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urine and, secondly, that for slightly greater increases in 
the filtered load of oxalate, spontaneous and/or heteroge-
neous nucleation of CaOx may occur both at the end of 
the DLH and in the CD. This latter situation leads to the 
passage in the final urine of a mixture of large crystals of 
CaOx (arising from nucleation at the end of the DLH) and 
small crystals of CaOx (as a result of nucleation originat-
ing in the CD). As a result of the higher calcium and oxa-
late concentrations in the urine of RSF, these patients have 
an increased probability of initiating CaOx crystallisation 
in the DLH and so of going on to form the large crystals 
and aggregates found in their fresh urines, but not in the 
fresh urines from normal subjects (N). These predictions 
are supported by evidence from clinical studies on six RSF 
and six normal controls (NC) who were maintained for 
4 days on a fixed basal diet. Their patterns of CaOx crys-
talluria were measured on the second day of the basal diet 
and after a small dose of sodium oxalate was given before 
breakfast on the fourth day of the study. The model also 
shows that the tubular fluid of RSF is more likely than that 
of N to reach the conditions necessary for de novo nuclea-
tion of CaP at the end of the DLH. This may occur follow-
ing either a small increase in ultrafiltrable phosphate, as a 
result of ingestion of a high phosphate-containing meal, or 
a small decrease in the proximal tubular reabsorption of 
phosphate resulting, for example, from increased parathy-
roid activity. CaP crystals initiated at this point may heter-
ogeneously nucleate the crystallisation of CaOx under the 
high metastable conditions of RSS CaOx which frequently 
exist in the urines of RSF. Under certain conditions, it is 
predicted that CaP crystals, initiated at the end of the DLH 
and travelling close to the tubular walls where their transit 
time is increased, might also be able to grow and agglom-
erate sufficiently to become trapped at some point in the 
CD and lead to the formation of Randall’s Plugs in the 

Abstract  This article describes an updated computer 
model which attempts to simulate known renal reabsorp-
tion and secretion activity through the nephron (NEPHRO-
SIM) and its possible relevance to the initiation of cal-
cium-containing renal stones. The model shows that, 
under certain conditions of plasma composition, de novo 
nucleation of both calcium oxalate (CaOx) and calcium 
phosphate (CaP) can take place at the end of the descend-
ing limb of the Loop of Henle (DLH), particularly in 
untreated, recurrent idiopathic CaOx stone-formers (RSF). 
The model incorporates a number of hydrodynamic fac-
tors that may influence the subsequent growth of crystals 
nucleated at the end of the DLH as they progress down 
the renal tubules. These include the fact that (a) crystals 
of either CaOx or CaP nucleated at the end of the DLH 
and travelling close to the walls of the tubule travel at 
slower velocities than the fluid flowing at the central axis 
of the tubule, (b) the transit of CaOx crystals travelling 
close to the tubule walls may be delayed for up to at least 
25  min, during which time the crystals may continue to 
grow if the relative supersaturation with respect to CaOx 
(RSS CaOx) is high enough and (c) such CaOx crystals 
may stop moving or even fall back in upward-draining 
collecting ducts (CD) owing to the Stokes gravitational 
effect. The model predicts, firstly, that for small, transient 
increases in plasma oxalate concentration, crystallisa-
tion only takes place in the CD and leads to the forma-
tion of small crystals which are comfortably passed in the 
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Ducts of Bellini. Currently, work is under way to incorpo-
rate data on the growth and aggregation of crystals of CaP 
into NEPHROSIM to confirm the likelihood of this phe-
nomenon occurring. The model shows that an increase in 
plasma calcium is unlikely to lead to spontaneous nuclea-
tion of either CaOx or CaP at the end of the DLH unless 
the concentration of plasma calcium reaches values usually 
associated with the cases of primary hyperparathyroidism. 
The most likely cause of spontaneous CaOx crystal forma-
tion at the end of the DLH is a small increase in plasma 
oxalate; the most likely cause of spontaneous CaP crys-
tal formation at the end of the DLH is either an increase 
in plasma phosphate or a decrease in the fractional reab-
sorption of phosphate in the proximal tubule. The model 
predicts that the maximum volume of CaOx crystalluria 
that is likely to occur in a given urine is a function of both 
the RSS CaOx and the oxalate/calcium ratio in the final 
urine. These data explain why the volume of CaOx crys-
talluria is in the order UK normals < UK recurrent stone-
formers  <  Saudi Arabian recurrent stone-formers which, 
in turn, probably accounts for the very high incidence of 
CaOx-containing stones found in Saudi Arabia compared 
with that in the UK.

Keywords  Calcium · Oxalate · Phosphate · Relative 
supersaturation · Crystallisation · Randall’s plugs

Abbreviations
CaOx	� Calcium oxalate
CaP	� Calcium phosphate
CaP-CO3	� Carbapatite
RSS	� Relative supersaturation
RSS CaOx	� Relative supersaturation with respect to cal-

cium oxalate
RSS OCP	� Relative supersaturation with respect to octo-

calcium phosphate
RSS UA	� Relative supersaturation with respect to uric 

acid
NC	� Normal control
RSF	� Recurrent stone-former
UK N	� Average normal male in the UK
UK RSF	� Average untreated male recurrent CaOx/CaP 

stone-former in the UK
KSA RSF	� Average untreated male recurrent CaOx/UA 

stone-former in the Kingdom of Saudi Arabia
FP	� Empirical thermodynamic formation product
SP	� Thermodynamic solubility product
Prox	� Proximal tubule
DLH	� Descending limb of the Loop of Henle
ALH	� Ascending limb of the Loop of Henle
D	� Distal tubule
CD	� Collecting duct

Introduction

Over the last century, many theories have been proposed to 
account for the initiation of calcium oxalate (CaOx) stones 
in the urinary tract, including those based on (a) the role 
of urinary macromolecules in the nucleation of stones (the 
so-called “matrix theory”) [1, 2], (b) those based on a lack 
or deficiency of inhibitors of crystallisation in urine (the 
so-called “inhibitor theory”) [3, 4] and (c) those based on 
the role of supersaturation and crystalluria (the so-called 
“supersaturation-crystallisation theory”) [5, 6]. Although 
the matrix and inhibitor theories are now generally consid-
ered to be of less importance than the supersaturation-crys-
tallisation theory in terms of stone initiation, they have not 
been completely discounted [7, 8].

In an attempt to elaborate on the supersaturation-crys-
tallisation theory, Finlayson and Reid [9] outlined two 
possible scenarios for the initiation of CaOx stones—the 
so-called “free-particle” and “fixed-particle” models. In 
the “free-particle” model, they described stone-formation 
as being initiated when tubular fluid becomes so super-
saturated with respect to CaOx that de novo nucleation of 
that salt takes place in the tubule. As the nuclei traverse 
the remainder of the nephron, they are postulated to grow 
(and possibly aggregate [10, 11]) under increasing condi-
tions of supersaturation and, if these processes take place 
rapidly enough, a critical particle may be formed that is 
large enough to become trapped at some narrow segment 
of the tubule before the particle can be expelled from the 
Duct of Bellini of the collecting tubule concerned. Once 
trapped, this particle may continue to grow until it becomes 
a stone under the prevailing conditions of supersaturation 
in collecting duct urine [10]. However, on the basis of their 
very simple mathematical model of the kidney, Finlayson 
and Reid calculated that the above process was unlikely to 
occur within the normal transit time of tubular fluid from 
the glomerulus to the Ducts of Bellini which in their model 
was estimated to be around 10 min.

