized that other possible errors of our
calculation of K81, such as that occuring during the calculation
of hA, or that arising from the particular method employed for
the calculation of K81, are also largely corrected by this
procedure.

TABLE II I
Influence of Incubation with Brushite on the Urinary Composi-

tion of Supersaturated Urines and Under-
saturated Urines

Supersaturated Undersaturated
urines urines

[Ca+*]i, mmoles/liter 2.94 ±0.36 1.20 ±0.11
[Ca++]f, mmoles/liter 1.86 40.2! 2.02 ±0.20
[P]j, mmoles/liter 12.26 ±1.42 9.91 ±0.88
[P]f, mmoles/liter 11.05 ±1.43 10.97 ±0.82
pHi 6.526 ±0.077 6.054 ±0.082
pHf 6.467 ±0.075 6.264 ±0.091
KP,,i (10-7) 8.616 ±0.844 1.817 ±0.247
K8p, f (10-7) 3.530 ±0.126 3.706 ±0.277
K1p, i/K8p, f 2.441 0 40

Subscript i indicates before incubation, f after incubation.
Values are given as mean -sEM. Note that before incubation,
calcium concentration [Ca++]i and activity product (K,, )
were significantly higher in the supersaturated than in the
undersaturated urines. After incubation, [Ca++]f and K, ,f
were similar in the two groups.
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TABLE IV
Comparison of Urines from Three Groups of Subjects

Group I Group II Group III

Ca, mg/day 292 49 136 43 107 ±2
[Ca++], mmoles/liter 3.41 40.35 1.62 40.09 1.24 ±0.12
P. mg/day 763 ±34 580 ±32 660 ±50
[P], mmoles/liter 11.50 ±1.47 8.92 ±0.75 9.87 ±0.81
TV, ml/day 2140 ±137 2099 4137 2157 ±194
A 190.8 ±t1.0 151.8 ±9.1 148.7 415.0
pH 6.449 +0.063 6.462 ±0.099 6.121 ±0.102
Kap,i/Ksp.f 2.981 ±t0.264 1.213 40.226 0.700 ±0.171

Values are given as mean dsEM. Group I consisted of patients
with idiopathic hypercalciuria, group II, patients with re-
current calcium-containing stones and normocalciuria, and
group III subjects without nephrolithiasis. Urines of group I
were markedly supersaturated with respect to brushite
(Kp, i/Kp, f greater than 1).

Materials. The urine specimens were the same as those re-
ported previously (11) and consisted of 37 24-hr specimens
from 15 patients with idiopathic hypercalciuria (group I) (20),
22 specimens from nine patients with recurrent calcium-con-
taining renal stones with normal urinary calcium (group II),
and 21 specimens from 19 subjects with normal urinary
calcium and without nephrolithiasis (group III). The mean
age of patients in group I was 45 yr, in group II, 46 yr, and in
group III, 38 yr. There were 11 men and 4 women in group I,
five men and four women in group II, and eight men and
11 women in Group III. The patients in groups I and II had
passed multiple renal calculi consisting of pure calcium phos-
phate, or mixed calcium phosphate and oxalate, as shown
by X-ray diffraction. All patients in group II gave history
of urinary tract infection during the course of their disease.
All the patients studied had normal serum calcium values,
and none presented any evidence of bone disease. These
patients had received a diet containing each day 400-600 mg
of calcium and approximately 1000 mg of phosphorus for 5
or more days before and during urine collection. The speci-
mens were collected in plastic containers at 10°C without
preservative; those with pH greater than 6.70 were preserved
under oil. None of the specimens studied showed visible
precipitation.

After the specimens had been warmed to 37°C in a water
bath, the pH was measured in a Beckman expanded scale pH
meter to the nearest 0.005 units. The pH meter was standard-
ized with Fisher pH buffer (pH 6.960 at 37°C) which was
prepared according to National Bureau of Standards specifica-
tions.

Chemical determinations. The concentration of following
substances was measured on all urine specimens: sodium,
potassium, ammonium, magnesium, calcium, and ortho-
phosphate (P). Sodium and potassium were determined by
flame photometry and ammonium by the Conway micro-
diffusion method (30). Magnesium was measured in an atomic
absorption spectrophotometer (Instrumentation Laboratory
Inc., Watertown, Mass.). Calcium was determined by the
method of Fiske and Logan (31), and P by the method of
Fiske and SubbaRow (32). On selected urines, sulfate and
chloride were also measured by the gravimetric method of
Folin (33) and by a chloride titrator (Aminco Cotlove,
American Instrument Co., Inc., Silver Spring, Md), respec-
tively (34).

