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Passive properties of the urinary bladder in the 
collection phase 
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A b s t r a c t - - A  model is presented that describes the passive properties of the urinary bladder in the 
collection phase. A black-box approach is used. The system under investigation, which is 
defined in terms of a pressure-volume relationship, is divided into four subsystems or blocks, 
namely two geometry blocks, a block describing the time-dependent properties of  the bladder 
wall, and a block describing its length-dependent properties. Models have been developed 
and tested for each block separately~ With regard to geometry, the bladder is described as a 
thick-walled sphere of constant tissue volume. The time-dependence of the properties of the 
wall can be explained using a visco-elastic model and the length dependence of the wall 
properties is shown to yield elastic modull which depend biexponentially on strain. Estimates 
of the value of the parameters involved were obtained from experiments on strips of urinary 
bladder, obtained from the local slaughterhouse. Combination of the blocks yielded an overall 
model of the passive properties of the urinary bladder in the collection phase. The model 
contains 14 parameters. The classical way of investigating the urinary bladder, by filling it 
slowly and measuring the pressure produced, yields a pseudostatic pressure-volume relation- 
ship called a cystometrogram. The model predicts the form of the cystometrogram accurately. 
However, analysis of a classical cystometrogram enables us to determine only three parameters 
of our model. A better measurement method is based on stepwise (or almost stepwise) 
straining of the urinary bladder. One stepwise straining yields eight parameters, provided the 
initial volume of the bladder is known, and severe/measurements on one bladder at different 
strains enable us to determine ten parameters. The results obtained with stepwise straining 
are compatible with the model. 
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List of symbols 7. = 

ao = constant in multiexponential model, N 
a. = coefficient of nth exponential (initial height e = 

of exponential decay curve), N 
e = base of natural logarithms l et = 

e. = relative elastic modulus E. /E(Je] )  rl. = 

E. = elastic modulus of nth spring, N/m = /~ = 
E(Ic]) = sum of elastic moduli as a function of a = 

amplitude of applied strain, N/m 2 a ( a )  = 

~ =  
IEI. = 

k =  
l =  

lo = 

p =  

t 

V =  
Vo= 
v , =  
/~.= 

elastic coefficient, N/m 2 
number of exponential terms used 
length of bladder-wall strip, m 
length of bladder-wall strip unstrained, m 
index number 
pressure in the bladder above barometric 
pressure, N/m 2 
time, s 
volume contained by bladder, m 3 
unstrained volume of bladder, m 3 
volume of bladder-wall tissue, m 3 
elastic exponent 
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relaxation constant in nth exponential term, 
S - 1  

( ( l  - l o ) / l o }  
strain 

10 
amplitude of applied strain 
viscosity modulus of the dashpot, Ns/m 2 
Poisson's ratio 
stress in bladder wall 
standard deviation of parameter a, relative 
to a 
sum of least squares, N 2 

1 Introduction 

Two phases can be distinguished in the working 
cycle of the urinary bladder: the collection phase 
(in which the urine produced by the kidneys is 
collected in the bladder) and the evacation phase 
(in which the urine collected is expelled via the 
urethra). The bladder is dominated by different 
properties (both passive and active) in these two 
phases. By passive properties is understood to 
mean those properties which do not involve energy 
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production by metabolism, while active properties 
do. 

The purpose of this investigation is to describe, 
quantitatively, in physical terms, the passive pro- 
perties of the urinary bladder in the collection phase. 

These properties can be described in terms of a 
volume-pressure relationship. The volume and 
pressure interact via the bladder wall. A certain 
volume V of fluid in the bladder strains the bladder 
wall to a certain degree. 

The strain e is defined as: 

l -- lo 
lo 

where Io is the original length (1) a n d / i s  the strained 
length of an imaginary piece of bladder wall. 

The straining of the wall causes a s tress  a in the 
wall, which, in turn, determines a pressure depending 
on the geometry of the bladder. This set of causal 
relations is illustrated in the model of Fig. 1. We 
shall investigate the functions of the various blocks 
of this model in separate sections. 

Since bladder-wall tissue is a nonlinear visco- 
elastic material, which means that the output 
signal of the wall block depends on time as well as 

viscous element to a stepwise straining is a mono- 
exponentially decaying stress (CooLSArT et  al., 
1975b). 

Since one exponential term does not fit the 
measured curves adequately, the mechanical model 
is expanded with extra elements in parallel, each 
element consisting of a viscous and an elastic 
element in series (CHRISTENSEN, 1971). A non- 
decaying component represented by a single spring 
in parallel with the above must also be introduced. 
The stress resulting from a strain step can then be 
described as: 

k 

a = ~ a , e - ~ , ' + a o  . . . . . .  (2) 
n = l  

Generally we will use a model with three exponential 
terms and a constant as shown in Fig. 2; the argu- 
ments for this are discussed in Section 2.3. 