As an alternative, Finlayson and Reid proposed that crys-
tal entrapment could only occur if the initial small nuclei of 
CaOx, which were formed as a result of excessive supersat-
uration of tubular fluid with respect to that salt, somehow 
became attached to the epithelial cells lining the tubule at 
some point where damage had occurred at the cell surface–
either brought about by abrasion caused by the CaOx crys-
tals themselves, or as a result of cell necrosis caused by 
infection or chemical damage. They termed this scenario 
the “fixed-particle” model of stone-formation. This model 
then dominated the stone field for almost 20  years during 
which period many papers were published on the nucleation 
and growth of CaOx crystals on monolayers of kidney cells 
grown in culture in the laboratory [12–17].
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In 1994, Kok and Khan [18] re-examined the Finlayson 
and Reid model and adjusted some of the original authors’ 
initial assumptions by including more up-to-date data 
on tubule dimensions and flow rates of fluid through the 
nephron which had become available at that time. In their 
revised model, the transit time of tubular fluid was reduced 
to between 2.5 and 4.5  min depending on the length of 
the Loop of Henle in the nephron concerned. In summary, 
they still accepted the majority of the findings of Finlayson 
and Reid but they concluded that the “free-particle” model 
might be still feasible if crystal agglomeration (previously 
ignored by Finlayson and Reid) was to occur during the 
time in which CaOx crystals, initiated high up in the tubule, 
travelled down the remainder of the nephron. (Indeed, it 
must be emphasised at this point that aggregation of crys-
tals is a much more rapid way of increasing particle size 
within a given time period than is crystal growth alone, 
which tends to be a relatively slow process). Kok and Khan 
postulated that once a large particle had been retained in 
this way, it then became attached to the tubular epithelial 
cells either by some form of crystal–cell interaction or by 
damaging the tubular cell lining and breaking through to 
reach the basement membrane of the cells [18]. In a sense, 
the Kok and Khan version of stone initiation constituted 
a compromise between the “free-” and “fixed-particle” 
models.

In 2004, Robertson [19] re-visited the two earlier mod-
els and modified that of Kok and Khan to include three 
hydrodynamic factors which had been previously ignored 
in both models. The three additional factors were (a) the 
effect of frictional drag on tubular fluid passing close to 
the tubule walls compared with that at the central axis of 
the tubule, (b) a similar frictional drag effect of the tubu-
lar walls on any particles travelling close to the tubule 
walls and (c) the effect of gravity on particles travelling 
in upward-draining segments of the collecting ducts. He 
considered that these factors could potentially delay the 
passage of crystals and so increase the risk of large crys-
tals and aggregates of CaOx forming over the prolonged 
time that it would take for crystals formed high up in the 
nephron to be extruded from the Ducts of Bellini. Intro-
duction of these factors into the mathematical model of 
urine flow and the estimation of the concentrations of cal-
cium and oxalate ions at various points in the renal tubule 
(after allowing for reabsorption and secretion along the 
length of the nephron of all the ions required for the calcu-
lation of the relative supersaturation (RSS) of CaOx) sug-
gested that any crystals that might be nucleated towards 
the end of the descending limb of the Loop of Henle and 
which travelled close to the tubular walls may be delayed 
long enough to grow sufficiently large to become trapped 
further down the nephron, particularly in upward-draining 
sections of the collecting ducts.

As an alternative to these models of stone initiation, 
within the past 10 years or so attention has been refocused 
on the observation made in 1936 by Alexander Randall 
of lesions in the renal papillae of 19.6  % of 1,154 pairs 
of kidneys which he examined at autopsy [20, 21]. These 
lesions occurred as sub-epithelial plaques and consisted of 
deposits of calcium phosphate (CaP) or carbapatite (CaP-
CO3). Of the 2,308 kidneys examined, 2.8 % had small cal-
culi consisting of CaOx attached to them. Randall termed 
these type 1 papillary lesions (now referred to as Randall’s 
Plaques type 1). Another type of lesion (now referred to 
as Randall’s Plaques type 2 or Randall’s Plugs) was also 
described by Randall and later confirmed by Cifuentes-
Delatte [22]. These plugs were intratubular in origin and 
were found in the Ducts of Bellini at the ends of collect-
ing ducts. They consisted mainly of CaP-CO3 but often had 
small CaOx stones attached to them. In the 20 years or so 
following the initial observations of Randall, numerous 
authors confirmed his findings but since Randall’s Plaques 
appeared to account for only a relatively small proportion 
of calcium-containing stones (10–20  %), this theory fell 
into obscurity for almost 50 years until it was revived by 
the Chicago-Indianapolis groups about 10  years ago [23, 
24]. Since then, much has been written about the role of 
Randall’s Plaques in the initiation of stones (including the 
contents of this Special Issue of Urolithiasis) so that one 
might be tempted into believing that Randall’s plaques are 
the SOLE cause of stones. This paper attempts to redress 
this imbalance by showing that other possible explanations 
may exist for the initiation of CaOx stones which do not 
necessarily require the involvement of Randall’s Plaques 
or Randall’s Plugs, although the initiation of CaOx stones 
might involve the participation of crystals of CaP acting as 
heterogeneous nuclei for the precipitation and subsequent 
growth of CaOx crystals in tubular fluid.

Materials and methods

In this paper, the original Excel program of Robertson [19] 
for modelling renal function (now termed NEPHROSIM) 
has been further developed to calculate more accurately the 
levels of RSS of various stone-forming salts in tubular fluid 
at 0.1–0.2  mm increments throughout the nephron using 
more up-to-date micropuncture evidence on the tubular 
reabsorption of the various ions that are important in the 
calculation of RSS of the common stone-forming salts. The 
details of the renal characteristics used in the model (which 
are similar to those employed by Kok and Khan [18]) are 
shown in Table  1. In addition, NEPHROSIM attempts to 
mimic as far as possible the effects of those hormones on 
the tubular reabsorption of ions that might be important in 
the stone-forming process. It also allows for (a) secretion, 
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particularly of oxalate in the latter part of the proximal 
tubule [25–27], (b) changes in dietary intake that may 
influence the filtered loads of calcium, phosphate, oxalate 

and urate, (c) acid–base changes in various sections of the 
nephron and (d) variations in water reabsorption at dif-
ferent sites along the nephron. In this paper, the data are 

Table 1   Comparison of kidney 
characteristics in Kok and Khan 
and updated Robertson models 
of stone-formation

Characteristic Kok and Khan model Updated Robertson 
model (NEPHROSIM)

