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New Findings
� What is the central question of this study?

Prostheses for treatment of urinary incontinence elicit complications associated with an
inadequate mechanical action. This investigation aimed to define a procedure addressed
to urethral mechanical characterization. Experimental tests are the basis for constitutive
formulation, with a view to numerical modelling for investigation of the interaction between
the tissues and a prosthesis.

� What is the main finding and its importance?
Horse urethra, selected for its histomorphometric similarity to human urethra, was
characterized by integrated histological analysis and mechanical tests on the biological
tissue and structure, leading to constitutive formulation. A non-linear, anisotropic and
time-dependent response was found, representing a valid basis for development of a numerical
model to interpret the functional behaviour of the urethra.

Urinary dysfunction can lead to incontinence, with an impact on the quality of life. Severe
dysfunction can be overcome surgically by the use of an artificial urinary sphincter. Nonetheless,
several complications may result from inappropriate functioning of the prosthesis, in many
instances resulting from an unsuitable mechanical action of the device on the urethral tissues.
Computational models allow investigation of the mechanical interaction between biological
tissues and biomedical devices, representing a potential support for surgical practice and
prosthesis design. The development of such computational tools requires experimental data
on the mechanics of biological tissues and structures, which are rarely reported in the literature.
The aim of this study was to provide a procedure for the mechanical characterization of
urethral tissues and structures. The experimental protocol included the morphometric and
histological analysis of urethral tissues, the mechanical characterization of the response of tissues
to tensile and stress-relaxation tests and evaluation of the behaviour of urethral structures by
inflation tests. Results from the preliminary experiments were processed, adopting specific model
formulations, and also providing the definition of parameters that characterize the elastic and
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viscous behaviour of the tissues. Different experimental protocols, leading to a comprehensive
set of experimental data, allow for a reciprocal assessment of reliability of the investigation
approach.

(Received 7 August 2015; accepted after revision 4 February 2016; first published online 10 February 2016)
Corresponding author A. N. Natali: Department of Industrial Engineering, Centre for Mechanics of Biological Materials,
University of Padova, Via F. Marzolo, 9, I-35131 Padova, Italy. Email: arturo.natali@unipd.it

Introduction

Lower urinary tract dysfunction is common in both men
and women (Abrams et al. 2002), with the incidence
increasing with age. Incontinence affects �400 million
people worldwide (Hampel et al. 2004; Irwin et al.
2006), with a strong social and economic impact
(Minassian et al. 2003). Different congenital or acquired
pathologies determine the anatomical and functional
alterations of the bladder–sphincter–urethra apparatus,
with consequent debilitating incontinence (Nitti, 2001;
Delancey & Shton-Miller, 2004). Lower urinary tract
dysfunction may cause storage (51% of men and 59%
of women), voiding (26% of men and 20% of women)
and postmicturition symptoms (17% of men and 14% of
women; Rosen et al. 2003; DuBeau, 2006; McVary, 2006;
Thüroff et al. 2011). Patients with symptoms of lower
urinary tract dysfunction experience a reduction in their
quality of life (Van Kerrebroeck et al. 1993; Braun et al.
2003; McVary, 2006). Nowadays, surgical treatments and
prosthetic devices are available, but their reliability and
durability should be investigated further. Artificial urinary
sphincter devices allow continence (Börgermann et al.
2010; Thüroff et al. 2011) by means of occlusion obtained
by the application of a constant pressure (Chung, 2014).
The mechanical action of the sphincter is usually also
defined to ensure continence in the case of high-pressure
conditions in the bladder (Hached et al. 2014; Singla
et al. 2015). Consequent mechanical effects on the urethral
tissues may induce some modifications (Baskin et al. 1993;
Cavalcanti et al. 2007; Mundy & Andrich, 2011) and
possible degenerative phenomena (Hajivassiliou & Finlay,
1999; Hampson et al. 2014; Bates et al. 2015). Moreover,
the prosthetic device can have a limited durability (Fowler
et al. 1993; Montague et al. 2001; Andreasson et al. 2014).

The design of an artificial urinary sphincter is mostly
performed on a clinical and surgical basis, but it should be
supported by investigation of its mechanical interaction
with the surrounding tissues. In this way, it is possible
to identify the sphincter pressure conditions that ensure
continence, as well as the conformation of the device
to minimize the invasiveness of the prosthesis (Chung,
2014; Hached et al. 2014; Ramesh et al. 2014). For this
purpose, Marti et al. (2006) developed an empirical
compression model based on the mechanical properties
of the urethra, taking into account characterization of
explanted animal or human urethras. They found that

the occlusion pressure depends on the bladder pressure
and the occlusion force is a linear function of the length
of the artificial sphincter. In this work, several animals
(including pigs, dogs, sheep and calves) were compared in
order to find a suitable model for ex vivo characterization.
Experimental investigation on humans is complex and
must take into account an extended group of subjects of
similar age, body conformation and health conditions.
At present, experimental testing on human urethrae is
performed in vivo (Griffiths, 1971a,b; Thind, 1995; Bagi
et al. 2002; Comiter et al. 2003; Mijailovich et al. 2007;
Ishii et al. 2014).

