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Summary. The urethral pressure response to a sudden 
forced dilatation was studied at the bladder neck, in the 
high-pressure zone and in the distal urethra in ten healthy 
female volunteers. The pressure response was fitted with 
a double exponential function of the form Pt = Pequ + 
Pae-t/m+Pt~e-t/r~, where Pequ, Pa and P# are con- 
stants, and r~ and r~ are time constants; this equation 
has previously been demonstrated to describe the pressure 
decay following dilatation. On the basis of a theoretical 
model the elastic and viscous constants for the urethral 
tissues were computed. The results showed significant 
differences along the urethra, with the high-pressure zone 
showing the highest maximum and equilibrium pressures, 
fastest pressure decay and highest elastic coefficient. The 
pressure response represents an integrated stress response 
from the surrounding structures, which reflects the visco- 
elastic properties of the tissues involved. The findings 
seem therefore to correlate well with the anatomical find- 
ings, which have shown a high fibre density of the 
horseshoe-shaped rhabdosphincter in the mid-portion of  
the urethra. The method permits a detailed assessment of 
static and dynamic urethral responses to dilatation which 
can be applied as an experimental simulation of  urine in- 
gression, and is therefore presumed to be of value in the 
evaluation of  normal and pathological urethral sphincter 
function. 
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The urethral response to a sudden forced dilatation is a 
steep pressure increase, followed by an exponential pres- 
sure decay over the ensuing seconds (Fig. 1). This pressure 
response is part of  the visco-elastic property of  the ure- 
thra, which emerges as an integrated tissue reaction to 
stretch of  the periluminal structures. The phenomenon 
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has been studied by Lose and Colstrup [21] and Thind et 
al. [29], who applied arbitrary time constants to the de- 
scription of  the decay phase, and could thus demonstrate 
significant differences between normal and genuinely 
stress incontinent women. We recently published a more 
detailed mathematical analysis of  the relaxation phenom- 
enon [4, 5]. It was shown that the pressure decay after a 
sudden forced dilatation of the urethra followed a double 
exponential function of the following form: 

Pt = Pequ + Pa e-t/~ + P~e-t/~ 

where Pequ, Pa and P/~ are constants, and r a and rp are 
time constants [4]. It was demonstrated that the time con- 
stants were insensitive to the circumstances of dilatation, 
whereas the pressure parameters (Pequ, Pa and Pp) were 
influenced by the size and/or the velocity of  dilatation, 
and it was concluded that the time constants were charac- 
teristic of  a given location in a given urethra. On the basis 
of  a mechanical model the analyses were extended, and 
the elastic and viscous constants for the involved urethral 
tissue elements were computed [5]. 

The aim of  the present study was to evaluate the dy- 
namic mechanical properties of  the female urethra by 
means of  a mathematical analysis of  the pressure 
response following rapid dilatations at well-defined ure- 
thral locations. 

Materials and methods 

Ten healthy nulliparous female volunteers aged 21-45 years (median 25 
years), without past or present urological or gynaecological complaints, 
participated in the study. Informed consent and approval by the local 
ethics committee were obtained. 

Urethral dilatations were studied using a specially designed double- 
microfip transducer catheter [20]. The proximal sensor was covered with 
a water-filled, fully distensible rubber balloon, in which the cross-sec- 
tional area was measured over a segment (2 mm long) according to the 
field-gradient principle [14]. The inflation of the balloon was perform- 
ed using a gravity-operated pump, which allowed variation of volumes 
and rates of the inflation [27]. 

The women were examined in the supine position with an empty 
bladder. The probe was placed with the tip sensor in the bladder and 
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Fig. 1. Urethral pressure response to 
sudden increase in cross-sectional 
area. The urethral pressure and 
cross-sectional area are shown 
together with the pelvic floor EMG 
and bladder pressure 

the balloon (i.e. the cross-sectional area measuring segment) either 
0.75 cm from the bladder neck, in the high-pressure zone or 0.75 cm 
from the external meatus (distal urethra). At each location four identi- 
cal dilatations were performed, all initiated at a cross-sectional area of  
20 mm z. Changes in cross-sectional areas of  20 and 40 mm z, and dila- 
tation rates of  50 and 150 mm2/s were used. The electromyographic 
(EMG) signal from the pelvic floor was measured by surface electrodes 
placed at the mid-portion of  the anterior vaginal wall to exclude striated 
muscle contraction during measurement. 

All parameters were measured and displayed on a six-channel re- 
cording system (DISA URO-system 21F16 2100). The frequency 
response of  the amplifying system was 100 Hz. A paper speed of  
15 mm/s  was used. 
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Fig. 2. Urethral pressure response to sudden increase in cross-sectional 
area. The original pressure is shown together with its components. 
Pressure is plotted on a logarithmic scale 

Statistical analyses were performed using Friedmann's test for 
unordered alternatives. Significance was taken as P < 0.05 [25]. 

