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Summary. Following a morphological analysis of pelvi-caly- 
ceal systems (PCS) of healthy persons and urolithiasis pa- 
tients, rheological studies from glass and rubber PCS-models 
are presented. In the PCS of urolithiasis patients morpholo- 
gical and geometrical differences were found, causing a flow 
pattern which favours calculus formation. In urolithiasis, 
the PCS is characterized by cavities with significantly re- 
duced flow rates and stagnation of urine. The formation of 
urinary calculi is often promoted by a hypomotility of the 
muscles of the PCS, common in urolithiasis patients. Pos- 
sible therapeutic and diagnostic consequences are discussed. 

Key words: Formation of urinary calculi, Fluid dynamics, 
Morphology of the renal pelvis. 

Introduction 

Urinary calculi are the products of biomineralization in the 
urinary systems. 

Following supersaturation of urine with calculus forming 
salts a nuleus (homogeneous or mainly heterogeneous) 
develops. 

Crystalluria may be regarded as physiological as long as 
the crystals formed in the urinary tract are excreted in the 
urine. 

Subsequent growth, by the aggregation of nuclei, how- 
ever, must be regarded as pathological, i.e. processes in 
which the crystal aggregations reach dimensions which pre- 
vent them from leaving the PCS and result in a urinary cal- 
culus. 

The formation of urinary calculi is promoted when the 
concentration of inhibitors of nucleus formation, growth 
and aggregation is insufficient. 

Although these conditions exist in many patients, no cal- 
culus is formed. Therefore at least one more precondition 
must exist before a urinary calculus is formed. 

Flow in the PCS might influence calculogenesis, as pre- 
sented in this study. Crystals and crystal aggregations must 
remain in the PCS for a certain period of time to allow 
growth [20]. A prolonged stay of particles in the PCS, 
spaces with low flow rates or a (re-)circulating flow infers 
"whirlpools". 

Apart from this "free" formation, the fixation of par- 
ticles in the PCS must also be included in consideration of 
this problem [ 16]. 

Free growth in a (re-)circulating flow results in an attach- 
ment of materials from all sides so that, starting from the 
centre of growth, annual-ring-like structures can be observed 
on polished, or thin sections of, urinary calculi. 

However, our studies have shown that most calculi have 
several centres of growth whose structure shows that they 
must have grown on an area of the PCS wall with disturbed 
epithelia before aggregation [1,15, 24, 25]. 

Randall plaques may also be regarded as "fixed particles", 
though not on the basis of primary fixation but rather as an 
interstitial calcification [10, t3]. The intact mucous lining 
of the PCS prevents adhesion of any foreign body [3]. 

The hypotheses that flow patterns within the collecting 
system influences duration of stay of crystal aggregations 
and particles is supported by a number of other findings. 
These include morphological comparisons and motility stu- 
dies on PCS of healthy persons and of urolithiasis patients 
[4, 9, 14, 15, 17, 18, 23]. 

The interpretation of these contradictory statements is 
difficult. The primary urine formed in Bowman's capsule 
flows into the calyces minores (Fig. 1). According to LuUies 
and Trincker [111, this is caused by a pressure difference of 
2.0 ... 2.7 kPa but according to Diix et al. [5] it is a passive 
process. Distally the calyces minores are closed by Henle's 
sphincters. They open at a certain filling pressure. At the 
same time, the corresponding sphincter of Disse ought to 
close so that the calyces majores, are filled [2, 5]. Above a 
filling pressure which causes a stretch stimulus to the geo- 
metry of the muscle cells, the respective calyx majoris con- 
tracts the corresponding sphincter of Henle closes, and the 
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Fig. 1. Scheme of muscle groups in the PCS which are of importance 
for urinary transport 
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sphincter o f  Disse opens. Thus a Bolus o f  urine is propelled 
into the renal pelvis. 

The outlet  of  the renal pelvis can be closed by  the pyelo- 
ureteral sphincter. The pyelo-ureteral  junct ion (PUJ) is of  
special importance as a pacemaker [5, 9, 14]. 