In order to carry out ex vivo tests, a suitable animal
model should be selected (Fry et al. 2010), presenting
similarity to the human penile urethra in terms of
histology and overall conformation. Small rodents are
not taken into consideration owing to the different size
and structure of the lower urinary tract (Nozaki, 1959;
Neuhaus et al. 2001; Maia et al. 2006). In mammals,
the penis may present two main different conformations
(König & Liebich, 2009) with regard to fibroelastic or
musculocavernous components. Ruminants and swine
have a fibroelastic penis, with small blood septa divided
by a relevant amount of fibroelastic tissue and enclosed by
a thick albuginea tunic surrounding both the cavernous
and the spongy body (Babinski et al. 2005). In these
animals, the penis exhibits a sigmoid flexure at the
level of the thighs. Moreover, in small ruminants, a free
urethral process prolongs the urethra beyond the glans
(König & Liebich, 2009). Owing to the presence of the
sigmoid flexure and urethral process, the structure of
the penile urethra of these species may entail difficulties
in experimental testing and comparison with humans.
Nonetheless, swine urethra was demonstrated to show
similarities to human urethra, concerning functionality
and mechanical behaviour (Marti et al. 2006; Joller
et al. 2012). Stallions and carnivores, in contrast, have
a musculocavernous penis, with larger septa in the
cavernous and spongy regions and a greater amount
of muscle fibres (Budras et al. 2001), with an overall
conformation that is comparable to the human penis,
with some approximation. Between these last two groups,
also considering the availability of samples, the horse
was assumed to represent a suitable model for ex vivo
characterization. In general, it should be remarked that a
limit of any animal model is an uncertain correlation with
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humans about changes in mechanical properties owing to
age and health conditions.

The equine urethra can be considered similar to the
human urethra in terms of the lumen, histomorphometric
conformation (Dellmann & Eurell, 1998; Wolfe & Moll,
1999; Pozor & McDonnell, 2002; Barone, 2003; Arrighi
et al. 2004) and functional process of micturition (Clark
et al. 1987; Ronen, 1994; Brading, 1999). These reasons
motivate the selection of horse urethra for investigation
of the biomechanical response of the urethra under
sphincteric contraction. For this purpose, computational
methods can be adopted for the analysis of biological
tissues and structural response, mostly with regard to
the evaluation of the lumen occlusion process. The
development of reliable computational models requires
the exhaustive experimental characterization of the
constituent tissues (Natali et al. 2009) through histological
analysis and mechanical testing. The experimental results
allow the definition of an appropriate constitutive
formulation and identification of the related constitutive
parameters. The histological analysis aims to identify
the configuration of tissues, including the content of
collagen or muscle fibres in the different layers. This
information allows a preliminary hypothesis to be formed
regarding the mechanical behaviour, and also suggesting
the experimental tests to develop. Tubular organs, such
as the urethra, can be characterized by investigating
different specimen typologies. Different-shaped samples
are harvested from the urethral wall, depending on the
specific test loading condition. Tissue mechanical tests,
together with information about the microstructural
configuration of the tissue, allow the preliminary
identification of the constitutive model and the related
parameters (Gasser et al. 2006). Additional tests must
be developed at the structural level, such as inflation

tests on tubular segments, in order to evaluate the
overall structural response (Hoeg et al. 2000; Gregersen,
2003; Carniel et al. 2014). Remarks in the literature
pertaining to the evaluation of mechanical properties of
animal and human urethra are limited (Abramowitch
et al. 2009). In vitro and in vivo characterization of
urethrae from animal models has been performed by
different authors (Lecamwasam et al. 1999; Marti et al.
2006; Lalla et al. 2007; Feng et al. 2010; Haworth et al.
2011; Joller et al. 2012). However, these studies do not
always discuss similarities with humans and do not take
into account a combination of tissue and structural
tests, without providing a throughout investigation.
The present experimental protocol includes histological
analysis, tensile and stress-relaxation tests of the urethral
tissues and inflation tests of urethral structure.