GFR/kidney (ml/min) 58 60

No. of nephrons/kidney 1.2 × 106 1.31 × 106

No. of papillae/kidney 8 8

No. of Ducts of Bellini/papilla 40 40

Length of proximal tubule (cm) 1.8 1.8

Length of descending limb

 With short Loop (cm) 0.1 0.1

 With medium Loop (cm) 0.7 0.7

 With long Loop (cm) 1.4 1.4

 Average (cm) 0.7 0.7

Length of ascending limb

 With short Loop (cm) 0.6 0.6

 With medium Loop (cm) 1.2 1.2

 With long Loop (cm) 1.8 1.8

 Average (cm) 1.2 1.2

Length of distal tubule (cm) 0.6 0.6

Length of collecting duct (cm) 2.7 2.7

Total length of tubule

 With short Loop (cm) 5.8 5.8

 With medium Loop (cm) 7.0 7.0

 With long Loop (cm) 8.3 8.3

 Average (cm) 7.0 7.0

Internal diameter of proximal tubule (μm) 25 → 35 28.5 → 27.5

Internal diameter of descending limb (μm) 14 → 37 27.5 → 22.5

Internal diameter of ascending limb (μm) 19 → 29 22.5 → 24.0

Internal diameter of distal tubule (μm) 18 → 30 24.0 → 20.0

Internal diameter of collecting duct (μm) 30 → 100 20.0 → 80.0

Fluid transit time through proximal tubule (s) 24 24

Fluid transit time through descending limb

 With short Loop (s) 1 1

 With medium Loop (s) 20 20

 With long Loop (s) 40 40

 Average (s) 20 20

Fluid transit time through ascending limb

 With short Loop (s) 33 32

 With medium Loop (s) 67 63

 With long Loop (s) 100 97

 Average (s) 67 63

Fluid transit time through distal tubule (s) 31 31

Fluid transit time through collecting tubule (s) 29 50

Total transit time through nephron

 With short Loop tubules (s) 118 137

 With medium Loop tubules (s) 171 188

 With long Loop tubules (s) 224 241

 Average (s) 171 188
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calculated based on the dimensions of nephrons containing 
a medium-length Loop of Henle (Table 1). Similar calcu-
lations using NEPHROSIM are currently being carried 
out on the RSS CaOx and RSS CaP in nephrons with long 
and short Loops of Henle. These will be reported in a later 
publication.

The baseline blood and urine data employed in the study 
are shown in Table 2. These correspond to the non-fasting 
blood levels and 24-h urine composition of (a) an average 
normal male in the UK with no history of urolithiasis (UK 
N), (b) an average untreated recurrent idiopathic CaOx/
CaP stone-former in the UK with hypercalciuria, moderate 
phosphaturia, a slightly raised urinary pH, mild hypocitra-
turia and pronounced mild hyperoxaluria (UK RSF) [28] 
and (c) an average untreated recurrent idiopathic CaOx-UA 
stone-former in the Kingdom of Saudi Arabia with marked 
hyperoxaluria, marked hyperuricosuria, marked hypoci-
traturia and an acid urinary pH (KSA RSF) [29]. Marked 

hyperoxaluria is a common feature in the populations of the 
oil-rich Gulf States in the Middle East and is largely dietary 
in origin; hypercalciuria, on the other hand, is very uncom-
mon [29].

The RSS values of the various stone-forming salts and 
acids were calculated using the most up-to-date form of 
the SUPERSAT program originally devised in 1969 [30, 
31]. This program also calculates the RSS of CaOx, OCP, 
brushite, magnesium ammonium phosphate, uric acid, 
sodium urate, ammonium urate and calcium urate. These 
results will be published elsewhere.

The model was tested in the following ways:

1.	 Increasing the concentration of plasma oxalate on 
RSS CaOx in an average untreated UK RSF following 
ingestion of a high oxalate/calcium ratio meal which 
leads to increased absorption of oxalate both in the 
stomach [32, 33] and in the large intestine [34, 35].

2.	 Increasing the concentration of ultrafiltrable phosphate 
on RSS OCP and urinary excretion of phosphate in an 
average untreated UK RSF following the ingestion of a 
high phosphate meal.

3.	 Increasing the urinary excretion of phosphate on RSS 
OCP in an average untreated UK RSF by decreasing 
the proximal tubular reabsorption of phosphate in an 
attempt to simulate the effect of increasing the circulat-
ing level of parathyroid hormone (PTH).

4.	 Increasing the concentration of ultrafiltrable calcium 
on RSS OCP in an average untreated UK RSF as might 
occur following ingestion of a high calcium meal or 
after an increase in the circulating level of PTH.

5.	 Initiation of CaP and/or CaOx crystals of various sizes 
at the end of the descending limb of the Loop of Henle.

6.	 Following the progress of these crystals as they trav-
erse the remainder of the nephron under various condi-
tions of RSS and orientation of the collecting ducts.

Results and discussion

Supersaturation studies

The effect of progressively increasing plasma oxalate from 
1.25 to 2.75 μmol/l on the RSS of CaOx (RSS CaOx) along 
the nephrons (containing medium-length Loops of Henle) 
of an average untreated recurrent idiopathic CaOx/CaP 
stone-former in the UK (UK RSF) is shown in Fig. 1. The 
data are plotted in relation to the thermodynamic solubil-
ity product (SP) and the empirical spontaneous formation 
product (FP) of CaOx [31]. This shows that the ultrafiltrate 
of plasma is initially well undersaturated with respect to 
CaOx, but that RSS CaOx increases in the proximal tubule 
(Prox) owing to the secretion of oxalate in the latter section 

Table 2   Basal non-fasting blood and 24-h urine data in UK N, 
untreated UK RSF and untreated KSA RSF

a  Taken from data of Robertson et al. [28]
b  Taken from data of Robertson [29]
c  Estimated from data in the literature or from measured 24-h urine 
data

Analyte UK Na UK RSFa KSA RSFb

Blood

 Ultrafiltrable calcium (mmol/l) 1.47 1.50 1.47

 Ultrafiltrable phosphate (mmol/l) 1.00 1.60 1.60

 Oxalate (μmol/l) 1.50 1.65 1.79

 pH 7.38 7.38 7.38

 Sodium (mmol/l) 140 144 140

 Potassium (mmol/l) 4.00 4.2 4.0

 Ultrafiltrable magnesium (mmol/l) 0.60 0.56 0.56

 Citrate (μmol/l) 100c 66c 35c

 Sulphate (μmol/l) 400c 500c 550c

 Urate (μmol/l) 280 380 490

 Ammonium (μmol/l) 100c 100c 100c

24-h urine

 Volume (l) 1.72 1.43 1.34

 pH 5.97 6.15 5.38

 Calcium (mmol/day) 5.62 9.05 5.09

 Phosphate (mmol/day) 28.9 47.8 49.6

 Oxalate (mmol/day) 0.34 0.55 0.82

 Magnesium (mmol/day) 3.93 3.64 3.67

 Sodium (mmol/day) 156 159 156

 Potassium (mmol/day) 71 74 71

 Ammonium (mmol/day) 22 18 45

 Citrate (mmol/day) 2.89 1.90 1.01

 Sulphate (mmol/day) 20 25 27

 Uric acid (mmol/day) 3.02 4.09 5.27
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of that portion of the nephron [25–27]. RSS CaOx further 
increases in the descending limb of the Loop of Henle 
(DLH) owing to the reabsorption of water, reaching a peak 
at the end of the DLH and beginning of the ascending 
limb (ALH). Under average “normal” conditions in a UK 
RSF, the tubular fluid at this point is not quite sufficiently 
supersaturated to cause spontaneous homogeneous precipi-
tation of CaOx. RSS CaOx then decreases slightly in the 
ALH and distal tubule (D), as a result of the reabsorption 

of calcium, but increases progressively along the collecting 
ducts (CD) during the final water adjustment in the kidneys 
before being extruded as highly supersaturated urine at the 
Ducts of Bellini.

