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ABSTRACT

The MSMPR (mixed-suspension mixed-product removal) crystallizer 
technigtie has. been employed in the study of calcium-oxalate dihydrate 
formation in synthetic urine solutions. The purpose of this was to 
gain further insight into the mechanisms involved in the idiopathic for

mation of calcium oxalate urinary stones,
2+  2- The ratio of Ca ions to ions were varied to determine

at which ratio the dihydrate habit was preferentially formed over mono-
hydrate. The effects of adding 1, 5, and 10 vol% normal human urine to

synthetic urine were studied. Also, a comparison study between normal
'

and stone-forming urine additions was made. Finally, minute additions 
of uromucoid, heparin, polyglutamic acid and polylysine were made to 

explore each one’s affect on hucleation, growth and mass production.
It was found that a 6 to 1 ratio of calcium to oxalate produced 

weddelite while smaller ratios produced predominantly whewhelite. 

Increasing human urine additions decreased particle growth and fouling 
and enhanced nucleation, Uromucoid, heparin and polyglutamic acid 
additions had similar effects while polylysine had no effect. Stone- 
forming urines had relative higher nucleation rates and lower growth 

rates than normal urines.



INTRODUCTION

The mechanism by which calcitm oxalate crystallization within 
the urinary tract is controlled is still shrouded in mystery. Super- 
saturation of the calcium salt is a definite prerequisite to stone for
mation and is a normal occurrence at some times in all urines« There
fore, a protective mechanism must exist by which normal urines pass the 

calcium oxalate without difficulty. Crawford, Crematy and Alexander 

(1968) divided the theories on this mechanism into three groups. The 
first of these involved removal of the calcium ion by complexing with 
urinary citrate. The second suggested the formation of protective col

loids around the calcium oxalate crystalloids to keep them in suspension 
until they passed through the system. The third mechanism involved the 
adsorption of certain urinary polymers on the micro crystals and crystal 

embryos to reduce both nucleation and growth of the particles. They 
completed experimental work which indicated that the third mechanism was 

the only plausible one of the three. This observation was based on a 
marked increase in the induction period and reduction of particle growth 
when extremely low concentrations of certain polyelectrolytes were 
added to a reference solution.

There would be little interest in these mechanisms if not for 
the disturbing fact that every on.ce in a while, this mysterious protec
tive mechanism fails. When it does, a urinary stone can form. There

fore, most modem theories as to the causation of urinary calculi require

1



the existence in normal persons of urinary inhibitors which oppose the 
formation of stones.

Many inorganic inhibitors of urinary stone formation have been 
found. Possibly the strongest of these is pyrophosphate (Fleisch and 

Bisaz 1962; Draeh, Randolph and Miller 1978). However inorganics only 
accoutit for a fraction of the inhibitory affects found in urine (Fleisch 
and Bisaz 1962, Robertson et al. 1978) and often are not. appreciably and 
conslstantly different between normals and stone-rformers (Crassweller et 

al. 1978, Oreopoulos et al. 1975). Because of this, much work has been 
done to elucidate the effects of organics within the urine on the stone- 
forming kinetics. These organics consist of enzymes, proteins of all 
types, mucopolysaccharides and other unidentified substances (Drach 
1978, p. 777). '

Mucopolysaccharides are a group of related heteropolysaccharides 
usually containing two types of alternating monosaccharide units of which, 

in the acid mucopolysaccharides, one is either a carboxyl or sulfuric 

group. When they occur as complexes with specific proteins, they are 
called mucins or mucoproteins. Mucoproteins, are jelly like, sticky, 
or slippery substances that may provide lubrication Or act as flexible 
intercellular cement (Lehninger 1975, p. 272).

A fairly complete table of work done oh classifying the type of 
organic compounds contained in urinary mucoproteins, which effect cal
cium oxalate precipitation, has been presented by Gardner and Doremus 
(1978). Also work done by Ito and Coe (1977) confirmed that anionic, 
strongly acidic peptides and to a smaller extent, polyribonucleotides 

of high molecular weights contributed strongly to the nondialyzable 
crystal growth inhibitory activity.
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However, work done by others (Boyce 1968, 1969, 1970; Foye et 

al. 1976; and Lian et al. 1977) demonstrated that perhaps mucopolysac
charides and other organic constituents actually played a role in pro
moting stone formation. The average human urinary calcium stone, 

regardless of crystal composition, contains approximately 2.5% matrix by 
weight. It was calculated by Leal and Finlayson (1977) that in order 
for all matrix found in urinary calculi to have been adsorbed after the 
crystal formed, the stone would have to be divided into matrix-free

spheres of less than 1,04 pm in radius. On a surface area basis, this 
2would be 13.6 pm . However, they estimated that the actual crystallites

were larger than 2.5 pm in radius or had a surface area greater than
278.5pm . This indicates that only about 17% of the matrix present in 

the average kidney stone can be accounted for by physical adsorption on 
the-crystallite surface. This leaves the remaining 84% of the matrix 
origin and function in the stone unknown.

Boyce and Garvey (1956) have proposed that matrix might actually 
facilitate or initiate stone formation. Hamar, Chow and Udall (1973) 
suggested that matrix may even act as an epitactic substance for hetero

geneous nucleation of urinary calculi. However, no direct proof has 
been found.

The most successful theories to date have been those that explain 
calcium stone disease as some combination of promoting and inhibiting 

factors present in urine. Robertson et al. (1978) have analyzed many 

different components of urine. They were then able to correlate pro
pensity to form Stones with increases in calcium, oxalate and uric acid 

excretions and decreases in pH and amounts of acid mucopolysaccharides 
present.
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This study makes further use of the mixed suspension mixed- 

product removal (MSMPE.) analytic system to evaluate the effects of addi
tion of normal and stone-former human urine to a previously described 
synthetic urine (Hiller 1976). This technique should also be used in 
the study of minute quantities of synthetic and naturally occurring 
polymers in synthetic urine to elucidate their effects and correlate 
these findings with those of other researchers.

The MSMPE analytic system is well described elsewhere, (Larson 
and Randolph 1969, Randolph and Larson 1971, and Miller 1976) and will 

not be developed here. It suffices to say, that with the crystalliza
tion techniques applied here, accurate and quantitative values can be 
obtained for both the nucleation and subsequent growth of particles. 

Previous studies of calcium oxalate dihydrate crystallization in synthet
ic urine using the MSMPR analytic system demonstrated its effectiveness 

(Miller, Randolph and Drach 1977; and Drach, Randolph and Miller 1978)„
It is the purpose of. this study to add to the existing data on 

calcium oxalate stone formation and to provide improvements to the 
crystallization scheme previously set up by Miller (1976). The addition 

of human urines, both normal and stone-forming, and other organic macro- 

molecules are conducted to elucidate relative changes in nucleation, 
growth and mass production within the artificial urine system.



THE PARTICLE DATA INC. PARTICLE ANALYSIS SYSTEM

Designed to be an improvement on the Coulter Counter, the PDI 
EleGtroZone/Celloscope is also based on the "electrolytic sensing zone" 
principle (Berg 1965) :. Electrodes on" the, inside, and: outside of an 

orifice tube measure a change in resistance caused by a particle in an 
electrolytic solution passing through a small diameter orifice. As the 
particle passes through, a voltage spike proportional to the particle 
volume occurs. This spike registers a count and is stored according to 
its size in one of 128 channels. As crystals pass through the orifice 

(in a fixed. 2 ml volume of solution) a count distribution forms within 
the instrument which, when calibrated with known monosized particles,. 

can be output as a number-size distribution.
Specific set-up, maintenance, and calibration information for 

the use of the PDI ElectroZone/Celloscope can be found in the Electro- 
Zone/ Cello scope Instruction Manual (Berg 1977). Although the Cello- 

scope is perfectly suitable as a stand-alone device, in this work it was 
attached peripherally to a PDP8/A 16K Microprocessor. This allowed 

automatic reduction of the Crystal Size Distribution (CSD) data into the 

pertinent crystallization kinetic parameters. Input/output to the 
microprocessor was accomplished by use of a Digital Decwriter II key
board terminal. Also an LBO-511 Oscilloscope was hooked up to the 

minicomputer for visual observation of the CSD throughout the various 
processing steps. Such observation is necessary for calibration and 
leasf-squares analysis of the data.



A 150 micron diameter orifice tube was used in this study 

with a log span of 10 and current and gain settings of 2 and 2̂ /g, 
respectively, Ragweed pollen of 19 to 20 microns in diameter was 
used to calibrate the instrument following normal calibration tech
niques suggested by the manufacturer. This gave a lower particle 

threshold of 5.36 microns and an upper threshold of 57.39 microns.
Before analyzing a sample, the following constants had to 

be correctly stored in the PDF8/A Random Access Memory (RAM):

a. The retention time entered as TAi followed by the desired value 
in minutes,

b. The crystal density entered as RH-t- followed by the desired value 
in gms/ml,

c. The number correction entered as MUi followed by the desired 

value, (dimensionless).