After  onset of  an initial contract ion at the conus uretera- 
lis (Fig. 1), apparently due to stretch stimulus and diuresis, 
and hence to the filling pressure at the outlet  of  the renal 
pelvis, a urine Bolus travels by  peristalsis from the renal 
pelvis via the ureter into the bladder.  Recent  investigations, 
e.g. of  Hannappel [8], have demonstrated that  the smooth 
muscles of  the PCS may be regarded as a functional syncyti- 
cum. In addit ion to the "classical" pacemaker at the PUJ, 
other primary pacemakers with a higher base frequency 
exist in the more intrarenally situated port ions o f  the renal 
pelvis. The transport  system is adapted to variations in din- 
resis by  blocking the myogenic conduction.  The sucession 

of  calyceal contractions,  their coordination with pelvic con- 
tractions as well as the completeness o f  occlusion in the 
sphincter of  Disse and Henle are still poor ly  understood.  

The problem was to determine flow fields in the PCS of  
heal thy persons and of  urolithiasis patients,  and having ac- 
counted for volume flow, and the type of  the renal pelvis, 
we assessed the influence of  flow pathways in the PCS on 
the formation o f  urinary concrements. 

Methods 

Even with the latest diagnostic display methods (X-ray videography, 
computerized tomography, magnetic resonance tomography) it is 
not possible to measure and analyze flow fields in the human PCS. 
Neither is it possible to describe the existing flow system in a purely 
mathematical manner as several essential factors are still unknown. 

A replica of the PCS in a physical model, offers an advantageous 
method of investigation. Floris and Riga [7], Marberger [12], and 
Zechner and Lobenstein [271 have reported flow studies on bent 
glass pipes or models resembling the renal pelvis. In these studies, 
the experimental models were not sufficiently analogous to the 
human situation to allow conclusions to be drawn. 

Morphological studies were made from infusion urograms and 
polyacrylate casts of kidneys from cadavers. A total of 242 healthy 
kidneys and 104 PCS from stone patients were studied [15,171. 

First simple static glass models were obtained, and from these 
transparent rubber models of the PCS were developed for the flow 
experiments. In these experiments the urodynamic transport pro- 
cess was imitated by mechanical closing devices. The flow pattern 
could be traced by floating particles [15, 20]. It is important to ob- 
serve certain rules of similarity which guarantee physical and geo- 
metrical similarity of the models. Dimension analysis resulted in six 
indices of similarity, which must be measured on the original sys- 
tem and adjusted and maintained on the model by adequate experi- 
mental conditions (fluid, temperature, volume flow ...). 

The technical production of the models as well as the perfor- 
mance of the experiments have been described in detail [15, 20, 21, 
22], and the mathematical analysis were described by Weber [261. 

Results 

Morphological Differences Between PCS o f  Healthy Persons 
and Urolithiasis Patients 

Of a total  of  346 PCS patterns, 85 parameters were register- 
ed per PCS, e.g. type of  renal pelvis, geometrical data: di- 
mensions, angles, areas, volumes as well as the degree o f  or- 
der, ramification and the number of  branches in the caly- 
ceal groups, for details [5, 11]. 

The following statistically established differences are 
characteristic of  the PCS of  urolithiasis patients:  

• 30% fewer dentrit ic types of  renal pelvis (Fig. 2a) 
• 31% more transition types of  renal pelvis (Fig. 2a) 
• 17% fewer two-calyx-neck systems (Fig. 2b) 
• 15% more three-calyx-neck systems (Fig. 2b) 
• on an average 2.6 more papillae 
• larger extrarenal extent  o f  the calyx groups from a fixed 

centre in the renal pelvis (average between 4 and 4.6 mm) 

(Fig. 2c) 
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Fig. 3. Long-term photograph of a selected flow process in a glass 
model of the renal pelvis (model for demonstration) 

Fig. 4. Dead water Adw and vortex areas Av which can be planime- 
trically determined from long-term photographs 

• larger areas of renal pelvis or calyx in the urogram (Fig. 
2d) 

• correspondingly larger homologous volumes 
• larger calyx-neck diameters (average up to 3 ram!) 
• about 10% more high insertions of ureter to pelvis 
• a higher degree of order reflected by a higher degree of 

calyceal-group ramifications (up to two additional rami- 
fications on average) and by a higher number of branches 
in the calyx-groups (two to three additional branches on 
average). 