If we measure the step response of a strip of 
bladder wall and fit the results with a sum of a 
number of exponential terms plus a constant, we 
obtain the coefficients a. and relaxation constants 
7, as parameters. 

Introducing the tissue volume V. we can relate a. 

" ~ i  t ge~ ~ - ~ i  t wall 
olv,  

geometry :" P 

I 
Fig. 1 Model of the urinary bladder in the collection phase 

on strain or length (JAMISON et  ak ,  1968), the wall 
block is split up into two subblocks describing 
these dependencies separately. 

In Section 5 the properties of all blocks will be 
combined to yield one complete model. 

0 

2. Time-dependent behaviour of  the bladder wall 

2.1 Theory  

The time-dependent behaviour of the urinary 
bladder wall can be investigated by experiments on 
isolated strips of bladder wall (CoOLSAET et  al., 
1975b). 

The total time-dependent behaviour can be 
determined in one measurement, and at one strain 
level, by straining these strips stepwise and observing 
the stress response (CooLSAET et  al., 1976). It is 
known that the urinary bladder wall has viscous as 
well as elastic properties (HILL, 1926; AXELSSON, 
1970; ALEXANDER, 1971; APTER et  al., 1972). 

The response of a viscoelastic series model con- 
sisting of one linear elastic element and one linear 

I .  .In3 

E2 

"[r12 [ -Irll 

EO 

[Lo 
Fig. 2 Mechanical model of time-dependent strata- 

stress response of bladder wall 
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to the elastic moduli E. as follows (CoOLSAET et al., 
1975a) 

a .  l 
gn- -  . . . . . . . . .  (3) 

The viscosity moduli r / .  can be obtained from the 
relaxation constants y,. However, in order not to 
combine the standard deviations of coefficients and 
relaxation constants in our calculations, we will use 
the elastic moduli and relaxation constants as 
fundamental parameters. For our description of the 
fundamental time-dependence of the stress-strain 
relationship, only the relaxation constants are 
relevant. 

2.2. Methods 

Dog- and pig-bladder strips measuring about 
10 x 20 mm were strained stepwise using a pneumatic 
strain device (CooLSAET et aL, 1976). The strips 
were immersed in a physiological solution which 
was constantly perfused, aerated with 9 5 ~  02 and 
5~o CO2 and kept at 37~ The measured force 
was digitised and fed directly into a Texas Instru- 
ments 980B minicomputer. 

Experiments were performed using a number of 
different physiological solutions (CoOLSAET et al., 
1977), but only two of these are relevant here: 
(i) A modified Krebs solution (~BERG and AXELS- 

SON, 1965), which we used as standard solution; 
this is called the 'natural '  solution below. 

(ii) A solution used to reduce the influence of the 
active properties of the tissue. For pig bladders 
EGTA was used (COOLSAET, 1977), for dog 
bladders D 600 (MAYER et al., 1972). 

In all cases, the time that elapsed between the 
death of the animal and the start of the experiment 
was about one hour. 

The original length 1o was determined by allowing 
the strip to stretch under the weight of the lower 
clamp (mass ~-13 g) for about 1 s. The measurement 
cycle consisted of a step to a constant strain of 

0"30 maintained for 1000 s followed by 20min  
rest at zero strain. About 10 measurements were 
taken from each strip. The curves measured were 
fitted with a multiexponential model using the 
stepwise approximation method described by van 
MASTRIGT (1977b) and discussed by KuLg (1976) and 
VAN MASTmGT (1977C). 

The separation of a signal into exponentials is a 
very awkward problem (LANCZOS, 1956). A number 
of models and methods were tested (VAN MAST~GT, 
1977a) as alternatives to the computational method 
used here, but none of them turned out to be 
successful. 

2.3 Results 

The basic shape of the force-time curve obtained 
resembles that of Fig. 3. Pig-bladder strips and 
sometimes also dog-bladder strips when investigated 
in the natural solution show a spontaneous rhythmic 
activity which is simply added to the curve. 

When D 600 or EGTA was used, spontaneous 
activity was not observed. To determine experi- 
mentally the order of the system under investigation, 
i.e. the number of exponentials which should be 
used or, the value of k in eqn. 2, the EGTA group 
of curves was fitted with an increasing number of 
exponential terms. The results can be seen in Fig. 4. 