The + represents the ESC(SEL) key. When a 4 is executed, a two 

letter command or numerical constant is input to the computer and 
processed.

All analyses traced a recurrent procedure. First, the 
operational lever on the Celloscope was moved to the VACUUM position. 
The instrument was manually normalized and the instruction AN* for 
analyze issued on the Decwriter. The analyse command cleared the 

Celloscope and. oscilloscope data channels and display in preparation 

for a sample count. The operation lever was then switched to the 

COUNT position and a 2 ml sample drawn through the orifice.

Once counted, the instruction FU4- 1 for Full Save The Data 
In Data Range 1 was typed at the terminal. This activated a transfer
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of the Celloscope count distribution into the PDP8/A memory area 1* 
While 5 ranges were available9 only the first was used. . The data was 
also converted into an equivalent particle size distribution by pre

viously set calibration points * This transf er then normalized the 
data to a fixed internal size scale»

Next, RC+ was typed to recount the data. After pushing the 

READ button on the Celloscope9 the total number count was transferred 
into the PDP8/A and corrected by the previously set number correction. 
For instance, since all calculations were based on 1 ml of sample but 
the instrument drew in 2 mis, the total count had to be halved before 

storing, in the PDPS/A* If WD4 0,54 was previously entered, an RC 
command would automatically halve the particle count „

Next, NI4 was typed. This transferred the corrected total 

particle count into the normalized CSD to correct it to the desired 

basis o
A TR4 command transferred the data into a semi-log basis up 

to any desired particle size. If a transfer was desired up to 20 

microns, the command sequence TR4 204 was used. A truly exponential 

CSD indicative of perfect mixing and size-independent growth would 
result in a linear distribution upon issuing a TR4 command.

The mark command, (MA4) was utilized to pick lower and upper 
particle sizes for a least squares analysis. Once chosen, LE4 was 
typed. The computer would return with ’FROM7, which the user 

responded with the lower particle size followed by an 4, and ?T0? 
which the user responded with the upper particle size and a 4. A 

linear least-squares curve fit to the data was then made.



For an MSMPR crystallizer at steady-state the population 
density of particles, n(L), expressed as particle number per size per 
sample volume, is defined as,

n(L) = (B°/G) exp (-L/Gt) (1)
B° is the nucleation rate expressed as particle number at size zero 

per time per sample volumec G is the growth rate expressed as microns 
per time and is tied to the mass density by the following growth con

straining mass balance

t is the liquid retention time defined as the crystallizer volume 
divided by the total liquid flowrate through the crystallizer» 

and p are the volume shape factor and the crystal density respectively» 
When a semi-log plot is made of the steady-state population 

density with respect to particle size, the growth rate and the nuclea

tion rate can be determined from the slope and intercept of the re

sulting straight-line plot* This is done by applying Equation 1.
The mass density is then obtained by solving Equation 2 for

If a plot of the data was desired, the command PL4 was issued 
and a %  by 11 inch semi-log plot was produced over the transferred 
size range* The least squares curve fit was super-imposed on the 
data for a permanent record of the run results* An example of 
typical command input and computer output can be found in Figure 1*

All user input is underlined to differentiate it from the output*
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Figure

5.00+
4.90- 
4.30 - 
4. 70- 
4 .60—
4.50-
4.40- 
4, 30-
4.20-
4.10- 
4.00+
3.90- 
3 * 80-
3.70-
3.60—
3.50-
3.40-
3.30-
3 .20-
3.10- 
3.00+
2.90- 
2,80-
2.70-
2.60-
2.50-
2.40-
2.30-
2 .20-
2 .1 0-

*.
**

ANALYZE QJLL SAVE 1
*5£0UNT=35586?CORRECTED* 17792.990 %NT4TRANSFER POP. DENSITY UP TO L=15 
*LEAST SQRS
OVER L=5♦62 TO L=14.77
POP. AVERAGE SIZE* 2,40,MICRONS
G= .34245,MICRONS/MIN.
TAU=7.00,MIN.
BO* 22949,NO./CC-MIN.
MT= .01550,GRAMS/LITER
RHO= 2.240,GRAMS/CC
R=- .99904 
SEP=+/- .0506704
N(0)=4.8243
♦PLOT

*.
**

**

**. *

**

**

*.**.
**

00+-
1 .87 3.71 5.62 7.50 9.37 11.25 13.13 15.00

1. Typical Command Input and Computer Output for the Analysis 
of a Crystal Size Distribution



THE MSMPR CRYSTALLIZER WITH OFF-LINE SAMPLING

Apparatus and Procedure 
The open loop MSMPR crystallizer system used initially was 

that designed by John Miller for experimental work done for his Ph.D,
A complete description of the equipment shown in Figure 2 can be 
found in his dissertation (Miller 1976)»

Two one-liter feed solutions of synthetic urine 9 one contain
ing an amount of calcium ions and the other containing an amount of 
oxalate ions were pumped with a Polystaltic pump into a sealed, 100 ml 
glass crystallizer containing baffles, draft tube and Impeller„ The 
crystallizer was stirred with a Polyscience Corp, Model RZR10 hi- 
torque lab stirrer connected to a glass impeller designed for the crys
tallizer e Level in the crystallizer was maintained by an electronic 

switching circuit connected to a solenoid valve which activated and 
de-activated a 5 psi air supply to the crystallizer* When activated, 
the air supply forced mixed slurry through an immersed discharge tube 
out of the crystallizer into a waste beaker * The retention time of 
the crystallizer was determined by measuring the product f low rate 
and crystallizer volume as described by Miller (1976) ,

After 9 retention times, the steady-state product discharge , 
was filtered through a pre-weighed 3 /m Millipore filter e The crys
tals collected on the filter were dried and weighed and the superna

tant volume recorded * All experiments were carried out at 37°C in 
ah environmental room located in the Department of Surgery at the 

University of Arizona Health Sciences Center*

10
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OXALATE FEEDCALCIUM FEED

SURGE
BULB

CRYSTALLIZER

COLLECTION BEAKER

Figure 2. The MSMPR Crystallizer with Off-Line Sampling 

After Miller (1976)
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The artificial urine used in all experiments was identical to 

that used by Hiller (1976) with the exception of the amounts of cal
cium chloride and sodium oxalate added. Recipes used in the following 
experiments can be found in Appendix A.

After drying and weighing, the crystals were resuspended in 
a 2% weight/volume LiGl/methanol solution. Resuspension was accom
plished by placing the entire filter with crystals into 180 mis of the 
LiCl/methanol solution and placing the solution container into an 
ultrasonic bath for 5 minutes. This procedure insured removal of all 

crystals from the filter and the breakdown of particle agglomerates.
The filter was then removed from the solution and the sample counted 
and analyzed on the PDI Particle Analyzing system. A dilution factor 

for the sample was determined by the following equation:

■n ■£> - 180 mis resuspending solution
supernatant vol. (mis) x 2

The 2 in the denominator was added to correct the two ml sample
analyzed by the PDI ElectroZone/Celloscope to one ml for calculational

purposes. This number was then entered as described previously by
typing MJ4- (D.F. value)4 into the computer before analyzing. The
retention time was also typed into the computer at this time.

Calcium/Oxalate Feed Concentration Ratio Study

One of the advantages of Miller's system was its ability to 
consistently produce the dihydrate form of>calcium oxalate. It was 

noted that his feed concentrations of calcium and oxalate were 2.00 gms 
per liter and 0.40 gms per liter respectively. On a molar basis, this 

resulted in a calcium to oxalate concentration ratio of 6 to 1. It
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was indicated in a report given at the April 1977 meeting of the American 
Urological Association (Drach 1977) that when the ratio of urinary cal
cium to oxalate was in the range of 2 to 1, the crystal formed was wed- 
delite (calcium oxalate dihydrate). When the ratio approximated 1 to 1, 
the monohydrate form, whewhelite, was produced. Since this had never 
been presented previously, it was decided to confirm this report.

An experiment was designed to explore the effect of calcium to 

oxalate concentrations on this system over various retention times. 
Fifteen runs were performed in duplicate, all at a concentration of 1.99 

gms of CaClg'ZHgO per liter of calcium feed. The oxalate concentration 
was varied to create a 1 to 1, 2 to 1, 3 to 1, 4 to 1, and 5 to 1 calcium 

to oxalate feed ratio for 5, 10, and 20 minute retention times. Thirty 
runs were then performed as described earlier and three were discarded 
due to experimental difficulties. Crystal structures were determined 
using a polarizing microscope. The results are tabularized in 
Appendix B.