Methods

Ethical approval

All experiments were conducted on tissues collected at
a local abattoir and taken from carcasses of animals
slaughtered normally, in compliance with the Italian and
European laws (Council Directive 93/119/EC, Council
Regulation no. 1099/2009, Law no. 131/2013). No live
animal was killed for this research.

Sample collection and dissection

Fresh penises from 15 male saddle horses were obtained
from a local slaughterhouse. The horses were 4–11 years
old and 300–400 kg in weight. All the animals were intact
and clinically healthy. Within 15 min from slaughter of
the horse, the penis was harvested (Fig. 1A), packed in

A C

D

B

Figure 1. Procedure for dissection of the horse urethra
A, intact horse penis. B, cutting of the corpora cavernosa up to the albuginea; the dashed box indicates
the urethra. C and D, dissected urethra before (C) and after (D) final cleaning from residuals of
surrounding tissues.

C© 2016 The Authors. Experimental Physiology C© 2016 The Physiological Society



644 Exp Physiol 101.5 (2016) pp 641–656A. N. Natali and others

physiological saline solution at 4°C and transported to
the laboratory. The penises were carefully cleaned with
cold physiological saline solution to eliminate skin debris.
Next, glands and the skin were surgically removed. A soft
urinary catheter was temporarilyy inserted in the lumen
of the urethra to serve as a palpable guide for facilitating
the correct identification of the shape. A surgical incision
was performed on the lateral aspect of the penis, between
the tunica albuginea and the bulbospongiosus muscle
(Fig. 1B). By blunt dissection, the corpus cavernosum was
separated from the bulbospongiosus muscle surrounding
the urethra, starting from the proximal part of the
penis. The dissection continued from the proximal end
of the penis to the distal end, isolating the penile
urethra (Fig. 1C). During dissection, the sample was
continuously dampened with cold physiological saline
solution to preserve the tissues. The dissected urethra
was cleaned from bulbospongiosus muscle and residual
surrounding tissues. Finally, the urethral sample was
composed of the lumen surrounded by the corpus
spongiosum (Fig. 1D). The length of the urethra was about
400–450 mm.

Two urethrae were assigned to histological investi-
gation, stored in formaldehyde for fixation. The other
13 urethrae were divided to provide the specimens for
the mechanical tests of urethral tissues and structures.
The most proximal and the most distal regions of each
urethra were assigned to tensile and stress-relaxation
tests. The residual parts of the urethrae were almost
equally divided into two segments to provide proximal
and distal specimens for inflation tests. All the mechanical
tests were concluded within 6 h from the slaughter of
the animal, at room temperature. Previous experiences
confirm that similar temperature conditions do not alter
the mechanical response of soft tissues (Van Mastrigt
& Nagtegaal, 1981; Salinas et al. 1992; Nagatomi et al.
2004).

Histological analysis

The straightened urethrae were stored in 10% neutral
buffered formalin. Fixation was performed at room
temperature for �72 h. After fixation, urethral samples
with a thickness of 3 mm were cut every 50 mm in a
transverse direction. Each sample was then stored in a
histological cassette and processed to replace formalin
with paraffin. Tissue processing was performed using
a Shandon Excelsior Tissue Processor (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Samples were
subsequently dipped into different alcohol solutions (50,
70 and 90%), absolute ethanol and xylene, and three
paraffin baths for 90 min each. Finally, paraffin wax
at 60°C was poured into the cassette to cover the
sample entirely. The cassette was cooled for 24 h at

−20°C before microtomy. A Leica RM2145 microtome
(Leica Microsystems Srl, Milano, Italy) was set to cut
4-μm-thick sections. By means of serial sectioning,
�250 transverse sections were obtained from each
sample. Among these, five equally spaced sections were
selected for quantitative identification of morphological
properties and the amount of collagen and muscular
fibres. Longitudinal sections were prepared using a similar
procedure, by dissecting one sample for each urethra in
the most proximal region.

Histological sections were placed in water and selected
using a glass slide. The slides were stationed to dry
the section and to dissolve the paraffin wax. A few
sections were stained with Haematoxylin and Eosin for
a preliminary evaluation of the tissue conformation,
whereas Masson trichrome staining with Aniline Blue was
performed on the other sections to emphasize the different
components of the urethral tissues, such as collagen,
muscle fibres and cells (Bancroft & Gamble, 2008). The
slides were first examined using an optical Leica DMD
108 microscope (Leica Microsystems Srl) for qualitative
identification of the tissue conformation. Finally, digital
pictures of the urethral sections were analysed using
the image-processing toolbox Matlab (The MathWorks
Inc., Natick, MA, USA) to quantify geometrical
properties and the percentage of collagen and muscle
fibres.