From the flattening off of the average sum of 
least squares at k = 4 we can conclude that the 
order of the system is four. This has been confirmed 
with the aid of an F-test. However, some curves 
can obviously be fitted adequately with three 
exponentials (see Fig. 4, curve S 600) while others 
require at least five exponentials (Fig. 4, curve 
S 604). In fact, we shall use three exponentials and a 
constant to avoid 'overfitting' of curves like S 600. 

Table 1 shows the average relaxation constants 
and standard deviations determined for a number 
of measurements. Variance analysis was used to 
split the variance of the relaxation constants into 
two components. The first component is related to 
the differences between measurements on one strip, 

I O . 1 N  

l O O s  
I I 

Fig. 3 Force as a funct ion o f  t ime response to stepwise straining of  a b/adder-wal l  strip 
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and is called the physiological spread. The second 
component concerns differences between strips 
and is called the biological spread�9 The corres- 
ponding standard deviations are shown in Table 1 
for the groups 'dogs, natural '  and 'pigs, EGTA'.  

The lower standard deviations in the latter group 
are clearly caused by a lower biological spread. 

We can conclude tentatively from this, that large 
differences between strips are probably caused by 
active properties only. The group 'pigs, EGTA, 
increasing strain' contains measurements at in- 
creasing strains between 0"2 and 1"6. From the 
fact that the standard deviations in this group are 
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Fig�9 4 Average sum of least squares as a function of 
number of  exponential terms fitted 

not significantly larger than those in the corre- 
sponding group measured at constant strain, we 
conclude that the relaxation constants are in- 
dependent of strain. In order to test for homogeneity 
and isotropy, series of measurements were per- 
formed on pairs of strips taken from the same 
urinary bladder, but with their longitudinal axes 
at right angles�9 These measurements are shown in 
the last two rows of Table 1. No significant differ- 
ences between the values measured could be found 
by Student's t test or a Wilcoxon symmetry test. 

3 Length-dependent behaviour of the bladder wall 

3�9 Pulse measurements 

3.1.1 Theory: In contrast to the relaxation constants, 
the elastic moduli do depend on the amplitude of 
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Fig. 5 Modif ied mechanical model with init ial- length 
dashpot and active element 

Table 1. Relaxation constants from the various groups of measurements 
1 

Group ~ / l ( s  - 1  ) o-(~1 ) ~ /2(s  - 1  ) (T ( 7  .~ ) ~/3 (s- 1) ~(~,~) 
Number of 
measure- 

ments 

% % % 
Dogs, natural 0.47 66 0'045 71 0-0050 50 

physiological spread 50 59 46 
biological spread 46 40 14 

Dogs, D600 0-82 33 0"062 37 0-0037 30 
Pigs, natural 0.23 66 0.033 45 0.0044 64 

(5.32) (99) 0.14 28 0.0090 46 
Pigs, EGTA 1 �9 05 23 0"077 51 0.0061 62 

physiological spread 21 49 60 
biological spread 8 13 16 

Pigs, EGTA, increasing strain 0.96 27 0"069 52 0-0052 56 
Pigs, EGTA, horizontal strip 1.06 25 0'079 55 0.0063 65 
Pigs, EGTA, vertical strip 0-97 26 0"067 47 0-0054 52 

118 

26 
19 
99 

104 

98 
48 
48 

474 Medical  & Biological Engineering & Computing September 1978 



the stepwise straining 

E. = E.(le l) . . . . . . . . .  (4) 

where Icl is the amplitude of the applied strain. 
It turned out that when the elastic moduli were 
repeatedly determined at one strain level, they 
generally decreased; this was ascribed to a gradual 
increase in the rest length 10 (CooLSAET et al., 1976). 

To incorporate this behaviour in our mechanical 
model, we added a plastic element r/o in series with 
the parallel combination of Fig. 2. The resetting 
of the plastic element is thought to be an active 
process, symbolised by an element C (see Fig. 5). 
Since the observed trends in the elastic moduli 
were always similar, we assume that the relative 
elastic moduli (the elastic moduli divided by the 
sum of the elastic moduli) are constant. 

We define: 

E,(I~I) = E(Ie[).  e . . . . . . . .  (5) 

where 

k 

E(I~I) = E E.(I~I) . . . . . . .  (6) 
n = O  

We call e, the relative elastic moduli and Ele[ 
the elastic modulus function. The relative elastic 
moduli are independent of strain and can thus be 
determined from stepwise measurements. Table 2 
contains average values of the measured relative 
elastic moduli and their standard deviations. The 
strain varied between 0" 2 and 1.6 The results of 
measurements performed on strips cut at different 
angles from the urinary bladder are shown in the 
bottom two rows of Table 2. 