The first thing that was evident from these experiments was that 

all of them produced predominantly calcium oxalate monohydrate. A 
single run was made at a 6 to 1 ratio and an oxalate concentration of 

1.3 mM which reconfirmed that the dihydrate crystal was formed at this 
feed ratio.

A plot was made of the population average size of the particles 
versus the calcium to oxalate feed ratio to elucidate the effects on the 

particle growth rate created by changing this ratio. Since the popula
tion average size,. (L̂  q), is defined as the growth rate multiplied by 

the retention time, a plot of E, n normalizes the growth rate over small
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fluctuations in the retention time. This plot for the 5 and 20 minute 
retention time runs is shown in Figure 3.

At a 20 minute retention time, the population average size was 

constant for varying Ca/Ox ratios. However, the 5 minute retention 
time' runs produced smaller crystals at the higher Ca/Ox ratios As the 
oxalate concentration was limiting and was reduced for larger Ca/Ox 
ratios, the driving force for crystallization was therefore reduced.
Since growth rate and q are directly proportional to the supersatura- 

tion driving force, the decrease in size with Ca/Ox (at t = 5 min) is as 
expected.

A log-log plot of population average size versus oxalate feed
supersaturation, (C - C ) is presented in Figure 4. Both fiveox,xn sat
minute and twenty minute retention time data from John Miller’s work 

(Miller 1976) were included to show their consistency with this work.

As seen in Figure 4, at a 5 minute retention time with an inlet
supersaturation of oxalate below 1.0 mM, L1 n increased with increasing-L 9 U

inlet supersaturation. Over the range of concentrations studied, all 

20 minute retention time runs yielded growth rates that were inlet 
supersaturation independent.

Figure 5 plots the mass density versus the inlet supersaturation 

(theoretical maximum mass density). A high yield system would result 
in a diagonal line starting at the origin. All data points from this 
study fell far from this diagonal, well into the low yield, lower right- 

hand quadrant. i

The most consistent explanation for the varied results is that 
the largest percentage of the supersaturation relief in the crystallizer
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at high inlet concentrations and/or long retention times was in the form 
of fouling on the erystallizer walls. Thus, fouling reduced the appar
ent yield in the system. It was visibly evident in the erystallizer, 
but attempts to correct for it as Miller did were not successful.
Longer retention times produced more fouling relative to crystal mass 
in suspension. This was probably due to the longer overall run time 
allowing a larger percentage of the feed to deposite on the walls. Be
cause of the fouling problem no conclusions could be drawn as to whether 
the system was high or low yield.

Urine Addition Study 
A second series of experiments run on the Miller erystallizer 

were designed to elucidate the effect of adding human urine to the syn
thetic urine. Work by Rose (1975) stated that even a 5% addition of 
human urine added to his synthetic urine changed the characteristics 
of the system. On this basis, human urine dilutions of 1%, 5% and 10% 
by volume were chosen for initial experimentation.

'‘ The synthetic urine used in these experiments can be found in 

Appendix A, It was identical to the synthetic urine used in the 2 to 
1 calcium to oxalate feed concentration ratio experiments run previously. 
Six runs Were made using a 4 and 8 minute retention time at each urine 
dilution. Urine was added to each synthetic urine feed after they 

were thoroughly mixed and heated to 37°C. A volume of each synthetic 
urine feed was removed and replaced by human urine so that the total 
volume of each feed solution remained at 1 liter. First morning void 
urines were collected from the same normal subject for all six runs to 
decrease the amount of variation.
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Results for these six runs are given in Table 1. The second 5% 

urine run had a questionably low nucleation rate and mass density in 
comparison to the trend demonstrated by the other five runs, and was not 
included in making the following observations.

Two trends are obvious from the data: the nucleation rate and
suspension density both increase with increasing urine addition. Fig
ure 6, a, graph of the steady-state nucleation rate versus percent urine 

addition, demonstrates that the nucleation rate increases linearly on a 
semi-log basis with urine added. This indicates an exponential 

increase in the nucleation rate at and above 1% addition of urine. The 
initial increase was much greater.

Figure 7, a graph of the steady-state mass density versus per

cent urine addition, demonstrates a near linear increase in with 
urine addition. Also, an increase in retention time increased the mass 

density at each percent urine added. This is the typical response of 
a Class X, supersaturation dependent crystallizer»

It should be noted that growth rate increased only slightly with 
urine addition. Therefore, the increased yield could not be accounted 
for by urine directly affecting the growth rate. This left three other

possible mechanisms by which the total crystal mass product was increased 
by the urine. The urine may have decreased the solution solubility of 
calcium oxalate causing an increase in supersaturation. The urine may 

have acted to decrease the amount of fouling on the crystallizer walls. . 

Or the urine may have directly affected and increased the nucleation 
rate, thus creating more crystal surface and hence a higher yield.



Table 1. Urine Addition Study Results

% Urine 
Added

T
(min)

Li»o
(ym)

G
(ym/min)

B°
(no. / cc-miti)

IcglO =°
(mg/liter)

0 6-58 5.03 0.765 2,345 3.37 13.83

1 4.91 3.93 0.801 28,962 4.46 60.96

5 4-59 4.30 0.938 35,856 4.55 92.39

10 3.93 3.62 0.922 87,000 4.94 114.43

0 9.65 4.16 0.431 3,725 3.57 18.24

1 7.47 4.19 0.560 19,236 4,28 74.15

5 9.13 4.19 0.459 7,316 3.86 34.68

10 8.05 3.31 0.412 69,238 4.84 142.59
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Figure 6. The Nucleation Rate of CaC20^*H20 at 0,1,5, and 10% Add! 
tions of Human Urine
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tions of Human Urine
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The decrease in calcium oxalate dihydrate solubility by the 

human urine was discarded as a major effect on the mass density for 
the following reasons. First, the previous experiments with calcium/ 
oxalate feed ratios demonstrated that the inlet supersaturation had 
little effect on the growth rate or mass density at the concentration 
of oxalate and the retention time used. Second, a counteracting 

effect to any possible decrease in solubility was taking place as 
more urine was added. By noting that normal human urine averages 

0.4 mM of urinary oxalate, the inlet oxalate concentration was decreased 

by adding urine, For instance, pure synthetic urine had an oxalate 
concentrat ion of 3,38 mM, Ten percent addition of human urine de
creased this concentration by 0,3 mM,

C 4 = 0,9(3,38 mM) '+ 0.1(0,4 mM) = 3.08 mM (4) ~ox, in
This would negate a 43.8 mg CaC^O^’H^O/liter drop in solubility in a 

10% human urine addition system.
It is possible that urine acted to retard fouling on the crys- 

tallizer walls. Since, as previously stated, fouling was a major 
problem, any decrease in it would increase the calcium oxalate avail
able for precipitation in the solution. This could completely explain 
the increase in suspension density but should have increased the growth 
rate also, Therefore, the urine must have acted to some extent on the 
nucleation rate to obtain the extra mass density.

Two things can be assessed by this experiment. First, addi

tion of normal human urine to the synthetic urine system increased 
the amount of particulate mass product. Second, this increase in the 
mass density was caused primarily by the human urine Vs effect on
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fouling retardation and/or nucleation enhancing. This effect was 
significant even at the 1% addition level.

Promucoid Addition Study 
Since the major difference between synthetic urine and human 

urine was the uromucoid found in the human urine, a run was made 
adding only uromucoid (MW > 40,000) to synthetic urine to determine 

what effect the uromucoid had on modifying the crystallization kinet
ics. This was done by adding 2 mg of uromucoid to one liter of cal

cium feed solution. After the calcium and oxalate feed solutions 

mixed within the crystallizer, the uromucoid was present at a concen
tration of 1 ppm. A calcium to oxalate feed ratio of 4.5 and an 

oxalate concentration of 1.493 mM were used. A pure synthetic urine 

run at the same conditions was made for comparison. The results are 
given in Table 2.

This preliminary experiment demonstrated a major effect on the 
crystallization kinetics at the 1 ppm level of uromucoid. The growth 
rate was suppressed and the nucleation rate was markedly enhanced by 
the uromucoid. Although this was only one experimental run, the 
results tend to indicate that uromucoid in human urine was a major 

influence for creating the trends seen in the previous urine addition 
experiments.