Strangely enough, the majority of angles between the calyx 
necks and between calyx necks and renal pelvis were not 
different from those in healthy persons. 

Assuming equal volumes of daily excretion for healthy 
persons and urolithiasis patients, the differences lead to the 
following hypotheses: because of their 

• larger dimensions and 
• higher ramification, 

PCS of urolithiasis patients are characterized by 

• less frequent contractions (due to bigger volumes) 
• prolonged filling periods, particularly with regard to the 

calyx groups (volumes of calyx groups may even be 
doubled) 

• lower flow rates of urine (due to a higher degree of rami- 
fication and larger cross sections) 

• greater decrease of pressure (due to larger extent and 
ramification of the tube system) 

• larger areas with very low flow rates (due to a lower pro- 
portion of dendritic PCS). 

Thus the "unfavourable" PCS types might be predisposed 
for concrement formation as a result of morphological dif- 
ferences and certain physico-chemical properties of the 
urine. The calyx groups, and especially those situated proxi- 
mally, are particularly at risk. 
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Results o f  Studies on Renal Pelvis Models o f  Glass 

From long-term photographs (see Fig. 3 as an example for 
demonstration), the dead water and vortex areas Adw and 
Av, respectively (Fig. 4) could be measured planimetrically 
depending on volume flow (flow/time). 

These areas are correlated with the corresponding homo- 
logous volumes [ 19]. 

The influence of the third position coordinate was nec- 
lected as it proved to be unessential [21]. In Fig. 5 the re- 
sult of this determination of areas are plotted against on 
volume flow QM (index M: model) and Reynold's number 
Re. 

These calculations suggest that 

• There are great variations in the flow fields of the pelvi- 
calyceal system. 

• Under the same experimental conditions, PCS from uro- 
lithiasis patients show larger vortex and "dead-water- 
like" zones. 

• Increasing volume flow QM as a rule results in smaller 
vortex and larger dead zones. 

• Laminar flow is observed as a result of small Reynold's 
numbers. 

These results obtained on glass models of renal pelvis must 
not be overestimated because the actual course of  contrac- 
tion as already described cannot be imitated. The state- 
ments, however, indicate trends and are true for the flow 
condition at the moment of renal pelvis systole with an 
open PUJ. 

It is also of importance that particularly large dead water 
areas result when only some calyx groups are functionning, 
i.e. if urine flows only from one calyx majoris into the renal 
pelvis, see Fig. 2. Of special importance is the upper calyx 
group which may exhibit reduced motility or may not work 
at all. 

Results o f  Studies on Renal Pelvis Models or Rubber 

In these experiments the pyelo-ureteral sphincter was imi- 
tated by a closing mechanism. The pressure in the renal pel- 
vis could be measured by means of a pressure transducer, 
and a control mechanism opened the artificial "pyelo-ure- 
teral sphincter" at a preset opening pressure Pmax. For de- 
tailed description of the experiment [22]. All experiments 
show a typical pressure-time course (Fig. 6): 

• an expulsion period A, 
• a closing period V and 
• a filling period F. 

Image analysis of the narrow-gauge fdm produced from the 
flow experiments, i.e. temporal and local tracing of the 
marked particles, revealed laminar flow in the filling and ex- 
pulsion periods. The closing period plays a special role. 
Here an irregular back flow can be observed "whirling up" 
the contents of the renal pelvis. The extent of the back 
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guria; 11, normal diuresis; III, polyuria 
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Fig. 6. Pressure/time course of a complete contraction cycle of the 
PCS 

