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In a recent study, the incidence of chemical abnormalities 
was shown in the urine of 3,473 stone-formers from 5 
different regions of the USA [16]. With respect to stone 
metaphylaxis, it seems noteworthy that reduced urinary 
volume, which increases the concentration of stone- 
forming ions, was the most frequent disturbance (69%- 
78%). Further abnormalities included hypercalciuria 
(35 %-43 %), hypocitraturia (22%-29 %), hyperoxaluria 
(18 %-25 %), hyperuricosuria (16 %-  19 %) and hypomag- 
nesiuria (9%-13 %). The tendency to excrete larger crys- 
tals and crystal agglomerates in urine is another known 
characteristic of stone patients [26]. The question as to 
whether crystalluria directly promotes stone formation, as 
has been suggested in the work of Khan et al. [19], or only 
represents a sign of increased crystallization risk remains 
open. The aim of this paper is to show how chemical 
abnormalities are involved in calcium oxalate crystalliza- 
tion and why they should be corrected in stone metaphy- 
laxis. 

Crystallization processes can be divided into nu- 
cleation, growth, epitaxy and agglomeration. Sponta- 
neous nucleation and agglomeration occur very rapidly 
whereas the other processes are time-consuming. Ag- 
glomeration does not require supersaturation. 

tion. For crystalliation to occur in a kink of a per- 
formed crystal surface, much less surface has to be 
created than that required for the formation of a free 
nucleus (a in Fig. 1). 

Crystallization processes are modulated by chelators, 
inhibitors and promoters,  which have a high affinity to 
stone-forming ions. The state of supersaturation with 
respect to a stone-forming salt is given by the activity 
product of the stone-forming ions. Ion activity is reduced 
by chelators that trap free ions and form soluble com- 
plexes (b in Fig. 1). Low-molecular-weight substances 
such as citrate and magnesium are chelators as well as 
inhibitors. An inhibitor remains active at very low concen- 
trations at which no chelating effects can be measured. 
Inhibitors of growth and nucleation are supposed to block 
growth sites on crystal niduses, on preformed crystals and 
also on some promoters (c in Fig. 1). By polymerization 
[31] or immobilization on surfaces [21], macromolecular 
substances can convert from inhibitors to promoters. In 
this situation, they probably bind a serie of calcium ions in 
a constellation that is ideal for epitactical growth of 
calcium oxalate or calcium phosphate (d in Fig. 1). The 
pH influences the ionic dissociation of stone-forming 
compounds, chelators and inhibitors. 

Nucleation and growth 

Nucleation and crystal growth are governed by the 
difference in the energies that are supplied by urinary 
supersaturation and consumed to build up crystal sur- 
faces against surface tension (Fig. 1). The energy re- 
quired for spontaneous nucleation of calcium oxalate is 
extremely high. Finlayson [11] has shown that it cor- 
responds to at least an 80-fold supersaturation, which 
has never been found in urine or kidney tissue. Crystal- 
luria and stone formation therefore seem to be the 
results of heterogeneous nucleation induced by promo- 
ters. Promoters probably present preformed surfaces 
that reduce the surface energy required for crystalliza- 
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Fig. l. Schema of the factors governing nucleation and growth. E = 
Energy. (Ca++) �9 (X--) = activity product of calcium oxalate and 
calcium phosphate, respectively, a-d  see text 
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Fig. 2. The influence of a 50 % increase in urinary compounds on 
urinary supersaturation with respect to calcium oxalate (in percent) 
as calculated by Werness et al. [36]. R S  = Relative saturation; 
. . . .  * -- influence of oxalate extrapolated from equilibration 
experiments [1] 

decreasing supersaturation by about 10 %, but supersatu- 
ration was mainly governed by calcium and oxalate 
concentrations. 

However, in equilibration experiments and studies of 
spontaneous and provoked crystalluria, the influence of 
calcium has been only minimal. In equilibration experi- 
ments the state of urinary saturation with calcium oxalate 
was exclusively governed by the urinary oxalate concen- 
tration [1]. Magnesium, citrate, calcium and pH had no 
significant influence in our study. Comparison of crystal- 
luria with urinary calcium and oxalate concentrations 
revealed a high correlation between crystalluria and 
urinary oxalate but not calcium [24]. This was recently 
confirmed in evaporated urine by Hallson and Rose [15]. 