Figure  1 also shows that increasing plasma oxalate 
causes the RSS CaOx profile through the nephron to 
increase but that only at the highest plasma level of oxalate 
studied (2.75 μmol/l) does RSS CaOx reach the Formation 
Product of CaOx at the end of the DLH, whereas it exceeds 
the FP at the some point in the CD in samples with plasma 
oxalate concentrations greater than about 1.4 μmol/l. Fig-
ure 1 also shows that there are two sections of the nephron 
where spontaneous precipitation of CaOx may take place—
firstly, at the end of the DLH (but only if plasma oxalate is 
transiently increased), and secondly, at some point in the 
CD depending the actual RSS CaOx in that section of the 
nephron.

Figure  2 shows the patterns of RSS CaOx along the 
nephron constructed for the average UK N, the average UK 
RSF and the average KSA RSF using the baseline data in 
Table  2. The patterns of RSS CaOx show slightly lower 
curves for the average UK N but slightly higher curves for 
the average UK RSF and average KSA RSF as might be 
expected from the corresponding lower (UK N) and higher 
(UK RSF and KSA RSF) average urinary oxalate excre-
tions in these subjects.

Figures  3 and 4 show the corresponding data for the 
effect on the RSS of calcium phosphate along the nephron 
of an average untreated UK RSF of incrementally increas-
ing the concentration of ultrafiltrable phosphate from 0.8 
to 2.0 mmol/l (Fig. 3) or progressively decreasing the frac-
tional tubular reabsorption of phosphate from 1.3 to 1.1 
(Fig.  4); the latter is an attempt to simulate an increase 
in the concentration of circulating PTH with consequent 
hyperphosphaturia. The RSS of calcium phosphate is based 
on that of octocalcium phosphate (OCP) which has been 
shown to be the first form of calcium phosphate to be pre-
cipitated under urine-like conditions [31, 36]. OCP later 
transforms to the more stable hydroxyapatite under urinary 
conditions. The data are shown in relation to the thermody-
namic Solubility Product (SP) and the empirical spontane-
ous Formation Product (FP) of OCP [31].

Figures 3 and 4 show similar but not identical patterns 
of RSS OCP along the nephron. They show that the ultra-
filtrate of plasma is initially slightly supersaturated with 
respect to OCP but that RSS OCP decreases in the proxi-
mal tubule owing to the reabsorption of phosphate and 
the slight acidification of tubular fluid. The extent of the 
decrease is modulated either by increasing the concentra-
tion of ultrafiltrable phosphate or by decreasing the tubu-
lar reabsorption of phosphate in the proximal tubule. RSS 
OCP increases sharply again in the descending limb of the 
Loop of Henle (DLH) owing to the reabsorption of water 

0.01

0.1

1

10

100

0 1 2 3 4 5 6 7 8

R
SS

 C
aO

x 
(o

n 
lo

g 
sc

al
e)

Distance Along Nephron from Glomerulus (cm)

Prox                     DLH             ALH            D                               CD 

FP

SP

Fig. 1   RSS CaOx (plotted on log scale) at various positions along 
the nephron from the glomerulus to the Duct of Bellini in an average 
UK RSF at various levels of plasma oxalate concentration (filled cir-
cle 1.25 μmol/l; filled square 1.50 μmol/l; filled triangle 1.75 μmol/l; 
filled diamond 2.00 μmol/l; asterisk 2.25 µmol/l; times 2.50 µmol/l; 
plus 2.75 µmol/l)

0.01

0.1

1

10

100

0 1 2 3 4 5 6 7 8

R
SS

 C
aO

x 
(o

n 
lo

g 
sc

al
e)

Distance Along Nephron from Glomerulus (cm)

Prox                     DLH             ALH            D                               CD 

FP

SP

Fig. 2   RSS CaOx (plotted on log scale) at various positions along 
the nephron from the glomerulus to the Duct of Bellini in an average 
UK N (open circle), UK RSF (filled square) and KSA RSF (filled tri-
angle) at their respective average non-fasting plasma oxalate concen-
trations. (1.50 μmol/l, 1.65 μmol/l and 1.79 μmol/l)



S99Urolithiasis (2015) 43 (Suppl 1):S93–S107	

1 3

and, more importantly (see below), the re-alkalinisation of 
the tubular fluid, reaching a peak at the end of the DLH and 
beginning of the ascending limbs (ALH) as postulated by 
Asplin et  al. [37]. In some situations, such as increasing 
ultrafiltrable phosphate or decreasing the proximal tubu-
lar reabsorption of phosphate, calcium phosphate crystal-
lisation may be initiated spontaneously at this point. RSS 
OCP decreases sharply in the ALH and distal tubules (D) as 
a result of the reabsorption of calcium, but then increases 
progressively again along the collecting ducts (CD) during 
the final water and pH adjustments before being extruded 

as supersaturated urine at the Ducts of Bellini. If the final 
pH of the tubular fluid extruded at the Ducts of Bellini is 
greater than about 6.15, the urine becomes excessively 
supersaturated with respect to CaP (not shown here) and 
CaP crystals are formed spontaneously and/or by hetero-
geneous nucleation caused by CaOx crystals precipitated 
higher up in the nephron. This could account for the for-
mation of Randall’s Plugs at the ends of the CD consisting 
mainly of CaP but often mixed with CaOx.

Figure  5 shows the patterns of RSS OCP along the 
nephron constructed for the average UK N, the average UK 
RSF and the average KSA RSF using the baseline data in 
Table 2. The patterns of RSS OCP are similar to those in 
Figs. 3 and 4 but they show a slightly lower overall curve 
for the average UK N, as might be expected from their 
slightly lower urine pH values and phosphate excretions. 
They also show a higher curve for the KSA RSF in the 
early part of the nephron, as might be expected from their 
slightly higher ultrafiltrable phosphate concentrations, but 
a significantly lower curve in the CD owing to the marked 
acidification of their urine that occurs in that section of the 
nephron. The latter observation accounts for the low CaP 
content of stones from Saudi Arabia since any crystals of 
CaP which might have formed at the end of the DLH will 
be likely to be dissolved under the very acidic conditions in 
the later part of the nephron and the consequently very low 
RSS OCP found in the final urine of patients from the oil-
rich Gulf States [29].