flow is largely dependent on the damping of the closing 
force, i.e. on the visco-elastic properties of the muscles. 
Vortex areas can only exist for short periods and break 
down constantly because of intermittent contractions. 
From the film the pathways of the marked particles and 
thus the distribution o f  f low rates in the PCS can be deter- 
mined. This results in isotach fields, i.e. lines with the same 
flow rate dependant upon the time of observation. Figure 
7 shows an example. If the distribution of flow rates is 
known, it is possible to calculate forces acting on particles 
fixed to the wall of the PCS. Primarily these are bending 
tensions which are about ten times higher than tension 
caused by linear forces which are also present. The bending 
tensions ab are depe,adent on the squared flow rate ab  = 
f (v 2), with v being flow velocity. Figure 8, e.g., shows the 
effective bending tensions (here as normed amount q) on 
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Table 1. Duration of stay At d or At,~ of the urine in the PCS in de- 
pendence on volume flow QM and maximal fiUing pressure Pmax. 
At d. duration of stay measured in experiments with washing out 

dyes 
At~t: duration of stay calculated by dividing Vrp/QM with Vrp = 

1.1 ml (volume of filled renal pelvis model) 

ml a) Atd/s b) At~/s 
QM min 

Pmax/mmHg 
5 10 15 20 

0.375 472 477 444 378 176 
0.750 304 295 279 232 88 
1.450 147 147 144 102 46 
3.000 70 65 59 46 22 
6.000 30 25 25 21 11 

the particle size (Fig. 8a), place in the renal pelvis (Fig. 8b) 
and volume flow QM and maximal filling pressure Pmax 

(Fig. 8c). 
The time spent by the particles in the PCS is a parameter 

of decisive importance for calculus growth and formation 
of aggregations. 

If renal pelvis models of rubber are used it is relatively 
easy to mark the filling of the renal pelvis with dye solu- 
tions. The duration of stay At d can either be measured di- 
rectly during the subsequent washing-out of the dye, or it 
can be calculated according to 

Atd = nc " Ate (i) 

with n c being the number of cycles required to wash the 
dye out completely and At e the time of one cycle. 

Table la presents the measurement results related to 
volume flow QM and maximal filling pressure. The data are 
mean values, from each of 10 experiments. Standard devia- 
tions are not given for reasons of clarity. 

Starting from the calculation 

At~ = Vrp/QM (ii) 

for the duration of stay. Finlayson and Reid [6], the results 
given in Table lb are obtained for the rubber pelvis used 
here with Vrp = 1.1 ml. 

But there is no complete exchange of volumes as must 
be assumed using formula (ii), but in the PCS mixed zones 
must be taken into consideration which increase the actual 
duration of stay. In our case this results in an increase by a 
factor of approximately 3. It must be pointed out that the dif- 
ference may be much higher with bigger renal pelvis volumes. 

Discussion 

Model technology has proved to be a satisfactory method 
of analysis of flow in the PCS. 

The present results reflect the importance of the flow 
field in the PCS which determined the retention of crystals 
and aggregations which formed free or fixed. 

According to these studies the "fixed particle" theory is 
more probable than the "free" formation of concrements 
because vortex areas can only exist for short periods in 
renal pelvis models from healthy persons and permanently 
break down due to pelvicalyceal contractions. 

There are anumber of morphological differences between 
the PCS of healthy persons and of urolithiasis patients; cer- 
tain PCS types might be predetermined for calculus forma- 
tion from the very beginning. 

Studies on geometrically and physically similar glass and 
transparent rubber models of PCS suggested that: 

• Flow situations in the PCS vary greatly temporarily and 
spatially, with laminar flow dominating. 

• Morphological variations in the PCS, volume flow and 
maximal filling pressure of the renal pelvis and sequence of 
concentrations exert essential influences on the flow field. 

• In the PCS of healthy persons, vortices can exist only for 
short periods and stagnant zones are intermittently bro- 
ken down as a result of adjacent directed flow. 

• Under comparable flow conditions (volume flow; filling 
pressure), PCS of urolithiasis patients, which differ mor- 
phologically from those of healthy persons, from larger 
vortex and stagnant zones. 