Here student's t test showed significant differences 
(p < 0.05); but the Wilcoxon symmetry test did 
not. We conclude that there is a marginal lack of 
isotropy and homogeneity. The elastic modulus 
function cannot be reliably determined from the 
step-response measurements since here the increase 
in 1o affects the results. 

However, since we only need to know the initial 
height of the step-responses to determine this 
function, we can restrict our straining to very short 
periods, so that the increase in lo will be insignificant. 

3.1.2 Methods: Strips were repeatedly strained for 
625 ms at intervals of 62- 5 s, using the pneumatic 
strain device mentioned in Section 2.2. During 
each strain pulse the resulting force was sampled 
four times. The average was taken as a measure of 
the response to the strain level in question, and 
will be called the 'average peak force' from now on, 
Strips from the posterior wall of pig bladders were 
used in an EGTA solution and the initial length 
was determined as described in Section 2' 2. 

3.1.3. Results: The reproducibility of our method 
was tested by applying a series of strain pulses of 
amplitude 0"30. Since successive measurements 
tended to yield significantly lower responses, we 
concluded that the influence of the t/o element 
was still too large. When pulses at two different 
strain levels were alternated, we found that the 
absolute differences between these peak forces 
were very reproducible as long as the two strain 
levels were not too far apart (~<0.3). 

Using this information, a measurement series 
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i N / m  2 )  

140.000' / e  

120.000- 

100.000" 

80.000 e/e 

60.000 

40.000" 

20.000" 

, i i i t , i , 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
Ir 

Fig. 6Measured elastic modulus function H - - O  
and f i t t edmono -exponen t i a / f unc t i on - -  

Table 2. Relative elastic modufi and standard deviations 

Group eo o'(eo) e, 
Number of 

o'(el ) e2 o'(e2) e 3 O" (e3) measure- 
ments 

% % % 
Pigs, EGTA, increasing strain 0.17 32 0"50 19 0.20 15 
Pigs, EGTA, horizontal strip 0.12 51 0'55 19 0"13 32 
Pigs, EGTA, vertical strip 0.15 36 0.50 18 0"15 28 

% 
0.14 22 98 
0.19 12 48 
0.20 11 48 
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involving increasing strain pulses with added 
correction pulses was designed. The elastic modulus 
function was computed as a function of strain 
according to eqn. 3 from the average peak forces 
measured in this way. In Fig. 6 the dots represent 
the values thus calculated. 

A monoexponential function: 

E(lel) = IEi, exp ( f l l l e j )  . . . . .  (7) 

turned out to fit the measured data very well (Fig. 6, 
full line). We shall call IEI~ the elastic coefficient, 
and ,81 the elastic exponent. 

Ten measurements'were performed on strips of 
bladder wall from seven different bladders. The 
parameters determined are shown in Table 3. 

Table 3. Average and standard deviation for the 
parameters defining the elastic modulus function at 
low strains 

Relative Number of 
Parameter Average standard measure- 

value deviat ion ments 

/?1 1 �9 28 19 10 
IEI1 16 084 N/m 2 43 10 

3.2 R a m p  m e a s u r e m e n t s  

3.2.1 T h e o r y :  The dynamic measurements described 
in Section 3.1.3. could not be performed at strains 
higher than 1-6 because the forces involved would 
damage the strip. 

Since the elastic moduli may deviate from a mono- 
exponential function at high strains (VAN MASTRIGT 
e t  a l . ,  1977d), we investigated the elastic moduli 
or modulus at high strains by quasi-static measure- 
ments, which yield lower forces. The error in- 
volved due to the influence of the dashpots can be 
estimated from the relaxation constants, which 
yields about 10~  using the data of Section 3.2.2. 

When the viscous effects can be ignored and the 
influence of the active element is reduced by EGTA, 
the model reduces to the Eo spring in series with 
the % element. 

3.2.2 M e t h o d s :  The pneumatic strain device men- 
tioned in Section 2.2 was modified so that the strip 
could be strained at a constant speed by slowly 
paying out a steel wire, using an infusion pump. 

Table 4. 

Unless otherwise specified, the speed used was 
1 . 6 6 x I 0 - S m / s .  This means that full extension 
of the strip (50 ram) was reached in about 50 min. 
Force was plotted against length and elastic modulus 
against strain using a Hewlett Packard point 
plotter, while both curves were also plotted semi- 
logarithmically�9 

Parts of the curves could be fitted with a mono- 
exponential curve using a least-squares criterion. 
Strips from the posterior wall of pig bladders were 
again used in an EGTA solution, and initial length 
was determined as described in Section 2.2. 