However, this acidification in the urines of the KSA 
RSF has another significant effect. Figure 6 shows the pat-
terns of RSS of uric acid (RSS UA) along the nephron con-
structed for the average UK N, the average UK RSF and 
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Fig. 3   RSS OCP (plotted on log scale) at various positions along the 
nephron from the glomerulus to the Duct of Bellini in an average UK 
RSF at various levels of ultrafiltrable phosphate concentration (filled 
circle 0.8 mmol/l; filled square 1.2 mmol/l; filled triangle 1.6 mmol/l; 
filled diamond 2.0 mmol/l)

0.0001

0.001

0.01

0.1

1

10

100

1000

10000

0 1 2 3 4 5 6 7 8

R
SS

 O
C

P 
(o

n 
lo

g 
sc

al
e)

Distance Along Nephron from Glomerulus (cm)

Prox                     DLH             ALH            D                               CD 

FP

SP

Fig. 4   RSS OCP (plotted on log scale) at various positions along 
the nephron from the glomerulus to the Duct of Bellini in an average 
UK RSF at various levels of fractional phosphate reabsorption in the 
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Fig. 5   RSS OCP (plotted on log scale) at various positions along the 
nephron from the glomerulus to the Duct of Bellini in an average UK 
N (open circle), UK RSF (filled square) and KSA RSF (filled trian-
gle) at their respective average non-fasting ultrafiltrable phosphate 
concentrations (1.00 mmol/l, 1.60 mmol/l and 1.60 mmol/l)
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the average KSA RSF using the baseline data in Table 2. 
The curves show that for all subjects, RSS UA remains 
markedly undersaturated in all sections of the nephron until 
the marked acidification which takes place in the tubular 
fluid in the CDs of the KSA RSF. UA may then be hetero-
geneously nucleated by the CaOx crystals that are inevita-
bly found in the tubular fluid of the CDs in most KSA RSF 
patients. This, together with their high urinary excretions of 
uric acid, would account for the high UA content of stones 
from RSF in Saudi Arabia, Kuwait and the United Arab 
Emirates [29].

In the average UK RSF, the RSS of sodium urate and the 
RSS of brushite of tubular fluid towards the end of the CD 
(not shown) are in the metastable regions of supersaturation 
of both salts, which possibly account for the occasional 
occurrence of these salts in Randall’s Plugs [22].

Figures 7, 8, 9 and 10 show the effects of increasing the 
concentrations of plasma oxalate, ultrafiltrable calcium and 
ultrafiltrable phosphate and decreasing the fractional tubu-
lar reabsorption of phosphate in the proximal tubule on the 
maximum RSS of CaOx and OCP at the end of the DLH in 
an average untreated UK RSF.

Figure  7 shows that increasing plasma oxalate from 
1.65 (the average value in idiopathic RSFs in the UK) to 
2.70 μmol/l will lead to spontaneous precipitation of CaOx 
at the end of the DLH. This only requires the intestinal 
absorption and/or metabolic production of about 16 μmol 
of additional oxalate. Assuming 5–10  % absorption of 
oxalate from a diet of around 2  mmol/day (i.e., about 
100–200  μmol of oxalate), this requires only 8–16  % of 
absorbed oxalate over a short time to increase plasma oxa-
late to the critical level that will cause CaOx to be precipi-
tated spontaneously at the end of the DLH in an average 

UK RSF. Dietary intakes of oxalate greater than 2 mmol/
day will greatly increase the chance of plasma oxalate 
reaching the critical level for spontaneous precipitation of 
CaOx at the end of the DLH. The Chicago-Indianapolis 
group claim that they never found crystals of CaOx in the 
DLH–ALH section of the kidney [23, 24], but they studied 
their patients after an overnight fast so that the plasma oxa-
late of these patients would be too low to cause spontane-
ous crystallisation of CaOx both at that site and later in the 
CD, as clearly predicted by the data in Figs. 1 and 2.

Figure  8 shows the effects of increasing the concen-
tration of ultrafiltrable calcium incrementally from 1.2 to 
1.9  mmol/l on the maximum RSS OCP at the end of the 
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DLH in an average UK RSF. This corresponds to a range 
of 2.00–3.17  mmol/l in total plasma calcium. This shows 
that spontaneous precipitation of CaP can only occur if 
the concentration of ultrafiltrable calcium reaches at least 
2.8  mmol/l (i.e., the levels that are found mainly in pri-
mary hyperparathyroidism). These data strongly suggest 
that the slight variations that can normally occur in plasma 
calcium (because of its tightly controlled regulation by cal-
cium homeostatic mechanisms in the ALH and D sections 
of the nephron) are unlikely per se to be a primary factor 
in the initiation of CaP precipitation in the Loop of Henle 
in idiopathic stone-formers, although the concentration of 
calcium does reach a peak at that point as a result of water 

reabsorption in the DLH. Much more importantly as a risk 
factor for the precipitation of CaP at the end of the DLH is 
that the pH of tubular fluid also reaches a peak at that point 
(around 7.39), having fallen in the proximal tubule from the 
original 7.38 in plasma ultrafiltrate to around 6.71, and then 
steadily risen again to 7.39 at the end of the DLH). This 
alkalinisation has a logarithmic effect on the concentration 
of PO4

− ions (the form of phosphate ions that precipitate 
in OCP) and a further cubic effect on RSS OCP based on 
its formula [31]. This confirms the assertion made by the 
Leeds group in 1969 that the changes in urinary pH are 
much more important than the changes in calcium excre-
tion in causing CaP to precipitate both in inorganic solu-
tions which simulate urine and in urine itself [31, 38].

Figures 9 and 10 show that either increasing the concen-
tration of non-fasting ultrafiltrable phosphate from 1.6 (the 
average value in non-fasting idiopathic RSF in the UK) to 
1.9 mmol/l or by decreasing the fractional tubular reabsorp-
tion of phosphate in the proximal tubule from 1.215 (the 
average value estimated for idiopathic RSF in the UK) 
to 1.190 will lead to spontaneous precipitation of CaP at 
the end of the DLH. The former only requires the intesti-
nal absorption of about 4.5  mmol of phosphate. Assum-
ing an average intestinal absorption of phosphate of about 
67  % and an average daily intake of about 50  mmol/day, 
this would require about 13 % of the daily absorbed phos-
phate (33.5 mmol/day) to be absorbed over a short period 
of time (about 3 h; i.e. about 1.5 mmol/h) to cause CaP to 
be precipitated spontaneously at the end of the DLH in an 
average UK RSF. Alternatively, a decrease in the fractional 
reabsorption of phosphate from 1.215 to 1.190 would cause 
about 10 mmol of additional phosphate to be excreted per 
day from the proximal tubule (about 0.4  mmol/h). This 
would lead to an increase in the concentration of phosphate 
at the end of the DLH sufficient to cause spontaneous pre-
cipitation of CaP at that point. Figures  9 and 10 suggest 
that the changes in either the intake of phosphate and/or its 
renal handling are much more important than the changes 
in plasma calcium in causing possible precipitation of CaP 
in the Loop of Henle in idiopathic stone-formers. This is 
essentially because diurnal fluctuations in plasma phos-
phate are much more exaggerated through the day than 
those in plasma calcium.