Mechanical tests of urethral tissues

Mechanical tests of urethral tissues were performed on
specimens from both distal and proximal regions. Each
segment was cut longitudinally (Fig. 2A) and straightened
on a metal plate (Fig. 2B). Rectangular specimens (with
a grip-to-grip length of �20 mm and width �5 mm)
were dissected along longitudinal and circumferential
directions (Fig. 2C). Depending on the specific segment
size, two to four specimens for each cutting direction
were prepared. Digital image processing was used to
measure sample thickness and width at different positions.
Cross-sectional area of each specimen was calculated
assuming mean values of thickness and width. The samples
were continuously dampened with physiological saline
solution at room temperature during the preparation
and testing. The number, grip-to-grip length, width
and thickness of the specimens are reported in
Table 1.

A Bose ElectroForce machine (Bose Corp., ElectroForce
Systems Group, Eden Prairie, MN, USA) was used to
perform tensile tests. Each specimen was stretched up to
60% strain, and the strain was then kept constant for
300 s to investigate stress-relaxation phenomena. Based
on a preliminary evaluation of the tissue stiffness, a load
cell with capacity of 20 N with accuracy of ±0.1% was
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adopted. Preliminary tests were also performed to evaluate
the influence of strain rate on viscous effects. The results
showed that a 60% s−1 strain rate minimizes the influence
of viscous phenomena (Thind, 1995; Bagi et al. 2002) and
prevents the dynamic effects that may develop when higher
strain rates are adopted (Fung, 1993; Weiss & Gardiner,
2001). In order to hold the specimen at its ends, two
patches of balsa wood were glued to each end of the sample
(Fig. 2D and E) and interposed between the grips. The
pressure of the grips was adjusted to avoid slippage and
damage of the specimens. The strain was computed as the
ratio between the elongation and the initial grip-to-grip
length. The stress was calculated as the ratio between force
measured by the load cell and the initial cross-sectional
area of the specimen. Data from stress-relaxation tests

were processed to identify the reduction of normalized
stress with time. The normalized stress is defined as the
ratio of the stress at the present time and the peak stress at
the beginning of the relaxation phase.

The median curves and the related 50% probability
scatter bands are reported in terms of stress–strain and
normalized stress–time. These curves were calculated
separately for distal or proximal and longitudinal
or circumferential specimens. Exponential functions
were adopted to interpret stress–strain and stress–time
behaviour and to obtain preliminary information about
elastic and viscous behaviour of the tissue, as follows:

σ (ε) = k

α
[exp(αε) − 1] (1)

circ

A B

C D E

circ

circ

circ

longlonglong

Figure 2. Preparation of samples for mechanical tests of urethral tissues
A and B, the tubular segment is cut longitudinally (A) and straightened (B). C, tissue specimens are
dissected according to a rectangular shape; two to four specimens are prepared along longitudinal and
circumferential directions. D and E, patches of balsa wood are glued to the sample ends to enable the
specimen to be gripped; frontal (D) and lateral views (E).
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Table 1. Geometrical conformation of tissue samples for mechanical tests of the urethral tissues

No. of tissue
Region and direction samples Grip-to-grip length (mm) Width (mm) Thickness (mm)

Proximal region, circumferential direction 34 18.23 (17.14, 21.53) 4.98 (4.58, 5.36) 2.49 (2.36, 3.34)
Proximal region, longitudinal direction 33 20.36 (18.57, 22.28) 5.52 (4.87, 6.98) 3.21 (2.56, 3.56)
Distal region, circumferential direction 36 20.45 (14.38, 20.12) 6.18 (4.79, 9.20) 4.06 (3.19, 5.72)
Distal region, longitudinal direction 32 20.18 (18.67, 21.03) 7.47 (5.72, 8.35) 3.89 (2.86, 5.05)

Median values (25th, 75th percentiles) are reported.

σnorm (t) = (1 − γ1 − γ2) + γ1 exp

(
− t

τ1

)

+γ2 exp

(
− t

τ2

)
(2)

Equation (1) aims at interpreting the non-linear stress
(σ) versus strain (ε) response of the tissue during
loading. The parameter k specifies the tissue initial
stiffness, while α is related to the non-linearity of the
response due to stiffening. Equation (2) interprets the
exponential decay of the normalized stress σnorm with time
t because of stress-relaxation phenomena. Equation (2)
accounts for two viscous branches. The number of viscous
branches was defined contemporaneously to minimize the
number of parameters and correctly interpret the trend
of experimental data. According to the standard theory
of viscoelasticity (Holzapfel, 2000), the parameter γ∞ =
1 − γ1 − γ2 identifies the ratio between the equilibrium
stress (when relaxation phenomena are completed) and
the peak stress (at the beginning of the relaxation phase).
The parameters τ1 and τ2 are the time constants of
relaxation. Data from tensile and stress-relaxation tests
developed on each specimen were fitted by eqns (1) and
(2), respectively. The minimization of the discrepancy
between experimental data and model results represents
a non-linear least-squares problem, solved by using the
‘lsqnonlin’ function in Matlab and adopting the trust
region reflective algorithm to minimize the residual sum
of squares (RSS). The RSS is defined as follows:

RSS =
n∑

i=1

(
f exp,i − fnum,i

)2

where n is the total number of experimental data, fexp,i is
the ith experimental datum and fnum,i the corresponding
ith model result. Statistical data of the elastic parameters
k and α and of the viscous parameters γ1, γ2, τ1 and τ2

were computed, allowing a preliminary evaluation of the
influence of specimen location and direction on tissue
mechanical properties.

The effects of the imposed strain on the results from
tensile tests were evaluated by means of a multivariate
ANOVA, considering three levels of strain (10, 20 and

40%) and comparing the mean stress values among
different groups of samples (proximal longitudinal,
proximal circumferential, distal longitudinal and distal
circumferential samples). The same kind of analysis was
performed for the statistical interpretation of results from
stress relaxation by evaluating the stress-relaxation process
at four time instants (1, 10, 100 and 300 s) and by making
a comparison of the mean stress value of each of the
above-mentioned groups with the others.

Mechanical tests of urethral structure

Mechanical tests of urethral structure were performed
on tubular specimens taken from distal and proximal
regions. Each sample was placed over a metal plate and
straightened along the longitudinal direction. Two small
slices of the sample (�3 mm in length) were removed
at the extremities. The length of the remaining tubular
portion was measured with digital callipers. The extremity
slices were used to measure the urethral wall thickness
and external diameter. The number and morphological
characteristics of the samples concerning length, external
diameter and wall thickness are reported in Table 2.

The proximal extremity of the sample was fixed by
means of a surgical elastic seam to a Teflon cannula
with internal and external diameters of 4 and 6 mm,
respectively. The other extremity was sealed to prevent any
liquid leak (Fig. 3A). The sample was placed over a Teflon
plate and straightened along the longitudinal direction.
The cannula was also connected to a mechano-electrical
transducer (142 pc 01d pressure transducer; Honeywell,
USA) that was interfaced to a data storage device (1326
Econo Recorder; BioRad, Italy).

The inflation test was performed according to a two-step
procedure. The first step was an almost instantaneous
liquid inflow, up to a prescribed volume of inflation
(Fig. 3B). Therefore, in this phase an elastic response of
the structure may be assumed. In the second step, the
volume of the sample was held constant for �300 s to allow
the development of viscoelastic processes, up to steady-
state conditions. Five to seven inflation tests were
performed on each sample according to different inflation
volumes, ranging between 5 and 50 ml. The inflation
time was always <0.1 s. During the test, physiological
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Table 2. Geometrical conformation of tubular samples for mechanical tests at the structure level

No. of Internal Internal External External Internal
tissue Seam-to-seam diameter, diameter, diameter, diameter, volume

Region samples length (mm) proximal (mm) distal (mm) proximal (mm) distal (mm) (mm3)

Proximal region 12 71.24 7.13 6.08 15.37 13.16 2.90
(55.32, 80.27) (6.21, 8.36) (4.72, 7.03) (14.28, 18.19) (12.42, 14.31) (2.60, 5.89)

Distal region 11 65.38 5.03 4.06 13.25 11.08 2.45
(57.16, 98.22) (4.79, 6.27) (3.96, 4.21) (12.83, 14.27) (9.76, 13.18) (2.02, 2.54)

Median values (25th, 75th percentiles) are reported.

saline solution was poured onto the external surface of the
samples to prevent drying.

To compare samples with morphological differences,
the volume data were homogenized by considering the
ratio between sample volume during testing and sample
volume at rest v = �V/V0, where v is the volumetric ratio,
�V the inflated volume and V0 the initial volume of the
sample. The initial volume, V0, was obtained from the
shape of the sample during experimental testing. Median
curves of pressure versus volumetric ratio and normalized
pressure versus time, with the associated 50% probability
scatter bands, were computed for inflation and relaxation
tests on proximal and distal samples. The normalized
pressure was obtained as the ratio of the pressure at
present time and the peak pressure at the beginning of
the relaxation phase.