Discussion of Results 

There were many problems associated with the use of Miller’s 
crystallizer, both from the aspect of experimentation and extension 

of the apparatus to clinical use. First, there was always a problem



Table 2. Uromucoid Addition Results

T
(min)

L10
(ym)

G
(pm/min)

B°
(no/cc-min)

m t
(mg/liter)

Synthetic Urine 6.00 3.96 0.660 7400 17.35

1 mg/liter Uromucoid 5.70 2.80 0.491 20,934 18.37
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in obtaining consistent, reproducible results. The two major experi

mental causes of this were attributed to filtering and resuspending 
the CSD for analysis and guessing at when the system was at steady- 
state. A method of sampling the CSD directly and during current oper
ation of the system would be required if the system was to have any 

practical clinical use. - -
Second, while the apparatus itself was small and required very 

little synthetic urine to run, and while the procedure was simple and 
straightforward; clinical exploitation of the technique might be 
prohibited by the need for an environmental room in which to run the 

apparatus• Here again, was need for improvement.
However, as the experiments run on the crystallizer indicated, 

the major problem was not associated with the apparatus, technique, 
or location. The severity with which calcium oxalate fouled in the 
crystallizer was the major problem. In order to alleviate this prob
lem, two steps were taken. It was decided that all further runs 

should be performed at low inlet concentrations of oxalate and short 
retention times. Also a search was made for a substance to treat the 

crystallizer walls and internals to prevent the adhering of calcium 
oxalate to these surfaces.

It was found that Teflon and various silanes did not work.
Also, while a silane may have been found which did prevent fouling,
their application to the glass was difficult and only temporary.

(B.)The common detergent Calgon was found by Dr. Robertson 
(1978) to retard fouling on the crystallizer walls. By simply mixing 

a solution of Calgon and water in the crystallizer for a short time.
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enough polyphosphates contained within the Calgonfadhered and coated 
the glass surfaces to retard fouling for the duration of a run* • Al
though the treatment was only temporary and had to be repeated for

every run, application was simple, fast, and inexpensive,
' , ' r



THE MSMPR CRY S TALL IZER WITH ON-LINE SAMPLING

The on-line sampling crystallizer was designed to alleviate 

some of the problems associated with the Miller crystallizer <, A move 
was made to connect a sampling tube onto the product stream of the crys

tallizer o This was done so that current kinetic parameters could be 
monitored throughout the crystallizer run and so that product would not 

have to be filtered and resuspended to analyze the CSD„ The crystal
lizer was jacketed so that constant temperature water could be. circu
lated around the crystallizer to maintain the slurry at 37°C<, Thus, 
the need for an environmental room was eliminated«,

Apparatus and Procedure

Equipment
A schematic diagram of the equipment and its flow configuration 

is shown in Figure 8» Synthetic urine entered the crystallizer from 
two separate 1/8 inch ID Tygpn tubes» One line fed the crystallizer 
with synthetic urine and various levels of calcium chloride; the other 
with synthetic urine and various levels of sodium oxalate e Both feeds 
were pumped from the solution flasks into the crystallizer pump* This 
allowed smooth, continuous, and equal flow rates of both solutions into 

the system.

When added, human urine was pumped into the crystallizer with 
an ISCO Model 310 metering pump through 3/32 inch ID and 5/32 inch OD 

Tygoh tubing, A metering pump was used so that small amounts of urine 
could be accurately measured into the system on a continuous basis,

28
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Figure 8. The MSMPR Crystallizer with On-Line Sampling



Each synthetic urine feed stream passed through two pre-heaters 
just prior to entering the crystallizer. This warmed the solutions to 
37°C before they mixed. Heating water for the pre-heaters was supplied 

by the HAAKE Model FS Constant Temperature Circulator in the flow pattern 
shown in Figure 9.

The crystallizer was designed with an interior volume of 400 mis. 
This was based on the use of 4 liters of solution for 10 residence times, 
which Miller’s and our own work indicated was enough time to reach 

steady-state operation. Details of the open-loop crystallizer with 
drafting specifications are included in Appendix C.

The top section contained five openings: three 4 mm OD glass
tube openings in which feed streams entered, one 4 mm OD glass tube 
opening for mixed-product removal, and one 10/30 $ female joint. The 

standard taper joint was meant to have variable utility. In these 

studies, it was consistently used with a 75 mm immersion, -10° to 110°0 
thermometer with a 10/30 $ male joint for slurry temperature measure

ment .

Top and bottom sections jointed to form a 15 mm wide ground 
glass lip flange, that when greased, formed an air-tight seal between 
the two pieces. Two M-size binder clips were placed on the flange . 
opposite each other to clamp the two crystallizer sections together.

The bottom section formed a complete stirring vessel for the 

urine solution with an inside diameter of 70 mm, a height of 115 mm, 

and four 8 mm press-formed baffles on the walls. The walls and bot
tom of the vessel were jacketed for circulation water.
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Figure 9. Circulation Water Flow Pattern for Constant Temperature 
Regulation of the MSMPR Crystallizer and Feed Streams
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Mixing was accomplished by setting the crystallizer on a CMS 

Magnestir induction stirrer and placing a 1 inch stirring bar in the 
vessel. This eliminated the need for the entry of an impeller from 
above and made it possible to make the entire crystallizer air tight. 
There were several advantages derived from doing this. Another open
ing in the top would have seriously taxed the available space and 
required a larger top section. A glass impeller would be prone to 
breakage. Also, an induction stirrer was relatively inexpensive and 
readily accessible in a clinical environment. Most important from a 
reproducibility stand point, by sealing the system an exact crystal
lizer residence time, could be set and maintained throughout a run.
This was true even if accurate feed flow rates were unknown when the 

residence time was set. All liquid level devices previously employed 

were also eliminated. Overall, the move to a sealed crystallizer 
eliminated several breakable parts, improved the reproducibility and 

ease of cleaning, handling, and using the device, and probably lowered 
the capital and maintenance costs of the system.

A Straight piece of 4 mm OP glass tubing which extended to 
within 2 inches of the crystallizer bottom was connected to the outlet 
port with a piece of Tygon tubing. Mixed slurry passed through this 
tube and out of the crystallizer into the sampling tube through 1/8 
inch ID and 1/4 inch OP Tygon tubing. As seen in Figure 10, product 
entered through the middle 4 mm OP glass port and exited by overflowing 

through the top 4 mm OP glass port. The bottom 6 mm OP glass port 
was fitted with a piece of Tygon tubing and clamped off with a Hoffman 

Open-side Screw Compressor Clamp. The sampling tube could then be
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Sampling Stand
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periodically drained by opening the clamp and allowing the fluid to run 
out into a wash beaker.

Operation of the PDI ElectroZone Particle Analyzer was the same 
as before.

Procedure
Solutions of synthetic urine were made up as described in Appen

dix A. Fourteen to one molar calcium to oxalate feed concentrations
were always maintained between the feed solutions to insure the produc
tion of weddelite. Reports on urinary calcium and oxalate excretion by 

Hargreave and associates (1977) and Robertson et al. (1978) showed that 

Ga/Ox ratios from 8/1 to 19/1 were common in human urine. This support
ed the choice of a 14 to 1 Ca/Ox ratio in further experimentation..

A Ifg inch magnetic stirring bar was dropped into each solution. 
The solutions were then covered with parafilm and placed in the 3.7°C en
vironmental room and stirred for at least three hours on CMS Magnestir- 
rers. Before use, they were filtered with Mo. 1 Whatman filter paper 
if needed.

Samples of first morning void urines were collected and stored 

in a refrigerator until their use. Most samples tested were fresh or 

under two days old. Just prior to use, the samples were filtered 
twice through a double layer of Mo. 1 Whatman filter paper and once 
through a 3 um Millipore filter. A 2 milliliter sample was pipeted 

into a sample tube and analyzed for osmolality on a Osmette S Automatic 

Osmometer. All urines above 500 milliosmols were diluted to 500 

milliosmols with distilled, deionized water. The dilution factor was 
determined as:
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DoF „ = 500 mOsm/Whole-urine osmolality (5)
A 250 ml aliquot of urine was prepared by adding 250 mis times the 
dilution factor of urine»

mis of urine in 250 mis ~ 250 mis x D,Fo (<̂ 250 mis) (6)
Distilled deionized water was added to dilute to 250 mis» This was 
placed in a 250 ml Erlenmeyer flask and temporarily set aside.

Another 10 to 50 mis of the urine sample were used to circu
late into the feed tubing and metering pump. The tubing end attached 
to the crystallizer feed port was disconnected and placed in a waste 
beaker so that the entire line could be completely washed with the 
urine sample. During this same time the circulation bath was turned 
on and the system allowed to warm up.