The difference between equilibration experiments and 
computer calculations is probably attributable to an 
overestimation of the free oxalate fraction in urine by the 
computer calculation. At the very low free oxalate concen- 
tration, which can be extrapolated from equilibration 
experiments, urinary supersaturation becomes extremely 
sensitive to changes in urinary oxalate [1]. 
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Fig. 3. Promoters destabilize metastably supersaturated urine or 
model solutions. 0 = No addition; * = addition of urate; C a O x  = 

addition of calcium oxalate seeds; H A P  = hydroxyapatite; T H P  = 

Tamm Horsfall protein 

Urinary supersaturation 

Urinary supersaturation, the driving force for nucleation 
and growth, is now generally calculated by computer 
programs. In its latest version, this procedure requires an 
exact analysis of 23 components, from which 103 com- 
plexes are calculated [2]. Results are expressed as relative 
saturation (RS), which is the ratio between the calculated 
activity product and the thermodynamic solubility prod- 
uct of the stone-forming salt. Equilibration experiments 
use a simpler approach [22] whereby the state of satu- 
ration can be expressed as the ratio of the concentration 
products (CPR) of stone-forming ions before and after 
equilibration of urine with the stone-forming salt. Some 
reservations have been expressed concerning the attain- 
ment of true equilibrium using this method in inhibitor- 
containing solutions and in urine. 

Figure 2 shows the effect of a 50% increase in the 
concentration of urinary calcium, oxalate, magnesium 
and citrate on the state of urinary saturation with respect 
to calcium oxalate, as calculated by Werness et al. [36]. 
Citrate and magnesium showed slight chelating effect, 

Promoters of nucleation and growth 

Promoters of nucleation and growth can be defined and 
measured by their destabilizing effect on metastably 
supersaturated solutions. This is schematically shown in 
Fig. 3. Without any addition, supersaturation and both 
calcium and oxalate concentrations remain stable during 
the whole observation period. When small amounts of 
calcium oxalate crystal are added, crystallization starts 
immediately and stops when the activity product in the 
solution has reached the solubility product. This also 
occurs in the presence of promoters, but with an induction 
time that is typical for heterogeneous nucleation and 
growth. Urate has proved to be a promoter of calcium 
oxalate crystallization in control solutions [34] as well as 
in urine [ 13]. Together with the nucleating effect, blocking 
of inhibitors in urine has also been described [27]. 

However, the presence of urate explains calcium 
oxalate crystalluria but not necessarily calcium stone 
formation. For stone formation to occur crystals and 
crystal agglomerates have to be trapped in the upper 
urinary tract. Fixed promoters such as hydroxyapatite in 
kidney calcifications or phospholipids in renal tubular 
membranes are therefore of extreme interest in stone 
research. Hydroxyapatite is an established promoter of 
calcium oxalate crystallization that is inhibited by citrate 
[7] and pyrophosphate [6]. Recently, Khan et al. [18, 20] 
showed that phospholipids in the stone matrix and in 
renal membranes are excellent promoters of calcium 
oxalate crystallization. 

Inhibitors 

Inhibitors have the following three effects: (1) they 
diminish nucleation and growth rates, (2) they increase 
the metastability of solutions and urine with respect 
to spontaneous as well as heterogeneous nucleation 
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et al. [10], have important inhibitory effects. Tamm 
Horsfall protein figures as an inhibitor as well as a 
promoter.  Ryall et al. [29] have reported evidence that 
small-molecular-weight inhibitors in whole urine prefera- 
bly influence nucleation and growth, whereas macromo- 
lecular compounds inhibit aggregation, a process that is 
attracting increasing interest in stone research. 

b) macromolecular 
E] 

- - X  ~ >  ~ GAG's, RNA, Neph . . . .  Icin 
~ THP 

Fig. 4. Inhibitors decrease crystallization rates, increase metastabili- 
ty of urine or model solutions and diminish agglomeration. C a O x  = 

calcium oxalate seeds; * = in presence of pyrophosphate; 0 -- 
without inhibitor; P P I  : pyrophosphate; GAG's  = glycosamino- 
glycans; R N A  = ribonucleic acid; T H P  = Tamm Horsfall protein 
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Fig. 5. Schema of the factors influencing agglomeration 