Exponential functions were adopted to interpret
the behaviour of pressure versus volumetric ratio and
normalized pressure versus time to identify preliminary
information about the structural elastic and viscous

A

B

Figure 3. Preparation of samples and mechanical testing at
the structure level
The proximal end of the tubular sample is fixed by means of a
surgical elastic seam to a Teflon cannula, attached to a syringe,
whereas the other end is hermetically sealed. A and B, not
inflated (A) and inflated conformations (B) of a typical
experimental sample.

response of the tubular structure (Carniel et al. 2014),
as follows:

P (v) = K

A
[exp(Av) − 1] (3)

P norm (t) = (1 − �1 − �2) + �1 exp

(
− t

T1

)

+�2 exp

(
− t

T2

)
(4)

Equation (3) describes the pressure (P) versus
volumetric ratio (v) response of the tissue during the
inflation step. The parameter K specifies the initial
stiffness of the tubular segment, while A is related to
the non-linearity of the mechanical response because
of stiffening phenomena. Equation (4) describes the
exponential decay of normalized pressure P norm over
time t because of viscoelastic phenomena. The parameter
�∞ = 1 − �1 − �2 identifies the ratio between the
pressure when viscoelastic phenomena are completed and
the peak pressure at the beginning, while T1 and T2 are
parameters related to structural relaxation times. Data
from tests developed on each specimen were fitted by
eqns (3) and (4), respectively. The fitting of the models
to experimental data is obtained with the same procedure
adopted for tissue samples. Also, in this case, statistical
data of the elastic parameters K, A and of the viscous
parameters �1, �2, T1 and T2 were computed.

The multivariate ANOVA was applied to data from
inflation and relaxation tests with the same method
described above, distinguishing samples into two groups
(proximal and distal).

Results

Histological analysis

The analysis of histological samples allowed evaluation
of the structural components of the urethra and their
distribution. Figure 4 shows a histological view of a
transverse section of the most proximal urethra. The
trichrome staining makes it possible to identify the

C© 2016 The Authors. Experimental Physiology C© 2016 The Physiological Society
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tissue conformation and the components (Fig. 4A). A
mucosal layer, surrounding the lumen of the urethra
and the epithelium, was clearly identified as transitional
epithelium (Fig. 4B). Above the mucosa, there is a layer
of dense connective tissue showing an arrangement of
collagen fibrils (Fig. 4C). Above the dense connective
tissue, there was a loose tissue containing the corpora
spongiosa, blood vessels and smooth muscle fibres
(Fig. 4A). The observation of muscular structures
on subsequent transverse serial sections suggested the
preferential alignment of muscle fibres along the urethra
in a longitudinal direction. The orientation of muscular
structures was confirmed by the histological analysis of
longitudinal sections (Fig. 5). The amount of smooth
muscle fibres was very much larger in the proximal
region of the urethra than in the distal portion (Fig. 6).
Image processing allowed quantitative identification of
the muscle and collagen fibre content, which showed a
linear decreasing and increasing trend, respectively, when
moving from the proximal to the distal region of the

urethra. A linear correlation between the percentage and
position of each component (r2 > 0.8) was found both
for muscle (Fig. 6A) and connective fibres (Fig. 6B).
The urethra section area (Fig. 6C) and lumen perimeter
(Fig. 6D) showed a linear correlation with position
(r2 > 0.7). On the contrary, the lumen area varied
around the median value of 5.14 mm2, being 3.61
and 5.71 mm2 at the 25th and the 75th percentiles,
respectively.

Mechanical tests of urethral tissues

Generally, the results of mechanical testing showed
that urethral tissue has a non-linear stiffening and
time-dependent behaviour, which is also anisotropic only
in the proximal region. The statistical distributions of the
experimental results are shown in the graphs of Fig. 7,
where median curves are reported together with the 50%
probability scatter bands. Processing of the experimental
curves from mechanical tests performed on the different

corpus

A B

C

spongiosum

muscular
fibres

lumen

transitional

1000 µm 100 µm

100 µm

dense
connective tissue

epithelium

Figure 4. Trichrome histological section of the proximal urethra
General view of a transverse section of the urethra (A) and details (B and C) to show the conformation
of the epithelium and connective tissues surrounding the lumen. The section was obtained 50 mm from
the most proximal end of the urethra.
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samples led to a preliminary evaluation of elastic and
viscous parameters, whose statistical distributions are
reported in Table 3. The analysis of median curves made
it possible to identify further sets of parameters (Table 4).
Such parameters should interpret the general trend of the
experimental data.

Mechanical tests of urethral structure

Experimental results on the urethral structure are reported
in Fig. 8 by means of median curves and 50% probability
scatter bands. Also in this case, a non-linear stiffening is
evident during inflation and time-dependent phenomena
in the following step. Distributions of structural
parameters were achieved by processing experimental data
from the different samples (Table 5) and median curves
(Table 6).