Incubation of urine specimens in brushite. 200 mg of brushite
(MallinckrodtChemicalWorks,St. Louis, Mo., CaHPO4 2H-20,
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FIGURE 2 Dependence of activity product ratio (K8p i/K8p, f)
on calcium concentration of urines from patients with idio-
pathic hypercalciuria. The horizontal line at K3p i/K8p f of
1.0 represents the state of saturation with respect to brushite.
The values above this line estimates the number of times the
urine is supersaturated. The correlation coefficient was 0.635.

calcium-to-phosphorus molar ratio of 1.0)3 were kept in
suspension in 100 ml of urine with a magnetic stirrer for 3-4
days at 37°C (35, 36). 0.5 ml of chloroform was added to the
suspension to control bacterial growth. The supernatant was
obtained by centrifugation of the suspension at 1400 g for
30 min. The supernatant was measured for concentrations
of Na, K, NH4, Mg, Ca, and P and for pH. Under these
conditions, multiple determinations of K~p from the same
urine specimen varied by less than 5%. In one undersaturated
and in one supersaturated urine specimen, the amount of
brushite and the period of incubation were varied. These
studies showed that a variation in solid-to-solution ratio
(milligrams of brushite to milliliters of urine) from 1.0 to 10
or the period of incubation from 2 to 10 days did not signifi-
cantly alter the activity product of the urine supernatant.

RESULTS

Comparison of the three groups. As reported previ-
ously (11), the activity product ratio (Ksp~t/K.P,f) of
urine from patients with idiopathic hypercalciuria
(group I) was significantly greater than that of the
other two groups (Table IV). The urine from group
I patients was clearly supersaturated with respect to
brushite. This was a result mainly of the high urinary
excretion of calcium, since [P], total volume of urine
(TV), and pH in group I patients were only slightly
higher or not significantly different from those of the
other groups. Indeed. a good correlation (correlation
coefficient of 0.635) -was shown between log of activity

This preparation gave X-ray diffraction pattern character-
istic of brushite. X-ray diffraction was kindly performed by
Dr. C. Skinner of Yale University.
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FIGURE 3. Comparison of K,, f between three groups. The activity product of urines
after incubation with brushite (K.,, f) was generally greater than the theoretical activity
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was no significant difference in K.,, f among the three groups. K., f was 3.57 ±0.19 X 10-7
(SEM) in group I, 3.82 4±0.22 X 10-7 in group II, and 3.67 ±0.19 X 10-7 in group III.

product ratio and log of calcium concentration in the
urines from group I (Fig. 2).

Effect of incubation with brushite on chemical com-
position of urine. The chemical composition of super-
saturated urine specimens from the three groups was
compared with that of undersaturated urine before and
after incubation with brushite (Table III). The mean
activity product ratio of the supersaturated urine was
2.441 as compared with 0.490 for the undersaturated
urine. With the supersaturated urine, there was a fall
in [Ca++] and [P] upon incubation with brushite, cor-
responding to an incorporation into the solid phase of
1.08 mmoles of Ca and 1.21 mmoles of P per liter of
urine. With the undersaturated urine there was an in-
crease in both [Ca++] and [P] in solutions as incuba-
tion progressed; this finding indicates partial dissolu-
tion of brushite.

Activity product of urine after incubation with brush-
ite (K.,.,r). The activity product of Ca`+ and HPO.
after incubation with brushite (K.pf) was greater than
the theoretical activity product of brushite (Ks.pth) of
2.68 X 107 (reference 18, footnote 2), due probably
to the presence of various ligands for Ca' and HPO.-
in urine, such as sulfate and citrate ions.2 Ksp,,f ranged
from 2.04 to 5.95 X 10-, or approximately twofold the
value of K.p,th (Fig. 3). However, there was no sig-
nificant difference in Kupt among the three groups. The
mean value for K.p f was approximately 40% greater
than K.,.th in the patients with idiopathic hypercalciuria
and in those with normal urinary calcium (groups II
and III).

DISCUSSION
Several theories have been invoked for the pathogenesis
of calcium-containing renal calculus. The precipitation-
crystallization theory considers stone formation as a
physicochemical process of precipitation of calcium
salts from a supersaturated solution (5-8). In the
matrix theory, the stone develops by the process of
nucleation and crystal growth in an organic matrix
(1-4). Although convincing experimental evidence may
be lacking, nucleation can theoretically occur in an
organic matrix from an undersaturated solution. In the
matrix-inhibitor theory, certain polypeptides or pyro-
phosphates may prevent stone formation by inhibiting
nucleation (1, 2, 37-39). These inhibitors may pre-
vent nucleation from a supersaturated solution.