In summary, at this point it would seem that spontane-
ous precipitation of both CaOx and CaP can occur at the 
end of the DLH in RSF but is less likely to do so in normal 
subjects. In RSF, a relatively small increase in plasma oxa-
late (such as could be caused by ingestion of a high oxalate 
meal) or an increase in plasma phosphate (such as caused 
by ingestion of a high phosphate meal) or a decrease in the 
tubular reabsorption of phosphate (such as might be caused 
by a small increase in the circulating concentration of 
PTH, as is often observed in patients living in the northern 
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hemisphere during the winter months) could be sufficient 
to initiate the precipitation of CaOx and CaP, respectively. 
Furthermore, as a result of the high RSS of both salts at 
the end of the DLH, spontaneous precipitation of one could 
lead to heterogeneous nucleation of the other.

The question is—does this matter? For, even if spon-
taneous precipitation of either or both calcium salts does 
occur at the end of the DLH, would the particles not just be 
excreted before they can grow large enough to be trapped 
at some point before reaching the Ducts of Bellini as pre-
dicted by Finlayson and Reid? However, when hydrody-
namic factors, such as (a) the effect of frictional drag on 
tubular fluid passing close to the tubule walls, (b) a simi-
lar frictional drag effect of the tubular walls on any parti-
cles travelling close to the tubule walls and (c) the effect 
of gravity on particles travelling in upward-draining seg-
ments of the renal tubule, are taken into account, the situ-
ation changes [19]. The version of NEPHROSIM used in 
this study contains updated data on the relative flow rates of 
tubular fluid and of the growth of any crystals nucleated at 
the end of the DLH as they pass through the remainder of 
the nephron. In general, they confirm the conclusions made 
using the original model [19].

Particle growth and transit studies

Figure 11 shows the profile of fluid transit times between 
the start of the ALH and the Ducts of Bellini at various 
positions relative to the central axis of the tubule. This 
shows that at a fraction of 0.9 of the tubule radius from 
the central axis, it takes approximately 5 times longer for 
fluid to traverse a given segment of tubule than the fluid at 
the central axis; at a position of 0.95 of the tubule radius, 
it takes approximately 10 times longer; and at 0.98 of the 

tubule radius, it takes approximately 25 times longer. Thus, 
for particles moving in a fluid stream close to the tubule 
walls, there can be a highly significant delay in the transit 
time through the segments of the tubule beyond the DLH 
owing to the drag effect of the walls on the flow of fluid. 
This delay is further exacerbated by the potential friction 
effect of the tubule walls on any particles contained in that 
fluid. Finally, if the final CD is upward-draining against the 
force of gravity (such as often is the case in the papillae 
in the lower pole of the kidney), this will tend to oppose 
the passage of crystals through these CDs and provide 
additional time for the individual crystals to grow and 
perhaps agglomerate. This gravitational effect is known 
as the Stokes factor. It may even lead to crystals, which 
have grown large enough, to stop or possibly fall back in 
the tubule and so be delayed further in their passage. All 
these factors are taken into account in NEPHROSIM. The 
only factors that have not been included are those caused 
by (a) the sharp bends in the tubules described by Schulz 
et al. [39], (b) the kinks in tubules identified by Graves [40] 
and (c) crystal agglomeration as proposed by a number of 
researchers because it has not yet been possible to build the 
mathematics of this into the model [10, 11, 18]. All of these 
phenomena will potentially delay further the passage of 
crystals through the nephrons concerned.

Taking the above three hydrodynamic factors into 
account, Table 3 shows the effect of increasing the initial 
plasma oxalate concentration in an average untreated UK 
RSF on the transit times from the start of the ALH to the 
Ducts of Bellini of crystals of CaOx of various sizes which 
have been initiated either spontaneously by homogeneous 
nucleation or heterogeneously by crystals of CaP at the end 
of the DLH and which have travelled the remainder of the 
nephron in contact with the walls of the tubule. The table 
shows, firstly, that the minimum size of initial particles of 
CaOx and/or CaP nucleated at the end of the DLH needs to 
be around 8 μm in diameter at the average level of plasma 
oxalate in UK RSF (1.65  μmol/l) for CaOx particles to 
stop moving or fall back in upward-draining collecting 
ducts before they are expelled from the Ducts of Bellini. 
But this minimum size requirement for initial particles 
formed at the end of the DLH progressively decreases as 
plasma oxalate increases such that, at plasma oxalate levels 
greater than 2, the initial particles only require to be in the 
range 1–5 μm in diameter to potentially stop or fall back 
at some point in the CD depending on the actual level of 
plasma oxalate at the time. These particle sizes are eas-
ily achievable in a short space of time, particularly if CaP 
is also precipitated at the same point. The table shows at 
which point in the CDs where the crystals either stop or fall 
back in upward-draining tubules and the diameter of the 
CaOx crystals at the point of stoppage or fall-back. This 
shows that particles initially as small as 1 μm in diameter 
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may stop or fall back in upward-draining CDs within 14–
25 min, if they travel very close to the tubule wall and if 
the RSS CaOx is sufficiently high to promote rapid crystal 
growth. At the point of stoppage or fall-back, the individual 
crystal diameters predicted by the model range from about 
34 to 48 μm in diameter but may be much larger than this 
before eventually being extruded from the Ducts of Bellini, 
particularly if aggregation takes place when crystals falling 
back in upward-draining tubules make contact with other 
smaller crystals which are still moving in the direction of 
flow of the tubular fluid. These are similar to the individual 
crystal sizes reported in fresh, warm urines from RSF by 
a number of researchers [10, 41, 42]. They contrast with 
the much smaller crystals of CaOx reported in fresh, warm 
urine collected from normal subjects [10]. Studies on two 
RSF who had catheters inserted into their renal pelves (for 
other medical reasons) showed that the large crystals and 
aggregates were present in their pelvi-calyceal urine and 
had not just formed in the bladder.