Discussion

Owing to the lack of thorough knowledge of urethral
tissues and structures, this preliminary investigation was
carried out with the aim of defining an experimental
protocol to investigate the mechanical behaviour of
the urethra. The proposed experimental activities were
developed on horse urethra, because of the similar
configuration of equine and human tissues (Cavalcanti
et al. 2007; Wu et al. 2010; Tziannaros et al. 2013) and
the ready availability of ex vivo samples. The analysis
accounted for the identification of the macro- and
microstructural configuration of the tissues through
morphological and histological analysis. The mechanical
behaviour was investigated by means of experimental tests

of the urethral tissues (tensile and stress-relaxation tests)
and structure (inflation tests).

Regarding the morphology, in both human and equine
penis, a transitional epithelium and a thin layer of dense
connective tissue surround the lumen. Outside these
layers, the urethra is composed of loose tissue containing
the corpora spongiosa, blood vessels and smooth muscle
fibres. Histological analysis of horse urethra showed
different micro- and macrostructural conformations of
the urethral section when moving from the proximal
to the distal region (Fig. 6). The area of the section
progressively decreased (Fig. 6C). The area of the occluded
lumen did not change significantly, whereas the lumen
perimeter progressively increased (Fig. 6D). The amount
of collagen fibres was relevant along the whole urethra,
with a marginal decrease in the proximal region (Fig. 6B).
The amount of muscle fibres decreased from the proximal
to the distal urethra (Fig. 6A). Muscle fibres were
preferentially oriented along the longitudinal direction.
In the thin layer of dense connective tissue around the
lumen, collagen was arranged along the lumen perimeter
(Fig. 6C).

Tensile tests on specimens from the proximal region
showed greater stiffness along the longitudinal direction
than along the circumferential direction (Fig. 7A).
This fact was supported by the multivariate ANOVA
at different strain levels (10, 20 and 40%), which
highlighted a significant difference (P < 0.001) between
the longitudinal proximal samples and all the other
samples (circumferential proximal, longitudinal distal
and circumferential distal). The spatial orientation of
muscle fibres along the longitudinal direction can
explain the anisotropic behaviour in the proximal region.

100 µm100 µm

A B

Figure 5. Histological section of the proximal urethra
A, general view of muscle structures in a longitudinal section. B, detail to highlight the inner
conformation of muscle components.
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On the contrary, the multivariate ANOVA showed no
significant differences (P > 0.05) between longitudinal
and circumferential specimens from the distal region
(Fig. 7C). Furthermore, no significant differences
(P > 0.05) were found between all distal specimens and
circumferential specimens from the proximal region.

Regarding the stress-relaxation tests, the viscoelastic
behaviour showed little dissimilarity among the
considered groups of samples (longitudinal proximal,
circumferential proximal, longitudinal distal and
circumferential distal; Fig. 7B and D). Indeed, the

multivariate ANOVA considering data from stress
relaxation at different times (1, 10, 100 and 300 s) did
not highlight statistically significant differences among the
above-mentioned groups (P > 0.05).

Data from mechanical tests of the urethral structure
showed a larger structural stiffness (Fig. 8A) and a higher
percentage of pressure relaxation for the proximal urethra
when compared with the distal urethra (Fig. 8B). These
differences were confirmed by the multivariate ANOVA
performed on instantaneous inflation (P < 0.001) and
pressure-relaxation data (P < 0.01), respectively, at the
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Figure 6. Quantitative analysis of histology of the urethra
Postprocessing of histological images shows the almost linear correlation between muscle content (A) or
collagen content (B) and positioning. In addition, geometrical properties, such as the urethra section area
(C) and the lumen perimeter (D), show good linear correlation with position. The experimental data at
50 mm from the most proximal end correspond to the histological section shown in Fig. 5. Measurement
errors are ±5% of experimental values for muscle, collagen fibres and section area, ±0.5 mm for lumen
perimeter and ±0.1 mm for position.
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same percentages and times of the analyses on tissue
samples.

The number of urethral samples is considered
reasonably high for the present study. However, the
investigation of a larger number of samples would enable
statistical analysis and experimental data reliability to be
improved.

The results of the mechanical tests can be related
to the microstructure of the urethral tissue evidenced
by histological analysis. With particular regard to the
proximal region of the urethra, the histology showed
a preferential orientation of muscle fibres along the
longitudinal direction that may be regarded as the reason
for tissue anisotropy. Moreover, the amount of muscle

fibres was found to decrease from the proximal to the
distal urethra. Owing to this conformation, tissue stiffness
is higher in the proximal region and along the longitudinal
direction. This method leads to a qualitative correlation,
which could be supported by quantitative measurements
on the mechanical properties of collagen fibres, based on
additional histological and mechanical characterization.
Moreover, the three-dimensional microstructure of the
urethra could be investigated in detail by microcomputed
tomography in absorption and phase contrast modes
(Müller et al. 2010).