The subsequent development of a stone from the nu-
cleus is probably governed by the physicochemical solu-
bility of the mineral phase of the stone. Thus the crystal
nidus, formed either by precipitation or under the in-
fluence of an organic matrix, probably cannot grow into
a stone unless the urine is supersaturated (8, 11). In
an undersaturated urine, the crystal nidus would be un-
stable and would probably undergo dissolution. An es-
sential requirement for the pathogenesis of renal cal-
culus, irrespective of the mechanism, is therefore a state
of supersaturation of the urine in terms of the constitu-
ent ions of the stone.

The initial nidus of calcium-containing renal calcu-
lus is believed to be composed of calcium phosphate
(40). Several workers have considered octacalcium
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phosphate or amorphous calcium phosphate as the phase
which controls the development of calcium phosphate
stone' (17). However, a renal calculus of octacalcium
phosphate is seldom if ever found (41), and the cal-
cium phosphate precipitated from urine in vitro is never
octacalcium phosphate.2 Further, octacalcium phosphate
is unstable in the normal acid pH of urine; therefore,
it is unlikely to be the phase governing calcium phos-
phate stone formation at pH less than 7. Although
amorphous calcium phosphate may be formed by rapid
precipitation from a highly supersaturated solution of
alkaline pH (42, 43), it is not known whether this phase
can develop in the usual acid pH of urine. Even if the
amorphous calcium phosphate constitutes the crystal
nidus, it is rapidly transformed to other calcium phos-
phates. The latter, more stable calcium phosphates,
rather than the amorphous calcium phosphate, probably
controls crystal growth or the development of a macro-
scopic stone. Finally, it is difficult or impossible to calcu-
late the degree of saturation of urine with respect to octa-
calcium phosphate or amorphous calcium phosphate. Al-
though the activity product of octacalcium phosphate has
been calculated for urine (17), it was not compared with
the activity product of the supernatant of urine which
had been incubated with octacalcium phosphate. There-
fore, it is subject to the errors attendant in the calcula-
tion of activity product, such as in the determination of
the activity coefficients of constituent ions and of the
stability constants of various complexes in urine (see
Methods, section F); hence, it may not give an accurate
measure of the degree of saturation of urine. The solu-
bility of amorphous calcium phosphate is not known,
although it is believed to be greater than that of hy-
droxyapatite.

In contrast, we consider brushite as the mineral phase
which probably constitutes the initial nidus and which
governs the subsequent development of renal stone of
calcium phosphate composition (11). As in the artificial
solution of calcium and phosphate (18), the calcium
phosphate precipitated from urine of acid pH is brushite.'
Brushite is relatively stable below pH 6.9. At pH greater
than 6.9, brushite is transformed into calcium phosphates
of higher calcium-to-phosphorus molar ratio (Ca/P)
(18); however, the initial calcium phosphate pre-
cipitated has Ca/P of approximately 1, a fact suggesting
that brushite is formed first (19). Further, brushite is a
constituent of stone (41), and its solubility in urine is
not difficult to calculate (11, 25).

It was possible to estimate the degree of saturation
of urine with respect to brushite by calculating the ac-
tivity product of Ca"+ and HP04= in urine, if the effect
of pH and ionic strength on the dissociation of H2PO4
and the effect of ionic strength on the activity coeffi-

'Thomas, W. E. 1968. Personal communication.

cients of Ca"+ and phosphate ions are taken into
consideration. It should be emphasized that the physico-
chemical solubility should be expressed as activity prod-
ucts and not as concentration products (25). The solu-
bility expressed in terms of ionic activity is independent
of ionic strength, pH, and temperature, unlike the con-
centration product. It should be obvious that the ratio of
activity products of Ca++ and HP04- of urine before and
after incubation with brushite is not equivalent to that
obtained from concentration products, unless pH and
ionic strength do not change with incubation. That
situation seldom, if ever, occurs.

In our calculation of the activity product of brushite,
the complexed forms of Ca++ and HP04` were not ex-

cluded. This calculation therefore gave an overestimation
of the true solubility of brushite involving only the free
ions. This error was removed by obtaining the ratio of
the activity products of urine before and after incuba-
tion with synthetic brushite (see Methods, section F).

From these considerations, it is clear that a state of
saturation of urine with respect to brushite is one of the
important determinants of calcium phosphate stone for-
mation. A state of supersaturation of urine is essential
for the formation of a nidus of brushite, irrespective of
the model for stone formation (17).