There are at least two possible explanations for this dif-
ference in the size of crystals excreted by recurrent stone-
formers and normal subjects. Firstly, some may argue that 
the smaller crystals in the urines of normal subjects may 
be due to the present of inhibitors of crystallisation of cal-
cium salts that are present in normal urine but absent or 
deficient in the urines of recurrent stone-formers. How-
ever, the evidence against this is that, at the high levels of 
RSS CaOx necessary to cause spontaneous precipitation 
of CaOx, common inhibitors, such as pyrophosphate, are 
much less active than at lower levels of RSS CaOx and 
RSS OCP [43]. This has been observed both in vitro with 
pyrophosphate [43] and in vivo after the administration of 
a bisphosphonate [44] and strongly suggests that the role 
of inhibitors in urines with a high RSS CaOx is actually 
much less than that proposed by some researchers in the 
field. A second possible explanation for the difference 
between the CaOx crystal sizes excreted by normals and 
RSF emerges from NEPHROSIM, which shows that there 

are two possible points in the nephron where CaOx crystal-
lisation may be initiated, particularly in UK RSF and KSA 
RSF (Figs. 1, 2). The first is at the end of the DLH (if there 
is a small transient increase in plasma oxalate) and the sec-
ond is in the latter part of the CD. Those crystals initiated 
at the end of the DLH, by spontaneous nucleation (or by 
heterogeneous nucleation caused by crystals of CaP), are 
the ones which may be delayed in transit for the reasons 
presented above and grow into the large crystals and aggre-
gates frequently observed in fresh urine from RSF. In con-
trast, the model shows that those crystals initiated in the 
CD (when RSS CaOx increases again owing to reabsorp-
tion of water in that section of the tubule) will not grow fast 
enough in the remaining transit time of fluid through the 
CD and will be excreted as relatively small crystals of only 
a few microns in diameter, such as observed in the urines 
of most RSF (alongside the large crystals initiated earlier 
in the nephron, described above) and even in the urines of 
some normal subjects [10].

The predictions of the model are supported by the find-
ings from a study carried out about 45  years ago by the 
Leeds group, in which six idiopathic calcium RSF and six 
normal control subjects (NC) were fed a fixed basal diet 
for 4 days. On the second day of the study, urine samples 
were collected into warm vacuum flasks at 0900  hours 
(just before breakfast) and then at 3-hourly intervals over 
the next 12 h and finally at 0900 hours the following morn-
ing. The size profiles of CaOx crystals contained in the 
urine samples (maintained at 37 °C) were measured within 
10  min of voiding using a Coulter Counter. The size and 
appearance of the crystals and aggregates of CaOx were 
also checked by light microscope immediately after void-
ing. On the fourth day of the study, a small oral dose of 
sodium oxalate (2.6  mmol–equivalent to the amount con-
tained in about 30 g of dry spinach or 40 g of boiled spin-
ach) was administered to the RSF and NC immediately 
before breakfast at 0900 hours and fresh, warm urine sam-
ples collected according to the protocol on the basal day. 

Table 3   The effect of increasing the initial plasma oxalate concentration on the transit times of crystals of CaOx of various sizes from the start 
of the ALH to the Ducts of Bellini in an average UK RSF urine

Plasma oxalate 
(μmol/l)

Minimum initial crystal  
diameter (μm)

Transit time till crystal 
stoppage or fall-back

Particle diameter at point of  
stoppage or fall-back (μm)

Position in nephron at point 
of stoppage or fall-back

(s) (min)

1.65 8.2 1,506 25.6 34 0.5 of distance along CD

1.75 7.4 1,310 22.0 38 0.7 of distance along CD

1.80 7.0 1,210 20.4 39 0.7 of distance along CD

2.00 5.0 903 16.5 40 0.6 of distance along CD

2.20 2.6 874 15.2 37 0.6 of distance along CD

2.40 1.0 858 27.2 48 0.5 of distance along CD
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Again, the size profiles of CaOx crystals in the urine sam-
ples were measured within 10 min of voiding using a Coul-
ter Counter and the size and appearance of the crystals and 
aggregates of CaOx checked by light microscope.

Figure 12a shows the mean size distributions of CaOx 
crystals and aggregates in the fresh, warm urine from the 
NC and the RSF at 1200 hours on the second day of the 
basal diet and Fig.  12b shows the corresponding data on 
Day 4 of the study, 3 h after the sodium oxalate bolus was 
given. On the basal diet, both groups showed a peak of 
small CaOx crystals (mean diameter ~6 μm) in the urine 
samples taken at 1200 hours although the peak in the RSF 
was much higher than that in the NC. However, the RSF 
had an additional peak of much larger CaOx crystals and 
aggregates (mean diameter ~25 μm, but some as large as 
50 μm, which was the upper limit of measurement of the 
Coulter Counter system used at that time). After the oxa-
late load, the NC showed an increase in the peak of small 
crystals of CaOx but still had no large crystals or aggre-
gates in their urines at that point or during the remainder 
of the day (the data are not shown here). The RSF, on the 
other hand, showed a marked increase in the peak of large 
crystals and aggregates and three out of the six had attacks 
of renal colic within a few hours following the oxalate 
load. Urinary oxalate excretion increased within the first 
3 h in both groups but slightly more so in the RSF than in 
the NC. Furthermore, the NC had a slight diuresis, which 
helped to moderate the increase in oxalate concentration 
in their urine (0.22 to 0.28 mmol/l) caused by the inges-
tion of the sodium oxalate. The RSF, on the other hand, 

had little or no diuresis and their urinary oxalate concen-
trations increased from 0.30 to 0.52  mmol/l. From these 
data, it was calculated that in the first 3  h after the oxa-
late load, the RSF absorbed 5–10 % more of the ingested 
oxalate than did the NC. The almost immediate increase in 
urinary oxalate after the oxalate load supports the obser-
vation that oxalate may be rapidly absorbed in the stom-
ach [32, 33] and that for some as yet unknown reason, the 
RSF absorbed more oxalate than the NC in this section 
of the intestinal tract. Interestingly, there was a second 
peak in oxalate excretion in both NC and RSF at around 
1800  hours (data not shown) which is assumed to derive 
from a second phase in the absorption of oxalate tak-
ing place in the large bowel [34, 35]. The peak in oxalate 
concentration at 1800 hours was once again higher in the 
RSF than in the NC. The relative patterns of crystalluria in 
the NC and RSF were broadly similar to those shown in 
Fig. 12b.

Based on the patterns of RSS CaOx in Fig. 2, one expla-
nation of these data is that, on the basal diet, the tubular 
oxalate concentrations at the end of the DLH were likely 
to be too low in the NC (based on their final urinary oxa-
late concentrations) to cause any CaOx crystals to nucleate 
spontaneously at that point. Any crystals that might form in 
NC tubular fluid would only do so towards the end of the 
CD, if either the RSS CaOx or the RSS OCP in the tubular 
fluid reached the critical level for spontaneous nucleation 
of CaOx or CaP or both. However, any crystals so-formed 
would be small, such as shown in Fig.  12a, and would 
be easily excreted from the Ducts of Bellini. Even after 

Fig. 12   The average volume of 
CaOx crystals and aggregates 
plotted against particle size in 
the fresh warm urines collected 
at 1200 hours from a group 
of 6 normal control subjects 
(NC) and a group of 6 recurrent 
calcium stone-formers (RSF) 
on a day when they were on a 
basal diet (a) and at 1200 hours 
on a subsequent day after they 
had been given an oral dose of 
sodium oxalate at 0900 hours 
prior to breakfast
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the oxalate load, the RSS CaOx levels in the NC would 
still be unlikely to reach the FP of CaOx and would only 
become high enough to nucleate spontaneously in the CD. 
Based on the above reasoning, this would only lead to an 
increased number of small crystals in the urines of the NC, 
as observed in Fig.  12b. In the RSF, however, because of 
their higher absorption of oxalate and subsequently higher 
urinary oxalate concentrations, CaOx nucleation would 
be likely to be increased both at the end of the DLH and 
in the CD. Those crystals initiated at the end of the DLH 
could be potentially delayed by the hydrodynamic pro-
cesses described above and under the conditions of the 
increased throughput of oxalate give rise to the formation 
of many more large individual crystals and aggregates, 
such as observed in the RSF urines after the oxalate load. 
The much higher RSS CaOx values in the CD of the RSF 
compared with those in the CD of the NC would result in 
a higher crystal growth rate of any small crystals formed 
there and would lead to fewer small crystals actually being 
excreted compared with the numbers formed on the basal 
diet as shown in Fig. 12a, b. This can actually be shown to 
occur in the model but there is not space in this paper to 
show the data.