3.2.3 R e s u l t s :  In the first experiments strips were 
extended up to 50 mm once at constant speed. 
The force-length plot showed sudden drops after 
an initial smooth rise and an irregular pattern of 
increasing and decreasing force at high strains. 
These high-strain phenomena were ascribed to the 
'flow' of the plastic element r/o. To obtain reliable 
measurements of the elasticity involved, a series of 
quick-release experiments was performed, in which 
the strip was extended at constant speed up to a 
certain force, quickly released to force zero, and 
then extended again at the original speed up to a 
higher force. The resulting force-length plot is 
shown in Fig. 7. 
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Fig. 7 Force-length plot of a strip of bladder wall 
strained at constant speed with repeated 
quick releases 

Parameter Average 
value 

Relative standard deviation 
Physiological Biological  Number of Number of 

Total spread spread curves measurements 

IEI2 
5-74 

1.25 N/m 2 

% % % 
26 14 22 27 10 

360 80 360 27 10 
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It is interesting that the envelope of these curves 
shows the same pattern as mentioned above; 
however, the individual curves rising to the envelope 
are quite smooth and reproducible. We interpret 
this by assuming that the plastic element r/o implies 
some threshold force. When the threshold force 
(which in these experiments equals the force at 
which the element last ceased to flow) is exceeded, 
plastic flow begins. The repeated ascending curves 
up to the enveloping ~plastic flow' curve would thus 
seem to represent elastic properties at different 
strains. The last two or three ascending curves 
from each set of measurements (depending on how 
close together the curves were) were fitted with a 
monoexponential. The results can be seen in Table 4. 
Note the very high standard deviation of the elastic 
coefficient, which is caused by the elongation of the 
r/0 element. Variance analysis applied to the data 
showed that the differences between strips (bio- 
logical spread) was significantly greater by F-test 
than the differences within strips (physiological 
spread). Note furthermore the significant difference 
between the value of the elastic exponent found 
here and that found in Section 3-1. We conclude 
that at high strains the elastic modulus function 
shows a different slope than at low strains; thus we 
represent the elastic modulus function by a 2- 
exponential expression: 

E(lel) = JEll exp (fl, L4)+IEI~ exp (flzle]) (8) 

Finally, it should be noted that although we ex- 
pected a viscoelastic relaxation of about 10~o upon 
stopping the straining of the strip at these low 
strain speeds, as mentioned in Section 3.2.1, in 
fact a relaxation of about 50~o was seen. This 
might be an indication that the time-dependent 
behaviour of the strip is nonlinear. This unexpected 
behaviour can probably be described more ade- 
quately using a continuous relaxation model instead 
of a discrete model. Future research on this topic is 
called for. 

4 Geometry of the urinary bladder 

4.1 Theory 

In this Section we will consider the two geometry 
blocks of Fig. 1. Our basic assumption will be that 
the urinary bladder is a thick-walled hollow sphere 
(OSBORNE and SUTHERLAND, 1909; MATSUMOTO 
and LA GRANGE, 1973). 

The first geometry block, relating volume to 
strain, can then be described as follows: 

l,o_ 
- lo lo 1 = - 1 . (9) 

where 11o is the 'unstrained' volume of the bladder. 
As far as the second geometry block, relating 

stress to pressure, is concerned, LAM~ (1852, p. 212) 
gives a relationship for a linearised thick-walled 
sphere, which can be simplified (VAN MASTRIGT, 
1977a) to: 

3pV 
a - - -  (10) 

2V, 

This relationship can also be obtained by simply 
calculating the balance of force over two hemi- 
spheres (MATSUMOTO and LA GRANGE, 1973; 
COOLSAET et al., 1975a). If we take Vt < O" 1 x V, 
which is generally a fairly realistic assumption, 
the total error introduced by simplifying the ori- 
ginal relation is about 10~,  

4.2 Methods 

Eqn. 9--for the first geometry block--and 
eqn. 10---for the second--can both be tested by 
measuring the pressure-volume relationship of a 
bladder, quasistatically calculating the stress-strain 
relationship of the wall block from the results, and 
then measuring this stress-strain relationship directly 
on a strip of bladder wall. 

Since quasistatic measurements on bladder wall 
are rather time-consuming, we performed the 
measurements on a rubber balloon which showed 
negligible viscosity. 