It should be emphasized that a renal calculus need not
form despite the passage of persistently supersaturated
urine because of the presence of "inhibitors" in urine (1,
2, 37-39). These inhibitors, believed to be polypeptides
(1, 2, 39) or pyrophosphates (37, 38), probably inter-
fere with crystal nidus formation. However, it is un-

likely that the inhibitors significantly influence the
growth and dissolution of an already formed calcium
phosphate stone, because they occur in very low con-

centrations. This conclusion is supported by our finding
that the solubility of brushite (K2.Pt) in the urine of stone
formers is similar to that in the urine of normal sub-
jects (Fig. 3). It is thought that these inhibitors occur

in higher concentrations in normal urine that in urines
from stone formers. If they influence the solubility of
calcium phosphate, the K.2.t in the urines of normal sub-
jects should be different from that of urines of stone

formers.
It is unfortunate that these studies of inhibition were

performed with altered urine specimens (which were

adjusted to same pH and specific gravity) and without
precise determination of the degree of saturation of
urine with respect to brushite or other solid phase. The
role of the inhibitors should be reexamined in terms of
the state of saturation of urine. Such a study should
allow quantitation of inhibition, as well as test the
validity of the model proposed. wherein brushite plays a

regulatory role.

1920 C. Y. C. Pak



We now consider two reservations against our hy-
pothesis of renal stone formation, wherein brushite
plays a regulatory role.

First, brushite stones occur infrequently (41). This
fact probably reflects the hydrolysis of brushite to com-
pounds of higher Ca/P ratio, which occurs very slowly
in acid pH but rapidly in alkaline pH (18, 19). The
preponderance of renal stones of higher ratio Ca/P
compounds is not surprising, since the passage of alka-
line urine during the course of the stone disease is not
uncommon. Even if hydroxyapatite or tricalcium phos-
phate were the only phase present in stone, the degree
of saturation of urine with respect to brushite probably
controls the growth of stone. Because of the relatively
high solubility of brushite (17, 36), the urine which is
supersaturated with respect to brushite should also be
supersaturated with respect to other calcium phosphates.

Second, our hypothesis pertains strictly to the forma-
tion of renal stone of calcium phosphate and not cal-
cium oxalate. However, the initial nidus of all calcium-
containing renal stones is usually calcium phosphate
(40). The deposition of calcium oxalate, calcium phos-
phate, or both occurs over the nidus. The prevention of
the formation of calcium phosphate nidus may thus
avert the development of stone of calcium oxalate as
well as that of calcium phosphate. This concept in fact
forms the basis for the inhibition studies, based on cal-
cification (with calcium phosphate) of rachitic cartilage
(1,2).

Weconclude that among patients with idiopathic hy-
percalciuria the passage of a urine supersaturated with
respect to brushite accounts for the formation of calcium
phosphate stones and may account for the occurrence of
calcium oxalate stones. Further, we believe that a renal
stone may form at any pH of -urine, since the urine
specimens of these patients were generally supersatu-
rated at both acid and basic pH (11), due to the exces-
sive excretion of calcium (Fig. 2).

Among normocalciuric subjects, our results suggest
that persistent passage of urine of high pH plays an im-
portant role in the development of renal stone, since
supersaturation with respect to brushite was usually
seen at pH greater than 6.5 (11). Indeed, nephrolithia-
sis of calcium phosphate composition is not uncommon
in normocalciuric subjects who consistently excrete
urine of high pH because of infection with urea-splitting
organisms or because of treatment with alkali. All nine
normocalciuric patients with renal stones in this study
gave history of urinary tract infection during the course
of their disease.

The absence of renal stone formation among normal
subjects who excrete supersaturated urine may be due
to the inhibition of nucleation. In addition, since their

urinary pH is not consistently alkaline, the nidus for
stone is less likely to be established.

In conclusion, it is proposed that a state of super-
saturation with respect to brushite is essential for the
development of renal calculus of calcium phosphate
origin. In this schema for the pathogenesis of renal cal-
culi, brushite is considered to constitute the nidus and
to regulate the subsequent growth of the nidus into a
stone. Inhibitors of nucleation in urine may influence
the development of the initial nidus from a supersatu-
rated urine. However, it should be appreciated that a
stone cannot form from an undersaturated urine, ir-
respective of these inhibitors. One of the aims of the
treatment of renal stone disease should therefore be a
conversion of urine from a state of supersaturation to one
of undersaturation. An important aspect of this study
is that it makes possible a quantitative evaluation of vari-
ous measures for the treatment or prevention of nephro-
lithiasis of calcium phosphate composition.
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