There is one final point to be made about the relative 
amounts of CaOx crystalluria likely to be observed in 
the urines of the average UK N, UK RSF and KSA RSF. 
Firstly, it is important to emphasise that RSS CaOx is 
only partly responsible for the amount of CaOx crystal-
luria that is likely in each of these groups. A second and 
equally significant factor is the oxalate/calcium ratio of 
the tubular fluid or urine in which the crystals form, for it 
is possible to have the same RSS CaOx over a wide range 
of oxalate/calcium ratios. The oxalate/calcium ratios in 
the final urines of the UK N, UK RSF and KSA RSF in 
Table 2 are 0.060, 0.061 and 0.161, respectively. At these 
ratios where oxalate is present at about 1/15 of that of cal-
cium, as in the urines from the UK N and UK RSF, and 
at about 1/6 of that of calcium, as in the urines in KSA, 
it is the lower concentration of the two ions (i.e., oxa-
late) which controls the amount of crystalluria that can be 
expected. In a one-to-one crystallisation situation, such as 
is the case with CaOx, no matter how much more addi-
tional calcium is excreted in urine, the amount of CaOx 
crystalluria that can be produced is limited by the much 
lower amount of oxalate present in the urine. Figure  13 
shows that for any given RSS CaOx, the amount of crys-
talluria increases as the oxalate/calcium ratio increases 
reaching a maximum at an oxalate/calcium ratio of 1; 
thereafter, it decreases as the concentration of calcium, 
which is now less than that of oxalate, takes over as the 
factor controlling the volume of crystals that can be pro-
duced. This latter situation rarely arises in humans except 

in a few cases of primary hyperoxaluria with chronic 
renal failure where the concentration of oxalate in urine 
can occasionally exceed that of calcium. In cat urine, on 
the other hand, where the oxalate/calcium ratio is nor-
mally around 1 [45], small increases in the concentration 
of either ion can equally affect the amount of CaOx crys-
talluria and so the excretions of both ions are important in 
this species.

Figure 13 shows the maximum volume of CaOx crys-
tals that can be precipitated at two levels of RSS CaOx 
(11 and 17) in relation to a range of oxalate/calcium ratios 
in the urine. An RSS CaOx of 11 corresponds roughly 
to that in the urine of a UK N and an RSS CaOx of 17 
roughly corresponds to those in the urines of a UK RSF 
and a KSA RSF, respectively (see the data at the end of 
the respective CDs in Fig.  2). Figure  13 predicts that, 
although the UK N and UK RSF have almost the same 
oxalate/calcium ratios, a UK RSF will have about twice 
the amount of crystalluria found in the urine of a UK N 
because of the higher RSS CaOx values in his urine. On 
the other hand, the KSA RSF, who has the same RSS 
CaOx as the UK RSF, will have roughly 50 % more crys-
talluria than the latter because of his much high oxalate/
calcium ratio and he will have about three times more 
crystalluria than the UK N from a combination of his 
higher RSS CaOx and higher oxalate/calcium ratio in his 
urine. In summary, CaOx crystalluria would be predicted 
to be in the order of UK N  <  UK RSF  <  KSA RSF—
which is actually found to be the case [10, 28, 29]. This 
accounts for the much higher incidence of stone-forma-
tion in Saudi Arabia compared with that in the UK [29].
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Conclusions

This latest model of kidney function (NEPHROSIM) shows 
that under certain conditions de novo nucleation of both 
CaOx and CaP can take place at the end of the DLH, espe-
cially in patients with a history of recurrent calcium stone-
formation. The model takes into account the fact that (a) 
crystals of either CaOx or CaP nucleated at the end of the 
DLH may move at different speeds in relation to the fluid 
flow rate at the central axis of the tubule, (b) crystals of 
CaOx (or CaP) moving close to the tubule walls move more 
slowly than crystals at the tubule axis, (c) CaOx crystal tran-
sit may be delayed for anything up to at least 25 min and 
the crystals may continue to grow if the RSS CaOx is high 
enough, and (d) CaOx crystals may stop moving or even fall 
back in upward-draining sections of tubule, especially the 
CD. Under average “normal” conditions of urine composi-
tion in UK RSF and KSA RSF, spontaneous precipitation of 
CaOx at the end of the DLH is unlikely to occur. Otherwise, 
the RSF would be forming stones all the time! The model 
predicts that (a) for small, transient increases in plasma oxa-
late concentration, crystallisation only takes place in the CD 
and leads to the formation of small crystals in the urine but 
(b) for larger increases in the filtered load of oxalate, sponta-
neous and/or heterogeneous nucleation of CaOx may occur 
at both the end of the DLH and in the CD. This scenario will 
lead to large crystals of CaOx in the final urine arising from 
nucleation occurring in the DLH, as described above, and to 
small crystals of CaOx from nucleation taking place in the 
CD. As a result of the higher calcium and oxalate concentra-
tions in the urine of RSF, they have an increased probabil-
ity of initiating crystallisation in the DLH and so of going 
on to form the large crystals and aggregates of CaOx (and 
CaP [10, 28]) found in their fresh urines but not in the fresh 
urines from NC [10].

The model also shows that the tubular fluid of RSF is 
more likely than that of NC to reach the conditions neces-
sary for de novo nucleation of CaP at the end of the DLH. 
This may occur following either a small increase in ultra-
filtrable phosphate following ingestion of a high phosphate 
meal or a small decrease in the proximal tubular reabsorp-
tion of phosphate such as would result from an increase 
in parathyroid activity. CaP crystals initiated at this point 
may heterogeneously nucleate the crystallisation of CaOx 
under the high metastable conditions of RSS CaOx which 
frequently exist in the urines of RSF, particularly if they 
also have a simultaneous increased filtered load of oxa-
late. Under certain conditions, it would be predicted that 
CaP crystals, initiated at the end of the DLH and travelling 
close to the tubular walls where their transit time may be 
increased, might also be able to grow and agglomerate suf-
ficiently to become trapped at some point in the CD and 
thereby lead to the formation of Randall’s Plugs in the 

Ducts of Bellini as proposed by Tiselius [46]. Currently, 
work is under way to incorporate the nucleation and growth 
of crystals of CaP into the NEPHROSIM model to test this 
phenomenon.
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