The balloon was connected to the catheter and to 
the rest of the apparatus described in Section 5, 
and was submerged in water. We calculated the 
stress and strain for each measured set of volume 
and pressure values, and hence the elastic modulus, 
using the relationship: 

~r= 2eE . . . . . . . . . .  (11) 

The reason for the factor 2 here is that we strain the 
material in all directions in the surface and not 
only in one as is the case with strips. It can easily 
be shown (see FRANK, 1906, or BRODV and QUIGLEY, 
1948) that in the linear case this yields a multi- 
plicative factor of ( l / l - p ) ,  where p equals Poisson's 
ratio which we assume to be 0" 5 (V, is constant). 
The elastic modulus was also obtained from mea- 
surements on a strip from the wall of the balloon, 
using the equipment described in Section 2. In 
both cases (total balloon and strip) measurements 
were first made for a small increment in strain and 
then for a similar decrease, and the average of the 
two measured values was used. 

4.3 Results 

Measurements were made on three balloons. 
Fig. 8 shows the pressure as a function of volume 
for the balloon as a whole. The average values of 
the elastic modulus for all measurements are 
tabulated in Table 5. We see that the standard 
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deviation of the elastic moduli is significantly larger 
for the measurements on strips than for those on the 
balloon as a whole which means that the measured 
curve for strips shows a trend. The relatively 
small differences between the elastic moduli cal- 
culated from strip measurements and whole balloon 
measurements indicate that our geometry models 
are reasonably accurate. 

5 Evaluation of total bladder model 

S. 1 Theory 

Our overall bladder model can be obtained by 
combining all the blocks considered above; see 
Fig. 9. In this section we will test the entire model by 
comparing the results of measurements on whole 
bladders with the predicted responses. 

T 
P 
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Fig. 8 Pressure as a 
function of  volume for 
a rubber balloon 
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Fig. 9 Overall model of the passive properties of the urinary bladder in the collection phase 

geometr 7 I ~ P 

Table 5. A verage elastic moduli, relative standard deviation and difference between average modufi  for measure- 
ments on rubber balloons and strips of  balloon 

Result of measurements on whole Result of measurements on strip 
balloon 

Measurement Elastic Retative Number of Elastic Relative Number of 
number modulus standard measure- modulus standard measure- 

deviation ments deviation ments 

Difference 
between 

average elastic 
moduli 

N/m 2 % N/m 2 % % 
1 517 662 3 7 520 284 10 22 1 
2 427 375 6 20 434 841 22 20 2 
3 507 359 5 19 455 733 23 20 11 
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First, we consider cystometry, which involves 
quasistatic filling of  the bladder yielding a pressure- 
volume plot  called a cystometrogram. With a very 
slow ramp as input (strain) signal, the model  (see 
Fig. 5) reduces to the Eo spring in combinat ion  with 
the r/o element. Assuming that  the r/0 element cannot  
follow the ramp at the low stress caused by the Eo 
spring alone, we can write for the t ime-dependent  
properties of  the wall 

cr = 2~Eo . . . . . . . . .  (12) 

(see eqn. 11). 
Inserting the relation for the other  blocks, we 

obtain:  

{(V/Vo) ~ -  1} [ 4Vt eo]Ell 
P - V [ 3 exp (flal(V/Vo) +- 1 l) 

4V, eolEI2 exp (fl2[(V/Vo)~-ll)] (13) 
+ 3 ] 

Fig. 10 shows the result of  fitting this function to a 
cys tometrogram measured on a pig bladder in vitro, 
using a least-squares criterion. The five independent  
parameters were determined as follows: 

Vo = 43x  1 0 - 6 m  3 4Vteo[E]~ 231 0 0 0 N m ;  
3 

fll = 0.6 4V'e~ 3 - 1 . 1 8 N m  f12 -- 5.8 

We see that  especially the second elastic exponent  
agrees very well with the value measured in Section 3. 

A far more  important  conclusion is that the usual 
clinical cystometrogram gives only five parameters 

ptN/m 2) 
fi 75~ 4 / 

I 
vx 106 

o I SBF (m 3) 

Fig. lO Pseudostatic cystometrogram measured on a 
pig bladder i n  v i t r o  X - -  X and fitted function 

(of which two are even combinations) out  o f  the 
14 parameters which define our  bladder model  
(Vo, Vt, eo, ej, e2, ea, 71, 72, 73, IEI1, IEI2, fl~, f12, r/o). 