Data analysis 

At all dilatations the pressures were read at steady state before inflation, 
after each 0.1 s during the first second, after each 0.5 s during the next 
2 s, and then every second until equilibrium was reached. The pressures 
from the decay phases were subsequently fitted with an exponential 
function of  the following form: 

Pt  = Pequ + Pet e - t im + pfl  e - tiT:# 

where Pt  is the pressure at time t, Pequ is the equilibrium pressure, Pa 
and Pp are constants which represent the pressure decay, and z a and vp 
are time constants (Fig. 2). 

On the basis o f  a mechanical model (Figs. 3, 4), which has been de- 
scribed in detail previously [5], the elastic (E) and viscous (r/) constants 
of  each participating component (a, fl, 7) were then computed accord- 
ing to the following formulas: 
Elastic constants: 

gy -- (Pequ X C ~ e q  u -Porig )< ~ ) / [ ~ / ~ X  (V~equ/CAorig - -  l ) ]  

Ea = [(Pmax - P e q u )  X CA]/-CA~cqu/[~/~X (~Aequ/CAofi;- I)]] 
• P J ( P a  + P~) 

Eft = {(Pmax -Pequ) • ~ / [ l / ~  • ( ] /CAeqJCAodg  - 1)]} 

•  +P~) 

where Porig is the pressure before dilatation, Pmax is the maximum 
pressure at the end of  dilatation, Pequ is the equilibrium pressure after 
dilatation, and CAorig and CAeq u are cross-sectional areas before and 
after dilatation. 

Viscous constants: 

t /=  z x E  
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Fig. 3. Mechanical model consisting of two Maxwell elements (a- and 
B-components) and one hooke element (y-component) coupled in 
parallel. The decay in force (F) following a stretch mimics that observed 
for the urethra 
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Results 

Two women demonstrated one exponential function only 
in all four test situations at one of the urethral locations, 
and a further three recordings from different loca- 
tions/patients were omitted for similar reasons. This left 
109 recordings (91%) for analysis. 

The pressure parameters (Pmax, Pequ, Pa and PB and 
the time constants (r a and "c~) are related to urethral site 
of measurement in Table 1. It appears that Pequ and Pmax 
varied significantly along the urethra, with the high- 
pressure zone showing the highest pressures. Similarly, 
the time constant "c a differed significantly between sites, 
with the values from the high-pressure zone being fastest. 
When looking at the elastic and viscous coefficients, only 
E~ showed a significant variation along the urethra, 
again with the values from the high-pressure zone being 
highest (Table 2). 
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Fig. 4 a - c .  Demonstration of the time-dependent function for the 
model shown in Fig. 1. For simplicity only one Maxwell element is 
shown, a Condition in resting state before stretch, b Immediately after 
elongation both spring elements have increased in length, but the 
viscous element has not. c At equilibrium the viscous element has in- 
creased in length and its corresponding elastic element has decreased. 
It is a prerequisite for this model that the stretch is a mathematical step- 
function with zero duration, as otherwise the viscous element will have 
started elongation at the end of stretch and the measured force will have 
declined 

Discussion 

Evaluation of urethral closure function is essential for the 
understanding of the continence mechanism, but even 
though a large number of techniques have been proposed, 
they have not contributed substantially to a clarification 
of normal and pathological sphincter function. However, 
the majority of previous studies have been based on in- 
traurethral pressure measurements during rest or stress 
episodes performed at fixed urethral dilatations, which 
were given by the dimensions of the measuring probes [2, 

Table  1. Pressure parameters Pmax, Pequ, Pa and Pp (cmH20) and time 
constants z a and z~ (s) related to urethral site of measurement 

Bladder neck High-pressure Distal urethra 
zone 

Pequ 82 (57 - 106) 109 (100- 143) 95 (78 - 111) b 
Pmax 116 (83 - 150) 158 (133 - 191) 132 (105 - 154) b 
Pa 15 (8-22) 16 (11-22) 14 (10-20)NS 
Pp 16 ( i0-20)  20 (11-31) I3 (6-23)NS 

r a 1.08 (0.92 - 1.24) 0.97 (0.87 - 1.05) 1.06 (1.0 - 1.2) a 
T~ 0.23 (0.17-0.28) 0.21 (0.16-0.26) 0.24 (0.2-0.3)NS 

Values are median and quartiles 
a P<0.01 
b P<0.00I 
NS, Not significant 

Table  2. Elastic coefficients ET, Ea and E~ (N/m) and viscous coeffi- 
cients t/a and t/~ (Ns/m) related to urethral measurement site 