• In the experiments up to 20 times lower flow rates were 
found in homologous places in the PCS of urolithiasis 
patients. These results in forces 400 times smaller to re- 
move particles adhering to the PCS wall in urolithiasis 
patients. 

• Low flow rates preferentially occur in the calyx regions, 
particularly in the upper calyces. 

• As a result of the formation of mixed zones the duration 
of stay for the urine in the PCS is many times longer 
than calculated from PCS volume and volume flow. 

• According to our estimations the duration of stay for 
the urine might be up to 20 times longer in the PCS of 
urolithiasis patients than in those of healthy persons. 
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The tendency to urolithiasis is increased when the studies 
of Hajos [9], Schmidt [14], or our analyses are taken into 
consideration, which suggest that PCS hypomotil i ty is fre- 

quently found in urolithiasis. Schulz et al. [23] found that 
in cases of urolithiasis 

• pathological types of transport with reduced or even 

absent activity of the PCS were common, 
• longer intervals between two contractions of the PCS 

and 
• prolonged duration of contraction with very poor con- 

tractility. 

The implications of these findings to diagnosis and to the- 
rapy are easier to describe than to realize. Amongst others, 
the therapeutic implications are 

• an increase in dally urine output  (here for reasons of  
fluid dynamics, not  of physicochemistry) 

• influencing the muscle tone in the renal pelvis, perhaps 

by stimulating a-adrenergic and cholinergic receptors 
• physical activity. 

The latter statement refers particularly to immobilized pa- 
tients. By sitting up, contractions of the PCS are spontane- 
ously initiated, which should be regarded as a protective 

measure concerning the formation of urinary calculi. 
Deliberate operative morphological changes as prophy- 

lactic therapy during stone surgery may require further con- 

sideration. Diagnostically urolithiasis patients are character- 
ized by hypomotil i ty of the PCS, particularly in the upper 
calyceal groups, which may even result in functional less 

with regard to urine transport [23]. 
It has been demonstrated that pathological urodynamics 

and flow conditions in the PCS are important  factors in the 

formation of urinary calculi. 
The results and knowledge obtained so far shall be con- 

firmed by further investigations and extended on further 
urodynamic problems of the upper urinary tract. 

References 

1. Arnold W, Seemann N (1968) Vergleichende infrarot-spektro- 
photometrische und pathomorphologische Untersuchungen zur 
Urolithiasis. Dtsch Med Wochenscttr 93 : 1757-1791 

2. Auvert J (1957) Le reflux ~t partir du bassinet. Rapport et in- 
formations de la 5 ligme session de l'Ass Franc d'Urol, Paris 

3. Brandner IS (1976) Die pathologischen Ver~inderungen des 
Nierenhohlraumsystems und ihre operative Behandlung. Disser- 
tation, TU Mtinchen 

4. Brundig P, Schulz E (1986) Pathologisch-morphologische Para- 
meter des Nierenbeckenkelchsystems als m/Sgliche Ursache der 
hiiufig rezidivierenden und einseitigen Kalziumoxalatnephroli- 
thiasis. Aktuel Urol 17 : 137-140 

5. Diix A, Thurn P, Kisseler B (1967) Der physiologische Entlee- 
rungsmechanismus der ableitenden Harnwege im R6ntgenki- 
nematogramm. Fortschr RiSntgenschr 97:687-703 

6. Finlayson B, Reid F (1978) The expectation of free and fixed 
particles in urinary stone disease. Invest Urol 15:442-448 

7. Floris F, Riga E (1979) Urinary flow hydrodynamics in the 
"boxshaped" and "funnel-shaped" pelvis. Urologia (Italia) 46: 
723-728 