However,  if we apply a stepwise volume change to 
the urinary bladder (COOLSAEX et al., 1973) we 
obtain f rom one measurement  the relaxation con- 
stants 71, ~2, ~'3 and the relative elastic modul i  e0, e~, 
e2, e3. To evaluate these values we have to know the 
tissue volume Vt. So eight parameters are needed to 
describe one stepwise measurement  using our  model.  
I f  we measure the initial volume 1to and if we perform 
several measurements on one bladder at convenient  
strain levels, a correction as was used in Section 4 for 
pulse measurements can be applied. We can then 
also determine the elastic modulus func t ion- -on ly  at 
low strains, however  (because at high strains the fast 
straining would yield too high a pressure); this yields 
IEI 1 and ill. This means 11 parameters are needed 
to describe the results of  more than one stepwise 
measurement.  In  practice, since displacement of  a 
vo lume of fluid always takes time, the volume 
change cannot  be considered as stepwise even at 
very high filling rates. 

The calculated coefficients of  the mult iexponential  
decay function will thus be too  low. The coefficients 
of  slower exponentials can be corrected, but for high 
strains the coefficient o f  the fastest exponent ia l  
becomes so small that our  model  reduces to a 
2-exponential one. 

5.2 Methods 
Experiments were performed on  female mongre l  

dogs under continuous intravenous pentobarbi tal  
anaesthesia. Dogs  were used because dog bladders 
show less spontaneous activity (see Section 2). 
Most  experiments were performed with an open 
abdomen in order to avoid the influence of  the 
abdominal  wall. 

A double lumen catheter was introduced into the 
bladder. The bladder was filled with physiological 
saline at 37~ at a rate of  10 cm 3/s, via one channel. 
The pressure in the bladder was measured via the 
other  channel. The  electrical pressure signal was 
punched on paper tape at intervals of  ls  for 15 min. 
The initial volume of  the bladder was determined by 
slowly filling it with a syringe. Abou t  10 measure- 
ments were performed on each animal at intervals 
of  fifteen minutes. The results were analysed as 
described in Section 2.2. Af te r  the end of  the 
measurements  the bladder was extirpated for 
determinat ion o f  the tissue volume. 

5.3 Results 
As expected, the dog bladders showed very little 

spontaneous activity. Table 6 shows the average 
relaxation constants and their standard deviations 
as determined f rom measurements  on seven dogs. 
These are in very good agreement  with the relaxation 
constants measured on strips. 
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As all measurements were made at a rather low 
strain, the experimental curves could be fitted with 
three exponential functions. It was not possible to 
draw any conclusions about the elastic modulus 
function, as the measurements were not performed 
in an order which permitted correction for the 
increase in rest length. However, the relative elastic 
moduli were still reproducible. These are shown in 
Table 7, and compare well with the values measured 
in vitro. 

As in the case of strips, we see that the relative 
elastic moduli are more reproducible than the 
relaxation constants. The average initial volume was 
found to be 30 ml with a relative standard deviation 
of 67 ~ and the average tissue volume was 26 ml, 
with a relative standard deviation of 54 70, for the 
seven bladders. As there is a high correlation between 
these two quantities (correlation coeff• 0.87), 
it would probably be sufficient to measure only 
one in practice. 

The model involves the following 14 parameters: 
(i) The tissue volume Vt 

(ii) The initial volume Vo 
(iii) The relaxation constants 7~, 72, Y3 
(iv) Four relative elastic moduli eo, ez, e2, e3 
(v) The elastic coefficients I E[ 1, ]El 2 

(vi) The elastic exponents flz, f12 
(vii) One (or more?) parameters describing the 

behaviour of the I/o element. 
For all parameters except r/o, average values and 
standard deviations have been determined for dog 
and pig bladders. The values were obtained by 
various measurement techniques. The model des- 
cribes the form of a 'quasistatic cystometrogram' 
adequately. An alternative method for testing the 
passive properties of the urinary bladder in the 
collection phase is proposed. 

Acknowledgment--We would like to thank D. J. Griffiths 
for his help in interpreting the ramp measurements. 

6 Conclusions 

It may be concluded that dog urinary bladders show 
mainly passive properties in the collection phase. 
Pig bladders show more active properties, but the 
passive properties can be described adequately 
in terms of the model represented by Figs. 5 and 9 
and eqns. 9, 10, 8 and 11. The following assumptions 
were made in establishing this model: 

(a) All parameters which reflect properties of the 
bladder wall in our model are independent of 
the place where, and the direction in which they 
are measured (isotropy and homogeneity) 

(b) The relaxation constants, and elastic moduli 
relative to their sum are constant, which implies 
a linear time-dependence 