Bladder neck High-pressure Distal urethra 
zone 

E~ 34 (27-39) 41 (38-49) 37 (32-41) a 
Ea 12 (7-19) 11 (8-16) 12 (8-16)NS 
Ep 13 (9-17) I4 (7-24) 10 (6- I5)NS 
r/a 12 (7-17) 10 (7-13) i3 (8-17)NS 
r/p 2.8 (1.7-3.8) 3.1 (1.5-5.7) 2.5 (1.4-3.5)NS 

Values are median and quartiles 
a P<0.001 
NS, Not significant 
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6, 9, 16, 31]. In contrast, the present method offers a di- 
rect evaluation of the efficiency of the closure apparatus 
by a dynamic assessment of the sphincter's resistance to 
dilatation. 

Urethral dilatation induces stretching of the 
periluminal structures, and is therefore equivalent to the 
classical biorheological stress-strain studies [l, 12]. The 
stretch imparts energy to the tissues; however, part of this 
energy is dissipated, so the stress declines until a new 
equilibrium is reached within a few seconds. This phe- 
nomenon represents an integrated stress response from 
the participating structures, the character of which is de- 
termined by the composition of the tissues involved. Ob- 
viously, these tissues may be intramural as well as ex- 
tramural, but basically they consist of collagen, elastin 
and muscle, all of which have fundamentally different 
visco-elastic properties. A description of the urethral 
stress-strain relation following forced dilatation will 
therefore represent a characterization of the participating 
tissue structures. For a number of reasons, however, ure- 
thral wall stress is not measurable in vivo, but stress and 
intraluminal pressure are intimately interrelated; there- 
fore changes in stress subsequent to urethral dilatation 
are accurately reflected by changes in pressure [4]. 

The visco-elastic properties at a given urethral loca- 
tion have previously been shown to be unaffected by the 
circumstances of dilatation, which indicates that the con- 
tributing structures are more or less identical within cer- 
tain limits of dilatation [4, 5]. However, it remains to be 
resolved which tissue components are responsible for 
these phenomena [15, 28]. The wall of the female urethra 
is rich in collagen and smooth muscle fibres, which are 
both arranged predominantly longitudinally in parallel 
with each other [3, 15]. The contribution to the pressure 
response from these structures therefore seems to be 
small. The horseshoe-shaped intramural rhabdosphinc- 
ter, on the other hand, with its abundant circularly ar- 
ranged slow-twitch striated muscle fibres in the mid-por- 
tion of the urethra, seems to be the major contributor to 
the integrated pressure response [13, 23]. Its uneven dis- 
tribution along the urethra correlates well with the find- 
ings in the present study of higher pressures (/~ and 
P~qu) and static elasticity (E~) in the high-pressure zone, 
and are in line with previous results concerning urethral 
pressure and compliance in healthy women [7, 19]. The 
impact of voluntarily acting muscles has, on the other 
hand, been shown to be greatest in the proximal half of 
the urethra [8, 22]. In agreement with the incontestably 
higher fibre density of the rhabdosphincter at the mid- 
urethra and distal urethra as compared with the proximal 
part, this signifies the impact of peri-urethral muscles on 
the proximal part of the urethra, which further correlates 
well with anatomical findings showing that the levator 
ani muscle exerts its effect on the proximal urethra 
through tendinous connections [10, 11, 24]. 

The pressure decay/energy dissipation following dila- 
tation, as represented by Pa and P~, showed no variance 
along the urethra. This implies that the size of the inte- 
grated pressure response from muscle and connective 
tissues is almost identical throughout the urethra. The 
velocity of the pressure decay, however, varied significant- 

ly along the urethra, with the mid-urethral values being 
highest. These findings are inconsistent with the findings 
of previous studies, which have shown some arbitrary 
time constants to vary insignificantly along the urethra 
[21, 26, 28]. However, the more detailed analysis applied 
here may explain this discrepancy by revealing a differ- 
ence in the dynamic mechanical properties along the 
urethra. Again, the rhabdosphincter seems to be the most 
likely explanation, because, as a dominant component of 
the circularly arranged structures in the high-pressure 
zone, it influences the stress-relaxation significantly 
towards a fast response characteristic of striated muscle, 
in contrast to the much slower response seen in smooth 
muscle [171. 

Increasing evidence indicates that changes in the dy- 
namic mechanical properties of the urethra are of 
significance in the development of genuine stress inconti- 
nence. The present method enables a detailed assessment 
of static and dynamic urethral responses to dilatation 
which can be applied as an experimental simulation of 
urine ingression [30]. The method may therefore be of 
value in a segmental characterization of the normal 
urethral sphincter function, and may provide further in- 
sight into pathological sphincter function with regard to 
mechanical properties as well as anatomical location. 
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