The calcium and oxalate synthetic urine solutions were removed 
from the environmental room* placed on CMS Magnestirrers by the poly- 

staltic pump9 and their respective feed tubes placed in each. The 
human urine feed line was reconnected and the opposite end placed in 
the 250 ml urine sample» The polystaltic pump was turned on first to 
allow the calcium and oxalate feeds to reach the crystallizer. As 
they did$ the metering pump and an electronic digital display timer 

were turned on simultaneously»
Both pump flow rates would vary somewhat from run to run. Even 

so9 accurate average flow rates for all streams were determined after a. 

run by noting beginning and ending volumes of each feed and having the 

total run time displayed on the timer. These flow rates were deter
mined as:

q„ = feed flow rate of component i
' i
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_ beginning volume of i - final volume, of i 

total run time

A small amount of weddelite seed with an average population 
size of 4.0 pm was added through the 10/30 $ opening on top of the 
crystallizer. The crystallizer Magnestirfer was turned on and adjusted 
to the maximum stable stirrer setting.

The residence time was set by inserting the greased» ground- 
glass fitting on the Thermometer into the 10/30. S female fitting when 
the timer reached the desired retention time. Once the crystallizer 

was sealed, pressure from the feeds forced mixed slurry out of the 

immersed product tube and over to the sampling cell, thus maintaining 
a constant volume. Typically the crystallizer was run. at about 300 

mis to insure complete mixing and prevent variations in the CSD.
The completely mixed solution with its continuous particle size 

distribution would fill the sample tube, immerse the orifice tube and 
overflow into the collecting beaker. When desired, a 2 ml sample was 
drawn through the orifice and analyzed by the PDI system for a current 
crystal growth rate (G), nucleation rate (B°), and suspension density 

(Mj,) . A current run time was always recorded with each analysis.
After about 10 residence times, (usually steady—state operation 

or close to it), the sample cell discharge was filtered through a pre- 
weighed, 3 pm Miilipore filter into a 1 liter filter flask. At the 
end of the run the filter sample was dried and weighed and the super

natant volume recorded. This gave an independent measurement of the 

suspension density, (M̂  eXp)» by subtracting the weight of the filter 
from the weight of the filter and solids, and then dividing by the 

supernatant volume.
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M _ filter. 4- cake wt. - filter wt. ,g-.
T exp supernatant volume

A sample of the clear supernatant was saved for later pH and osmolality 
measurements« J •

At the end of a run, all feed flow rates were determined from 
Equation 4 and the resulting feed concentrations and volume percent 
urine addition calculated as follows:

^tot %rine + ^Ca + ^Ox ^

^Ca ^Ga,in feed sol'n X ^Ca^tot (10)

^0x 0̂x,in feed sol’n X ^Ox^^tot (11)

# urine = (qurine/Qtot) x 100 (12)

The basic assumption made here is that calcium and oxalate entered only 
from the synthetic urine solutions. Stated another way, it was assumed 

that the urine contained no calcium or oxalate. This was clearly not 

the case. However, the concentrations of calcium and oxalate in the 
human urine were much less than that added in the synthetic urine feeds 
and the flow rate of human urine was only 5% of the total flow. These 
concentrations were therefore negligible»

Steady-state determination was always performed quailtativeiy 
during the couse of a run. As the run progressed and samples were 

analyzed, a first indication of steady-state came with the appearance 
of an exponential CSD and an increase in the linear correlation coef

ficient, R„ Next, the relative change in total particle count (N), 
growth rate, nucleation rate, and mass density were monitored. If for 

one or more retention times these factors remained fairly constant.
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steady-state was assumed and the kinetic values recorded. B° and 

were the final criteria for steady-state in most runs. A consistent 
decrease in indicated fouling on the crystallizer walls and the run 
was always terminated at or before this point.

Clean-up

After every run, all fluid left in the crystallizer circuit was 
dumped, drained, or pumped out of the system. The human urine line was 
disconnected from the crystallizer and placed in an empty beaker. The 
opposite end was submerged in distilled water and the water pumped 

through the lines and metering pump fo clear them of urine. Once a 
week, a pinch of Merthiolate was added to the water to retard bacterial 

growth.
The open urine feed port was closed by placing a short piece of 

clamped tubing on it. A 5% solution of hydrochloric acid was poured 

through the 10/30 $ fitting into the crystallizer and mixed with the 
Magnestirrer. The acid cleaner was also pumped into the sampling tube 
and product lines to clear them of particles. However, acid was never 
used in the feed lines. These were only rinsed with distilled water 

and marked so that the calcium feed and oxalate feed always entered the 
same lines from run to run.

After 30 minutes, the metering pump was turned off, and the acid 
solution drained from the crystallizer, product lines and sampling tube. 
The crystallizer was then thoroughly rinsed with distilled water and 

filled with a water solution of Calgon. Some of this solution was 
pumped into the sampling tube so that both it and the crystallizer would 

soak. The Calgon was left intact until the next crystallizer run.
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At this time, the Calgon was dumped out and the crystallizer rinsed 
once with distilled water to insure that only Calgon adsorbed on the 
surface remained.

Preliminary Reproducibility Experiment
One of the major problems associated with the previous system 

was its inability to produce consistent results for identical runs. 
Determination of the reproducibility of this system, therefore, became 
the first goal.

The limiting reagent, oxalate, was fed into.the crystallizer, at 
a concentration of 2.0 mM and the calcium at a concentration of 28.0 mH. 

Mixing diluted these values to 1.0 mM and 14.0 mM respectively. When 
human urine was added, these values were slightly lower.

A pure synthetic urine run was made-first. This was followed 

by three 5% normal human urine addition runs. For each run, a kinetic 

analysis was made every retention time after 5 retention times until 
steady-state was achieved. The results are summarized in Table 3.
The actual data can be found in Appendix B.

An important result was the consistent achievement of steady- 

state in all runs and its persistance for at least two retention times. 
Steady-state measurements could be made then by obtaining two consistent 

sets of data over the length of a residence time. Also, steady-state 

was achieved before the 10th retention time with seeding. This in
sured that the time required to make a run and the amount of solutions 

needed for the system would be minimal at this concentration.
The three urine runs also showed a great deal of consistency. 

Even though Run Ho. 18 was performed without filtering the urine,



Table 3. Preliminary Crystallizer Runs at liriM Oxalate and 14 rhM Calcium Mixed Feed Concentrations

Run No.
T

(min) % Urine Filtered
G

(pm/min) log10(B°>
■ mt
(mg/liter)

3/6/79A 8.75 0.0 — 0.422 ± 0.017 4.11 ± 0.03 40.05 ± 4.52
16 8.75 5.0 Yes 0.286 ± 0.006 4.51 ± 0.05 31.27 ± 2.56

17 8.75 5.0 Yes 0.270 ± 0.002 4.50 ± 0.01 25.41 ± 1.40

18 8.75 5.0 No 0.292 ± 0.022 4.40 t 0.12 25.85 t 4.05

Run No. MT exp 
(mg/liter)

3/6/79A — '

16 76.77
17 ' 85.2Q
18 59.15
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the results were essentially the same. Nevertheless, urines in all 
later runs were filtered as described previously.

It was also found that the experimentally determined suspen
sion densities were 2 to 3 times larger than those derived from 
Equation 2. This may have been caused by residual supersaturation 
being relieved within the product lines and on the filter in the form 
of crystal growth. However, M? exp was not as reproducible as 
Being that this study was designed to examine relative changes in 
kinetic parameters, the more reproducible was used. Mq> exp was 
still measured in most experiments for completeness,

Stone-Formers vs. Normals Study 
An experiment was run to determine if the open-loop crystal- 

lizer could differentiate stone-forming urines from normal urines at 
a 5% human urine addition level. First morning void urines were 

collected from 8 normal healthy subjects who had no known urinary 
infections or past kidney diseases. The group was split between 4 

females and 4 males with ages ranging from 23 to 55 years. First 
morning void urines were also collected from 7 stone patients who had 
had calcium oxalate stone activity within the past 6 months and were 
on no medication other than a restricted diet. This group consisted 

of 1 female subject and 6 males with ages ranging from 48 to 69 years.
When possible, two runs were made from the same urine sample.

If only one run could be made, efforts were made to obtain a second 

urine sample from the subject. This was done so that an estimate of 
the reproducibility of all runs could be obtained. Also the runs
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were performed in no specific order to prevent possible data trending 
with the data of the run.

As many variables as possible were held constant in these exper
iments so that any changes between the normals and stone-formers could 
be attributed directly to characteristic differences in the urine sam
ples. Therefore, 14 to 1 calcium to oxalate feed ratios, 0.75 mM inlet 
concentrations of oxalate, seven minute retention times, 370C crystal- 
lizer temperatures, and 5% human urine additions were maintained through

out all the experiments.
All data obtained from these runs are tabulated in Appendix B.