Table 1. Effects of Tamm Horsfall protein in urine 

1. In artificial urine: 
Is a major inhibitor of agglomeration [17] 
causes agglomeration and crystal adhesion on gel surfaces [8] 

2. In diluted urine: 
with increasing concentration and ionic strength, interferes 
with other inhibitors and promotes agglomeration [31] 

3. In whole urine: 
with oxalate load is likely to act as an inhibitor 
of agglomeration [12] 

4. In evaporated urine: 
Is a promoter of crystal formation [14] 

Agglomeration 

Finlayson [11] has shown that agglomeration of crystals is 
mainly governed by the attractive forces of Van der Waals, 
by viscous binding and by electrostatic repulsion. The 
polyanionic inhibitors of agglomeration that are absorbed 
on crystal surfaces increase electronegativity and, thus, 
crystal repulsion (Fig. 5). However, macromolecular com- 
pounds also have sticky forces that can increase viscous 
binding and thus promote agglomeration [30]. 

Much controversy exists about macromolecular inhib- 
itors, especially Tamm Horsfall protein. Table 1 summar- 
izes the results of five different studies performed in 
artificial, diluted, whole and evaporated urine. From their 
study in model solutions, Hess et al. [17] have concluded 
that Tamm Horsfall protein is an important urinary 
inhibitor of agglomeration. On the other hand, Bernstein 
and Achilles [8] showed that in a dynamic system, this 
protein caused agglomeration and crystal adhesion on gel 
surfaces. Scurr and Robertson [31] have demonstrated the 
dual effect of Tamm Horsfall protein, which changes with 
increasing concentration and ionic strength from an 
inhibitor to a promoter  of agglomeration. Grover et al. 
[12] have studied the effect of Tamm Horsfall protein in 
whole urine, where crystallization was induced by a high 
oxalate load; their conclusion was that this protein may 
act as an inhibitor of agglomeration. However, in urine 
concentrated by evaporation, Hallson and Rose [14] 
showed that it is a strong promoter  of crystal formation. 
All of these controversies demonstrate that results ob- 
tained in crystallization tests are essentially dependent on 
test conditions and on the medium in which the tests are 
performed. Experiments carried out in whole urine and 
under most natural conditions are therefore mandatory 
for stone research [3]. 

Inhibition of crystal growth in urine 

and growth, and (3) they reduce agglomeration. Figure 4 
schematically shows the effect of pyrophosphate on the 
growth of calcium oxalate monohydrate seeds in urine or 
in a solution metastably supersaturated with calcium 
oxalate. In the presence of pyrophosphate, crystallization 
is retarded and stops before the solubility product is 
reached. 

Pyrophosphate, citrate and magnesium are physiologi- 
cal small-molecular-weight inhibitors [29]. Among uri- 
nary macromolecules, glycosaminoglycans [27], RNA 
[25] and nephrocalcin, which was recently isolated by Coe 

Figure 6 summarizes the results of inhibitor measure- 
ments in whole urine and in inhibitor-containing solu- 
tions. Our method is based on the observation that in 
urine or in inhibitor-containing solutions, small crystal 
concentrations grow only at critical supersaturation [4]. 
Being determined by titration with oxalate and expressed 
as the concentration-product ratio, this critical supersatu- 
ration was taken as a measure of inhibitor activity. 

In agreement with the observations of Smith [32], Ryall 
and Marshall [28] and Tiselius et al. [35], no significant 
difference could be found between stone-formers and 
healthy controls with respect to their capacity for urinary 
inhibition of calcium oxalate crystallization. Comparison 
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Fig. 6. Inhibition of calcium oxalate mon- 
ohydrate (COM) growth in whole urine, 
measured as the critical concentration- 
product ratio (CPR). SF = Idiopathic 
calcium stone-formers; NS = not signifi- 
cant 