(c) The tissue volume of the wall is constant 

(d) The urinary bladder is spherical 
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Les propri6tds passives de la vessie durant la phase de collecte 
Sommaire---Cet article pr6sente un mod6le d6crivant les propri6t6s passives de la vessie durant cette phase 

de collecte. Une technique genre "boite noire" est utilis6e. Le syst~me 6tudi6, qui est d6fini en terme 
d'une relation pression/volume, est divis6 en quatre sous-syst6mes out blocs b. savoir deux blocs 
g6om6triques, un bloc d~crivant les propri6t6s des parois de la vessie en fonction du temps et un bloc 
d~crivant les propri6t6s en fonction de sa longueur. Les mod61es ont 6t6 mis au point et test6s pour 
chaque bloc s6par6ment. En ce qui concerne la g6om6trie, la vessie est d6crite comme une sph6re h 
parois 6paisses dont  les tissus ont un volume constant. La d6pendance des propridt6s de ces parois en 
fonction du temps peut 0,tre expliqu6e avec un modele visco-61astique, tandis qu 'on peut montrer 
que la relation entre les propri6t6s de ces parois et leur longueur correspond/t  des modules 61astiques 
qui d6pendent des tensions de mani6re biexponentielle. Les valeurs estim6es des param~tres en 
question ont 6t6 obtenues/~ la suite d'exp~riences r6alis6es sur des bandes de vessies obtenues aupr6s 
de l 'abattoir local. La combinaison des blocs a donn6 un mod61e global des propri6t6s passives de la 
vessie dans ta phase de collecte. Ce mod6le contient quatorze param6tres. La mani6re classique 
d'6tudier la vessie, qui consiste ~t la remplir lentement et ~. mesurer la pression obtenue, donne une 
relation pression/volume pseudo-statique appel6e un cystom6trogramme. Le modEle pr6dit pr6cis6- 
ment la forme du cystom6trogramme. Cependant, l 'analyse d 'un tel cystom6trogramme classique ne 
nous permet de d6terminer que trois param6tres de notre mod61e. Une meilleure m6thode de mesure 
consiste/l mettre sous tension de mani6re graduelle (ou presque) la vessie. Cela permet d'obtenir huit 
param6tres, pourvu que le volume initial de la vessie spit connu, et plusieurs mesures sur une vessie h 
diff6rentes tensions nous permettent de d6terminer dix param6tres. Les r6sultats obtenus avec cette 
m6thode de raise sous tension par 6tape sprit compatibles avec le mod61e. 
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Passive Eigenschaften der Harnblase in der Sammelphase 
Zusammenfassung--In diesem Artiket wird ein Modell dargestellt, das die passiven Eigenschaften der 

Harnblase in der Sammelphase beschreibt. Es wird eine Blackbox-Methode angewandt. Das zu 
untersuchende System, das als ein Druckvolumenverh~iltnis definiert wird, wird in vier Teilsysteme 
oder Spalten aufgeteilt, d.h., zwei Geometriespalten, eine Spalte, die die zeitabh~ngigen Eigenschaflen 
der Blasenwand darstellt, und eine Spalte, in der die l~ngenabh~ingigen Eigenschaften beschrieben 
werden. Ftir jede Spalte wurden getrennte Modelle konstruiert und getestet. In bezug auf die Geo- 
metrie wird die Blase als dickwandige SphO.re mit konstantem Gewebevolumen beschrieben. Die 
Zeitabh[ingigkeit der Wandeigenschaften kann anhand eines visko-elastischen Modells erkl~rt werden. 
Die LS.ngenabh~ingigkeit der Wandeigenschaften erweist sich als Erzeuger elastischer Moduli, die 
bi-exponentiell yon der Belastung abh~ingig sind. Sch~tzungen der zugeh6rigen Parameterwerte 
erhielt man aus Experimenten nit Streifen der Harnblase, die man vom/Srtlichen Schlachthof bezogen 
hatte. Die Kombination der Spalten ergab ein Gesantmodell der passiven Eigenschaften der Harn- 
blase in der Sammelphase. Durch die klassische Untersuchungsmethode tier Harnblase, sie langsam 
zu ftillen und den hierdurch erzeugten Druck zu messen, erhalt man ein pseudo-statisches Druck- 
volumenverhaltnis, Zystometrogramm genannt. Das Modell ergibt eine genaue Voraussage des 
Zystometrogramms. Jedoch kann man durch die Analyse des klassischen Zystometrogramms nur 
drei Parameter unseres Modells bestimmen. Ein besseres Megverfahren beruht auf der stufenweisen 
(oder fast stufenweisen) Belastung der Harnblase. Eine stufenweise Belastung ergibt acht Parameter 
vorausgesetzt, dab das Anfangsvolumen der Blase bekannt ist. Mehrere Messungen an einer Blase bei 
verschiedenen Belastungen erm/Sglichen es uns, zehn Parameter zu bestimmen. Die Resultate der 
stufenweisen Belastung sind mit dem Modell vergleichbar. 
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