Two pure synthetic urine runs at 0.75 mM oxlate and a 14 to 1 ratio are 
included for comparison. Scatter diagrams for growth rate, nucleation 
rate, and mass density are presented in Figures 11a, b, and c respec
tively. The means and standard deviations for each kinetic parameter, 

from each group are given in Table 4. The degree of significance 
between the normals and stOne-formers and the normals and pure synthetic 
urine runs are also included in Table 4. This was done using a stu

dent’s t-test (Croxton and Cowden 1948) on the data and determining 
probabilities, P, that any two sample means were the same.

Figures 11a and b show that there was a marked difference be
tween the growth rates and nucleation rates Of the stone-formers, nor
mals and pure synthetic urine runs with minimal overlapping. Table 4 
indicates that the probability that the growth rates and nucleation 

rates for each group were different was greater than 99.9%, (P < 0.001). 
This indicates that a 5% addition of normal human urine to synthetic 

urine increased the nucleation rate and decreased the growth rate



Figure ll* Scatter Diagrams for the Stone-Formers vs. Normals Study 
(a) Effect on Growth Rate, (b) Effect on Nucleation Rate, 
and (c) Effect on Mass Density
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Table 4. Means, Standard Deviations and Student t-test Analysis Results for the Stone-Formers 
. v s .  Normals Study

G (pm, 
Mean

Zmin)
Std.Dev.

h V
Mean

'ym)
Std.Dev.

los10
Mean

(B°)
Std.Dev.

Mt (mg 
Mean

/liter) , 
Std.Dev.

Controls

Normals

0.382

0.249

0.011

0.031

2.68

1.74

0.078

0.21

4.222

4.539

0.008

0.143

15.68

9.11
1.03
2.55

p* <0.001 <0.001 <0.02 <0.01

Normals

Stone-Formers

0.249

0.198

0.031

0.020

1.74

1.38

0.21

0.14

4.539

4.890

0.143

0.122

9.11

10.25

2.55

2.52

p* <0.001 <0.001 <0.001 >0.1

* P is the probability that two compared groups are actually the same.
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substantiallyo Stoner-forining urine increased the nucleation rate and 
suppressed the growth rate even more *

Figure 11c and Table 4 indicate that there was no significant 
difference detected by this system between the mass density produced by 
normals and stone-formers» However̂ , the pure synthetic urine runs
tended to indicate that human urine addition decreased the mass density 
producedo This was in contradiction to the results obtained in the 
human urine addition study performed on the Miller off-line sampling 

crystallizer• Therefore the increase in mass density with urine addic

tion observed with Miller? s apparatus was more likely caused by the 

effect urine had on retarding fouling in the crystallizer. The problem 
of fouling had essentially been eliminated in the present runs after 

the Calgon surface treatment»

Additive Study

The previous uromucoid addition experiment run using Miller’s 
off-line sampling crystallizer raised some interest in the effects of 

uromucoid on the crystallization kinetics' of calcium oxalate* However 
because of the complexity of uromucoid, the mechanism by which it en
hances nucleation rates and possibly inhibits stone formation would be 
most difficult to ascertain. Work with the organic substances excreted 
in urine indicate that the inhibitory materials present within the uro
mucoid contained strongly acidic peptides and mucopolysaccharides (Ito 

and Coe 1977). These acidic peptides contained a number of aspartic 

and glutamic acid residues * An experiment was performed to determine 

if these polymers alone in synthetic urine would modify the stone^forming
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kinetics in a similar way to human urine* For this purpose* two com̂ * 

mercially produced peptides* polyglutamic acid and. polylysine* and one 
natural peptide polymer5 heparin* were chosen for study*. Polyglutamic 
acid and polylysine Were included to differentiate between peptides with 

acidic functional groups and those with basic functional groups„
Two preliminary runs were made with heparin added to the synthet

ic urine at concentrations of 10 and 25 ppm« Next* two runs were made 
with 2 and 10 ppm of polyglutamic acid to determine the effects of its 
regularly spaced carboxylic acid groups on the stone formation * A 
final 2 ppm poly lysine run was made to contrast the anionic polyglu
tamic acid with a similar but basic polymer. Results of all of these
runs and two comparable pure synthetic runs are contained in Table 5*

The addition of 2 ppm poly lysine changed the values of B°* G* 

and q only slightly from the reference runs.* However* 2 ppm addi
tion of polyglutamic acid drastically altered, the kinetics. The growth 
rate and average particle size were reduced 70% while the nucleation 
rate increased by a factor of 9 * The total mass produced was cut by 

two-thirds demonstrating a definitive inhibition of crystallization* 
However* in contrast to inhibitors such as pyrophosphate which inhibit 
by suppressing nucleation (Drach et al. 1978)* polyglutamic acid and
heparin inhibition were, accompanied by a large enhancement.of nucleation*

Discussion of Results 

In the polymer additive study* when heparin and polyglutamic 
acid were added to the synthetic urine* the induction time was greatly 

prolonged. The induction period was the time after which a



Table 5. Polymer Addition Study Results

Additive
Concentration

(ppm)
^1,0 . 
(pm)

G
(pm/min)

B°
(ho./ml-min)

%
(mg/liter

- • - 2.75 0.390 16,435 16.41

- — 2.62 0.374 16,882 14.95

Heparin 10 1.38 0.197 74,800 9.73
Heparin 25 * 0.91 0.130 396,000 14.61

Polyglutamic Acid 2 0.85 0.122 152,300 4.65
(4000 <M.W. < 15000) 10 * 0.96 0.137 108,700 4.74

Polylysine

(4000 <M„W. < 15000) 2 . 2.35 0.336 23,700 15.91

* Excessive fouling may have influenced these runs.
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particle-free supersaturated solution became visibly clouded with crys
tallites. . The technique has been used as an indication of changes in 

the nucleation rate of particles by several workers (Doremus 9 Teich, 

and Silvis 1978; Finlayson and Miller 1970; Gardner and Doremus 1978; 
Crawford9 Crematy, and Alexander 1968) .

Because no other technique was available 3 workers who have used 
induction periods as an indication of nucleation have understandably 
confused longer induction periods with inhibition of nucleation. As 
the polymer addition studies show9 increases in induction period only 
indicate a reduction in the growth rate. The nucleation rates for 
heparin and polyglutamic acid addition runs were substantially increased. 
These substances work to enhance nucleation rather than suppress it.

A mechanism by which polymer substrates might enhance nucleation 
and consequently inhibit growth has been proposed and demonstrated by 
Sarig and Ginio (1976) for strontium sulfate crystallization in low con
centrations of poly (vinyl sulfonate). Heterogeneous nucleation of the 

strontium sulfate on the substrate centers around the regular or semi- 
regular spacing of cuntional groups on the substrate which9 to the 
strontium ion9. appear as crystal sites. A large number of negatively 
charged functional groups 0.4-0.5 nm apart each weakly attract a cati
onic strontium ion. Since the interactionic distances in strontium 

sulfate are 0 * 435 nm there occurs a "good match" between the crystal and 
substrate. Such a "good match" on a mircosubstrate promotes nucleation 
by forming a low energy path for the process.

This same mechanism logically follows for the results found in 
the modification of calcium oxalate formation in the presence of acidic
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peptide polymers containing carboxyl groups„ The carboxyl groups are 
indicated by the action of polyglutamic acid and the inaction of polyly
sine in altering this system. Sarig (1979) has also shown that carboxy- 
lic groups regularly spaced approximately 8 pm, apart on the flexible 
polyglutamic acid polymer effectively promote heterogeneous nucleation 
of calcium sulfate dihydrate in desalination process. Again the cal- 
cium-calcium distances in the sulfate dihydrate crystal lattice are 

about 8 pm, lending further evidence to the mechanism.
Although the calcium-calcium distances in the different hydrates 

of calieum oxalate have not been researched at this writing, the addi-
f

tive study with polyglutamic acid and heparin performed here and by 
other workers (Crawford, Crematy, and Alexander 1968; Robertson et al. 

1973; Ito and Coe 1977; and Doremus, Teich and Silvis 1978) indicate 

that heterogeneous nucleation on micro-substates plays a significant role 
in calcium oxalate regulation within the urinary tract.

It is hypothesized that in normal urine, acid mucopolysaccharides 

promote the heterogeneous nucleation of calcium Oxalate into extremely 

small crystallites. These probably grow no larger than 0.1 micron and 
are therefore undetectable by the naked eye. As heterogeneous nuclea

tion on these micro-substrates is such a low energy process, crystalli
zation occurs preferentially on the substrates instead of on the walls 
of the urinary tract.

Although they exist in large numbers, the crystallites are of 
such small size that they pass unhindered through the urinary tract.

The formation of urinary calculi is not straightforward. How

ever, it may occur as a simple case of over-regulation. The presence
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of too much uromucoidj for what ever reason, accompanied by a high level 

of supersaturation might cause an excessive formation of micro-nuclei. 
These in turn could aggregate by virtue of their small size and high 

co-incidence, level.