Fig. 7. Inhibition of hydroxyapatite 
(0.2 mg/ml) growth measured as the criti- 
cal concentration-product ratio (CPR) 
and pyrophosphate excretion in urine. 
SF = Idiopathic calcium stone-formers; 
NS = not significant 

of inhibition achieved in urine and in inhibitor-containing 
solutions showed that about 40% of the urinary inhibitor 
activity could be attributed to the small-molecular-weight 
inhibitors pyrophosphate, magnesium and citrate. 
Among these compounds, citrate was the most efficient 
inhibitor. Plotting of critical oxalate concentrations for 
crystal growth versus critical calcium concentrations 
revealed a strong negative correlation, which may explain 
the importance of hypercalciuria in calcium oxalate 
lithiasis, despite its low influence on concentration- 
product ratio and crystalluria. In the presence of hypercal- 
ciuria, the limit of metastability is reached already at very 
low oxalate concentrations (Fig. 6). 

Figure 7 summarizes our measurements of the inhi- 
bition of hydroxyapatite growth in urine and in inhibitor- 
containing solutions. The critical supersaturation for 
hydroxyapatite growth was determined by calcium titra- 
tion at pH6.6,  again expressed as the concentration- 
product ratio [5]. In agreement with the findings of Smith 
[32], inhibition was significantly decreased in men who 

were idiopathic stone-formers as compared with healthy 
men. In contrast to the results of Bisaz et al. [9], who used 
big crystal masses, pyrophosphate was the most important 
inhibitor, contributing about 70 % of the inhibitor activity 
of whole urine. Urinary inhibitor activity strongly correlat- 
ed with urinary pyrophosphate concentration. In stone- 
forming urine a significant decrease in pyrophosphate 
excretion was found when male patients and controls were 
examined under a constant dietary phosphate intake. 
However, further research should be carried out to 
determine whether calcium phosphate crystallization and 
hypopyrophosphaturia,  the latter not being found by all 
authors, are important factors in calcium oxalate lithiasis. 

Implications for stone metaphylaxis 

From the current knowledge of crystallization conditions 
in urine, the following conclusions for stone metaphylaxis 
can be drawn: 
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1. Ur ina ry  supe r sa tu r a t i on  shou ld  be held  as low as 
poss ib le  and  should  always be be low the cri t ical  l imit  of  
he te rogeneous  nuc lea t ion  and  growth.  
2. The  metas tab le  region  for  he te rogeneous  crysta l l iza-  
t ion  shou ld  be increased  by  enhanc ing  u r ina ry  inh ib i to r  
activity.  
3. P r o m o t e r s  des tab i l i z ing  u r i na ry  me tas t ab i l i t y  shou ld  
be e l iminated .  

Theore t ica l ly ,  a lka l ine  t r ea tmen t  p rov ides  all o f  these 
effects. I t  d iminishes  relat ive s a tu ra t i on  of  ur ine  by  
increas ing u r ina ry  c i t ra te  and ,  in some cases, by  decreas-  
ing u r ina ry  ca lc ium [23]. Tiselius [33] showed tha t  a lkal i -  
za t ion  increases  u r ina ry  inh ib i to r  act ivi ty,  an  effect tha t  
has recent ly  been  r e d e m o n s t r a t e d  with respect  to py ro -  
p h o s p h a t e  [6] and  T a m m  Hors fa l l  p ro t e in  [17]. A lka l i za -  
t ion of  ur ine  also increases the so lubi l i ty  o f  ura te ,  which is 
t hough t  to be an i m p o r t a n t  p r o m o t e r  of  ca lc ium oxa la te  
c rys ta l l iza t ion  [13]. However ,  at  p H  values above  6.5 a 
sharp  decrease  in this so lubi l i ty  is observed,  which,  
toge the r  wi th  the  p o o r  so lub i l i ty  of  ca lc ium p h o s p h a t e ,  
m a y  coun te rac t  the the rapeu t i c  effect o f  a lkal ine  t rea t -  
ment.  Efficient  s tone me taphy lax i s  therefore  requires  not  
only  cons tan t  m o n i t o r i n g  of  pa t i en t  compl iance  bu t  also 
consequent  con t ro l  o f  the phys ico-chemica l  a l t e ra t ions  
tha t  are  p r o d u c e d  in ur ine  by the therapy .  
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