8. Hannappel J (1984) Physiologic der oberen Harnwege. Thera- 
piewoche 34 : 6488-6500 

9. Hajos E (1978) Telescreen and radiographic examination of 
urinary transport. Akademiai Kiado, Budapest 

10. Hautmann R (1980) Entwicklung und Behandlung yon Kal- 
ziumoxalatsteinen. Therapiewoche 30:8162-8172 

11. Lullies H, Trincker D (1974) Taschenbuch der Physiologic. Bd 
I. Fischer, Jena 

12. Marberger H (1965) Hydrodynamics problems of modern urol- 
ogy. Z Urol Nephrol 58 : 871 

13. Randall A (1936) Hypothesis for origin of renal calculus. New 
Engl J Med 214-234 

14. Schmidt H (1978) Motilitiit der oberen Harnwege. Springer, 
Berlin Heidelberg New York 

15. Schulz E (1983) Nutzung der ModeUtechnik zur Ermittlung 
des Str6mungseinflusses auf die Harnsteinbildung im Nieren- 
becken-Kelchsystem. Dissertation, Hochschule ftir Verkehrswe- 
sen ,,Friedrich List", Dresden 

16. Schulz E, Hackeschmidt M (1983) Die mechanische Beanspru- 
chung von "fixed particles". Eine str6mungstechnische Unter- 
suchung an dynamischen Nierenmodellen. VIII. Jenaer Harn- 
steinsymposium. Wiss Beitr der FSU Jena 1984 : 24-30 

17. Schulz E, Schneider HJ (1981) Der m6gliche Einflug der Form 
des Nierenbecken-Kelch-Systems auf die Harnsteingenese. Un- 
garischer Urologenkongrefi 9./10.10.1981 Kecskemet/Ungarn 
(Tagungsband) 

18. Schulz E, Schneider HJ (1980) A new view on stone formation 
under the aspect of flow dynamics. In: Urolithiasis. Clinical 
and basic research on urolithiasis research. Plenum Press, New 
York, pp 533-538 

19. Schulz E, Schneider HJ (1980) Ermittlung des Harnvolumens 
im Nierenbecken-Kelch-System (NBKS) aus Urogrammen. Z 
Urol Nephrol 74.651-655 

20. Schulz E, Hackeschmidt M, Stadie G (1982) Str6mungstechni- 
sehe Analyse des Pyelon-Kelch-Systems hinsichtlich der Stein- 
genese. I. Theoretische Aussagen. Z Urol Nephrol 75:699-710 

21. Schulz E, Hackeschmidt M, Stadie G (1982) Str6mungstechni- 
sche Analyse des Pyelon-Kelch-Systems hinsichtlich der Stein- 
genese. II. Erste experimentelle Ergebnisse. Z Urol Nephrol 
75:771-779 

22. Schulz E, Hackeschmidt M, Stadie G (1984) Str6mungstechni- 
sche Analyse des Pyelon-Kelch-Systems hinsichtlich der Stein- 
genese. III. Untersuchungen an dynamischen Modellen. Z Urol 
Nephrol 77 : 589-597 

23. Schulz E, Hengst E, Brundig P, Haerting R, Pirlich W, Gtinther 
H (1987) Disturbed urinary transport in the pelvicalyceal sys- 
tem in calcium-oxalate stone patients. Urol Res 15: 109-113 

24. Seyfarth HH, Schneider HJ (1979) Mikroskopische Geftigeana- 
lysen yon Harnsteinen und ihre Aussagen zur Steingenese. VI. 
Jenaer Harnsteinsymposium 1979. Wiss Beitr der FSU Jena 
1980:32-37 

25. Seyfarth HH, Schneider HJ (1979) Str6mungsmechanische 
Untersuchungen an Mikrogeftigeanalysen und ihre Aussagen zur 
Harnsteingenese. VI. Jenaer Harnsteinsymposium 1979, Wiss 
Beitr der FSU Jena 1980:59-62 

26. Weber E (1972) Grundrig der biologischen Statistik. Fischer, 
Jena 

27. Zechner O, Loebenstein TH (1983) Experimentelles Harnstein- 
wachstum in vitro. VIII. Jenaer Harnsteinsymposium 1983. 
Wiss Beitr der FSU Jena 1984:42-48 

Dr. E. Schulz 
Urologische Abteilung 
Frie drich-Schiller-Univer sitat 
Lessingstrasse 1 
DDR-6900 Jena 
German Democratic Republic 