Work done on the differences between normals and stone-formers 
supports this mechanism. Stone-formers were found to have higher nu- 
cleation rates than normals. And while this study detected no differ
ences in crystal mass or agglomeration produced by normals and stone- 

formers, these differences may be undetectable at a 5% dilution of urine. 
Alternatively, surges of high supersaturation may have to accompany 
periods of high nucleation to trigger the agglomeration mechanism, 

(Smoluchowski 1917).
Added support to the over-regulation causation of urolithiasis - 

is presented in"a paper by Bichler, Kirchner and Ideler (1976). Their 
studies of 49 normal subjects and 36 patients with calcium oxalate stones 

showed that the uromucoid excretion of stone-formers was higher than that 
of normals. Although the difference was not significant at P <_ 0.05, a 
figure presented within their text indicated the following. The uromu

coid excretion for normals averaged around 50 mgs/24 hrs. with a standard 

deviation of about 5 mgs/24 hrs. That for stone-formers averaged around 
65 mgs/24 hrs with a standard deviation of about 7 mgs/24 hrs.

It may also be that key differences occur within the urinary 

mucoproteins that cause the changes in control of calcium oxalate between 
normals and stone-formers. Foye and associates (1976) indicated that 

the degree of sulfation in mucopolysaccharides sulfates was different in 
normals and stone-formers with higher values occurring in stone-formers.



51
Structural differences such as these may affect agglomeration. They 
have been implicated in the fixation of calcium in the tooth (Klapkowski 
and Luppa, 1961) and in the formation of certain gallstones (Nakamura 
1967). Extrapolation to urinary stones seems straightforward.

Other structural differences in the uromucoids of stone-formers 
may also play a role in the formation of excessive heterogeneous nuc- 

leatlon and agglomeration. However, at this time, no distinctions can 
be made.



summary and conclusions

The kinetics of calcium oxalate stone formation in synthetic 
urine and human urine dilutions have been studied using the MSMPR tech
nique in two flow-through (open-loop) crystallizers, One crystallizer 
sampled the PSD on-line while the other required filtering and resus- 
pension of the particulate solids for later batch-wise analysis»

The off-line sampling crystallizer was that designed and orig
inally operated by Miller (1976). Three sets of experiments were 

run on this apparatus to establish the effects of various calcium to 

oxalate feed ratios9 retention times and human urine and uromucoid 
additions* Results from the calcium to oxalate feed ratio experiments 

indicated that in synthetic urine a 6 to 1 ratio of calcium to oxalate 
was required to produce predominantly calcium oxalate dihydrate. All 
feed ratios less than this produced the monohydrate crystal form.

The system was decidedly low yield in nature with severe foul
ing problemso Fouling on the walls and internal parts of the crystal
lizer competed strongly with the slurry for relief of supersaturation 

and often overwhelmed the suspension crystallization mechanisms after . 
a few retention times * This problem was always more severe at longer 

retention times.
The on-line sampling crystallizer was designed to increase the 

reproducibility of experimental results and make the developed MSMPR 
stone analysis technique more accessible to a clinical environment *

Also, Calgon was used to treat the crystallizer before each run to

■ ■
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virtually eliminate vessel fouling. The action by which Calgon in
hibits fouling was not established.

Two sets of experiments were run using the on-line sampling 
crystallizer. The first was designed to establish whether the system 

could detect differences between normal urines and stone-forming 
urines at 5% dilution level in synthetic urine. The second was de

signed to categorize the effects of two acidic and one basic peptide 
polymers on stone-fdrmation in synthetic urine.

All experiments on both crystallizers involving the addition 
of human urine, uromucoid, or acidic peptides resulted in the enhance
ment of nucleation and various levels of suppressed particle growth.

In the case of the urine addition runs, increases in the amount of 
human urine added resulted in an exponential increase in nucleation 

with little effect on growth. Mass density in Miller’s apparatus also 
increased, but this was attributed to human urine’s ability to suppress 
fouling rather than enhance stone formation. This was confirmed by a 
decrease in mass density with 5% addition of urine after the Calgon 

treatment had been employed.
Stone-formers' tended to have larger nucleation rates and 

smaller growth rates than normals. Heparin at 10 ppm enhanced nuclea
tion and suppressed particle growth on the same order of magnitude as 
a 5% addition of urine. Polyglutamic acid at 2 ppm markedly increased 

nucleation and decreased growth and mass density. Polylysine had 

little effect.
These results give strong support for a mechanism of calcium 

oxalate stone regulation within the human body at least partially based
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on heterogeneous nucleation of calcium oxalate on the carboxylic groups 
of large molecular weight peptides and mucopolysaccharides. These 

polymers also adsorb on the micro-particles and retard growth, allow
ing the micro-particles to flow harmlessly through the urinary tract.
It is suggested that excessive production of uromucoids might cause 
such a high density of micro-particles that aggregation occurs. Occa
sional entrapment of an aggregate within the urinary tract could then 
lead to growth of a stone, irritation of the kidney membranes and fur
ther uromucoid production. Such a cycle could aggravate the disorder 
and lead to a recurrence of stone formation.



APPENDIX A

SYNTHETIC URINE RECIPES

The following base synthetic urine solutions are that pro> 

posed by Isaacson (1968) and modified for use in the MSMPR system by 
Miller (1976)„ The only "variation imposed in this study was the 
amount of calcium chloride dihydrate and sodium oxalate added to each 
feed.
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Table A.I. Synthetic Urine Solutions Used in the Ca/Ox Ratio Study 
and the Urine Addition Study

Constituent 2+Ca Feed 
. Tank (g/1)

Feed 
Tank (g/1)

Ca/Ox
Ratio

Na2S°4 3.33 3.33
EH,Cl4 3.18 3.18

KCl 8.31 8.31

MgS04”7H20 4.00

NaH2P04-H20 — 8.24

Na2HP04 1.16

HaCl 9.25 9.25

Ha3C6H507•2H20 0.80 0.80

CaCl2.2H20 1.99

Na2C2°4 1.811 1/1

Ka2C2°4 * ==. 0.905 2/1

Ka2C2°4 “=■ 0.603 3/1

Na2C2°4 . 0.453 4/1

te2C2°4 0.362 5/1

Na2C2°4. 0.302 6/1

* Na^C^O^ concentration used for Urine Addition Study



Table A.2- Synthetic Urine Solution Used in the Uromucoid Addition
Study

Constituent
Ca2+ Feed Tank 

(g/1)
CO,2™ Feed 
Tank (g/1)

3.33 3.33
NH4C1 3.18 3.18

KC1 8.31 8.31

MgS04-7H2G 4.00 -

NaH2P04°H20 8.24
Na2HP04 1.16
NaCl 9.25 9.25

Na3C6H5G7’2H2° 0.80 0.80

CaCl2*2H20 0.987 ■ —

Sa2C2°4 0.200

Uromucoid 0.002
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Table A.3. Synthetic "Urine Solution Used in the Preliminary Repro

ducibility Experiments

Constituent
Ca2+ Feed Tank 
(gms/2 liters)

C2042 Feed Tank 
(gms/2 liters)

Ba2S04 6.66 6.66
HH.CL4 6.36 6.36

KC1 16.62 16.62 .

HgS04*7H20 8.00 - .

NaH2P04”H20 *.■ 16.48

Na2HP04 "° 2.38

NaCl 18.50 18.50

Na3C6H50/ 2H20 1.60 1.60

CaGl2*2H20 8.232

Na2C2°4 - 0.536
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Table A*4. Synthetic Urine Solution Used in the Stoned-Former vs o 

Normal Study and Polymer Addition Study

Constituent
Ca2+ Feed Tank 
(gms/2 liters)

C_0,2 Feed Tank 
(gms/2 liter)

^ 2 S04 6.66 6.66

m 4c1 6.36 6.36

KC1 16.62 16.62

MgS04*7H20 8.00

NaH2P04"H20 “ 16.48

Na2HP04 2.38

NaCl 18.50 18.50

M 3C6H507‘2H2° 1.60 1.60

CaCl2“2H20 6.174 -

Na2C2°4 — 0.402



APPENDIX B

GENERAL OPERATIONAL DATA

This Appendix contains all the data collected from the Ca/Ox 
ratio study and the stone^formers vs. normals urine addition study.
It is included for completeness although not all of the data presented 
was used within the text.
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Table B-l. Ca/Ox Ratio Study Results

Calcium/
Oxalate
Ratio t (min) 6 (ii/min) B°(^/cc-min) MT(mg/liter) logio B° El,0«

Oxalate
Cone.

(iriM/liter)

4.67 : 0.937 5198 14.32 3.72 4.38
5.16 0.834 34417 99.83 4.54 4.31
9.33 0.478 1262 7.36 3.10 4.46

1:1 6.757

20.40 0.152 1074 4.59 3.03 3.10

6.58 0.765 2345 13.83 3.37 5.03
6.84 0.579 2361 7.07 3.37 3.96

2:1 9.65 0.431 3725 18.24 3,57 4.16 3.376
11.20 0.545 265 4.81 2.42 6.12
20.60 0.206 247 2.73 2.39 ' 4.24
21.30 0.188 243 2.34 2.39 4.01

5.66 0.842 3295 14.20 3.52 4.76
5.95 0.654 1037 2.46 3.02 3,84
9.83 0.432 12523 66.17 4.10 4.243:1 2.250
10.87 0.329 2232 7.83 3.35 3.58



Table B-l, Cont.

Calcium/
Oxalate
Ratio r (min) G ( vi/min)

Oxalate

B°(#/cc-min ^T(mg/liter) ^O®10 ® ^'1,0̂ ^ (mM/liter)

22.70 0.181 1047 11.61 3.02 4.11
23.00 0.191 250 3.46 2.40 4.41

4.37 0.907 3014 5.78 3.48 3.97
5.57 0.621 _ 6885 11.19 3.84 3.46
9.22 0.350 483 1.06 2.68 3.23

4:1 aero —
1.690

20.10 0.206 644 6.51 2.81 4.15
22.40 0.238 456 10.91 2.66 5.33

4.67 0.644 3212 2.87 3.51 3.01
4.89 0.498 10573 5.26 4.02 2.44

5:1
9.06
10.20

0.508
0.217

223
3445

1.39 
2 . 73

2.35
3.54

4.61
2.22

1.350

18.50 0.223 92 0.85 1.96 4.13
20.10 . 0.234 115 1.70 2.06 4.71

asN)



Table B-2. Reproducibility Experiments (all runs performed at 14 mM Ca**, ImM CgÔ  s and 37°C)

Run No o T
(min)

% Urine t/x G
(pm/min)

B°
(#/cc-min) lo8lOB° mt(mg/liter)

Kp exp 
(mg/liter)

3/6/79A 8.75 -
6
7
9

0.439
0.413
0.414

12,707
13,924
12,167

4.10
4.14
4.09

44.24
40.37
35.53

—

Average 
Rel. Error

0.422
4.0%

12,933 4.11
0.7%

40.05
11.3%

11/16/78 8.75 5.0

5
6
7
8 
9

0.282
0.283
0.284
0.280
0.301

35,085
33,505
33,408
31,555
28,795

4.55
4.53
4.52
4.50
4.46

32.43
31.24
31.48
28.71
32.47

76.77

Average 
Rel. Error

0.286
2.1%

32,400 4.51
1.1%

31.27
8.2%

11/17/78 8.75 5.0
7
8 
9

0.271
0.270
0.268

32,623
30,581
30,962

4.51
4.49
4.49

26.81
24.84
24.58 85.20

; Average 
Rel. Error

0.270
0.7%

31,600 4.50
0.2%

25.41
5.5%

11/18/78 8.75 5.0
7
8 
9
10

0.278
0,314
0.288
0.290

32,835
20,813
26,549
21,580

4.52
4.32 
4.42
4.33

29.03
26.48
26.08
21.80

59.15
Average 
Rel. Error

0.292
7.5%

25,100 4.40
2.7%

25.85
15.7%
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Table l-3„ Stone-Forming vs. Normal Urine Addition Study Results

' . . . ; .  . . "  ' s .................

Subjects
c0x» in 
(mM)

%
Urine

Osmo
lality
Urine

(mOsm) 
sol’n *

Urine
D.F.

Controls
0.735 0,00 «*” • 698
0.755 0.00 698 —

Normals
Sex Age
F 23 0.713 4.98 591 705 0.85
F 23 0.711 5.04 591 696 0.85
F 27 0.712 5.08 928 701 0.54
F 30 0.710 4.79 867 706 0.58
F 36 0.707 5.16 241 686 1.00
F 36 0.709 4.92 241 695 1.00
M 33 0.707 5.52 486 697 ■ 1.00
M 35 0.710 4.79 986 703 0.51

' M 38 0.706 5.18 356 690 1.00
M 38 0.706 5.57 356 686 1.00
M 55 0.709 5.73 710 695 0.70
M 55 0.710 5.51 710 700 0.70

S tone-Formers 
Sex Age 
F 48 0.714 5.02 407 693 1.00
F 48 0.709 5.57 600 724 0.83
F 48 0.711 5.50 600 694 0.83
M 51 0.703 5.59 821 703 0.61
M 53 0.699 4.58 258 701 1.00
M 53 0.714 5.41 258 709 1.00
M 63 0.712 5.34 398 706 1.00
M 63 0.708 4.94 398 700 1.00
M 64 . 0.720 3.69 454 716 1.00
M 69 0.713 5.29 674 694 0.74
M 69 0.712 4.78 , 674 690 0.74
M 76 0.708 5.06 231 690 1.00
M 76 0.707 5.15 231 689 1.00

* pH varied between 5.7 and 5.8
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Table B-3 Gout.

Subjects
G

(ym/min)
B°

(no/cc-min) logio B°
m t

(rag/liter)
^T exp 

(mg/liter)

•Controls
0.374 16,882 4.227 14.95 -

0.390 16,435 4.216 16.41

Hormals
Sex Age
F 23 0.248 31,804 4.502 8.22 36.05
F 23 0.205 46,769 4.670 6.82 37.95
F 27 0.240 33,792 4.529 7-.91 37.00
F 30 0.225 53,023 4.724 10.15 26.86
F 36 0.276 36,714 4.565 13.02 37.15
F 36 0.270 16,918 4.228 5.61 27.73
M 33 6.250 36,409 4.561 9.58 42.74
M 35 0.317 26,326 4.420 14,20 34.87
M 38 0.266 30,451 4.484 9.68 32.56 .
M 38 0.237 38,261 4.583 8.60 45.48
M 55 0.214 56,521 4.752 9.38 37.30
M 55 0.235 27,932 4.446 6.13 27.37

Stone-
Formers
Sex Age
F 48 0.223
F 48 0.197
F 48 0.186
M 51 ' 0.207
M 53 0.174
M 53 0,176
M 63 0.195

' M 63 0.179
M 64 0.224
■ M 69 0.175
M . 69 0.187
M 76 0.218
M 76 0.228

43,130 4.635 8.13 43.63
82,429 4.916 10.71 32.73
81,969 4.914 8,98 24.75
58,604 4.768 8.81 36.97
113,373 5.055 10.11 48.98
104,081 5.017 9.64 44.06
82,050 4.914 10.33 41.99
72,940 4.863 7.12 36.66
59,086 4.771 11,25 . 28.41
110,775 5.044 10.06 19.49
86,167 4.935 9.59 30.82
61,906 4.792 10.77 35.63
88,792 4.948 17.71 37.15



APPENDIX C

DETAILED DRAWINGS OF THE MSMPR CRYSTALLIZER
WITH ON-LINE SAMPLING
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FEED PRE-HEATER Steve Thorson June 28 .1978

8 mm O.D. 
GLASS TUBING

15mm

O.D.
GLASS
TUBINQ30 mm

■15mm

25mm

130 or more mm

BmrnO.D. 
GLASS TUBING



70

SAMPLING TUBE (GLASS ) ST. Thors on March 28,m B

■25mm OD

I S in

m.

5m

7mm 00



NOMENCLATURE

B° Nucleation rate or birth rate of crystals, no./cc-min

C - Concentration, mM or mgs/liter; Cl, of component i;
C a, of calcium; C x, of oxalate

Csat Saturation or solubility concentration, mgs/liter
C Concentration of calcium ions in the total feed. mMca,xn
C Concentration of oxalate ions in the total feed, mMo X g i n

G Crystal growth rate, microns/min

^1,0 Population average size, microns

Mr Mass density or suspension density of particulates, mgs/ 
liter

MT Q-v-r> Mass density measured experimentally and independently ofi exp Equations 1 and 2, mgs/liter
N ' Total Particle count between upper and lower sample 

thresholds on PDl Electrozone/Celloscope in a 2 ml sample 
no.

q Feed flow rate, mis/min; qj_, of component i; qQa, of cal
cium feed; qQX, of oxalate feed; qurine, of human urine
Total feed flow rate, mis/mintot

R Correlation coefficient

Greek Symbols .
GCi Maximum possible concentration of calcium oxalate, mgs 

CaC204»H20/liter

6Cox, in Inlet concentration of oxalate above the solubility 
concentration, mM

T Retention time, min
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