Structural rearrangement processes produce stress-
reduction phenomena influencing the amplitude and du-
ration of viscoelastic phenomena, which are quantitatively
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Figure 7. Results from mechanical tests of the urethral tissues
Tests were performed on specimens from proximal (A and B) and distal regions (C and D) of the urethra
and accounting for constant strain rate (A and C) and stress-relaxation conditions (B and D). Median
curves are reported together with 50% probability scatter bands. Data pertain to tests performed along
both longitudinal (continuous lines and pink bands) and circumferential directions (dashed lines and
blue bands). Violet regions indicate the superposition of longitudinal and circumferential scatter bands.
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Table 3. Identification of tissue parameters by analysis of mechanical tests of the urethral tissues: statistical distribution of elastic
and viscous parameters

Region and direction k (kPa) α γ1 γ2 τ1 (s) τ2 (s)

Proximal region, 4.88 3.48 0.33 0.17 0.87 51.66
circumferential direction (4.55, 8.95) (2.98, 4.97) (0.24, 0.43) (0.15, 0.18) (0.73, 1.78) (48.14, 62.67)

Proximal region, 15.66 2.11 0.33 0.24 1.40 38.92
longitudinal direction (13.59, 18.89) (1.62, 2.75) (0.21, 0.37) (0.15, 0.28) (1.03, 1.77) (35.97, 42.11)

Distal region, 3.84 2.30 0.24 0.16 1.98 59.09
circumferential direction (2.61, 8.93) (1.83, 2.67) (0.19, 0.29) (0.13, 0.22) (1.45, 2.68) (51.00, 64.41)

Distal region, 6.35 1.63 0.18 0.15 1.84 47.47
longitudinal direction (3.86, 8.33) (1.44, 1.83) (0.16, 0.20) (0.10, 0.15) (1.51, 1.95) (40.39, 48.37)

Median values (25th, 75th percentiles) are reported. k is the initial stiffness, α is a constant related to the non-linearity due to
stiffening, γ1 and γ2 are relative stiffness parameters, τ1 and τ2 are the time constants of relaxation.

Table 4. Identification of tissue parameters by analysis of mechanical tests of the urethral tissues: elastic and viscous parameters
from median curves

Region and direction k (kPa) α γ1 γ2 τ1 (s) τ2 (s)

Proximal region, circumferential direction 5.41 4.22 0.33 0.18 0.74 52.72
Proximal region, longitudinal direction 14.41 2.75 0.32 0.26 1.07 37.02
Distal region, circumferential direction 4.46 2.32 0.23 0.17 1.46 51.13
Distal region, longitudinal direction 6.55 1.69 0.18 0.15 1.53 41.33

k is the initial stiffness, α is a constant related to the non linearity due to stiffening, γ1 and γ2 are relative stiffness parameters, τ1

and τ2 are the time constants of relaxation.

defined by the parameters γi, �i, τi and Ti, respectively.
The parameters γi and τi are computed by processing
results from tests of the urethral tissues (Tables 3 and 4),
whereas the parameters �i and Ti account for data from

tests of the urethral structure (Tables 5 and 6). Although
the same microstructural rearrangement processes should
be expected at tissue and structure levels, differences
have been found between parameters. The differences
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Figure 8. Results from mechanical tests performed at the structure level
Tests were performed on tubular specimens accounting for inflation (A) and stress-reduction conditions
(B). Median curves are reported together with 50% probability scatter bands. Data pertain to tests
performed on samples from proximal (continuous lines and pink bands) and distal regions (dashed lines
and blue bands) of the urethra.
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Table 5. Identification of structural parameters by analysis of mechanical tests at structure level: statistical distribution of structural
elastic and viscous parameters

Region K (kPa) A �1 �2 T1 (s) T2 (s)

Proximal region 1.93 (1.38, 2.48) 0.19 (0.17, 0.20) 0.24 (0.20, 0.25) 0.20 (0.18, 0.24) 0.43 (0.39, 0.93) 23.85 (22.13, 28.16)
Distal region 0.32 (0.25, 0.95) 0.18 (0.16, 0.21) 0.18 (0.17, 0.19) 0.17 (0.15, 0.18) 0.74 (0.42, 0.78) 28.93 (26.88, 32.03)

Median values (25th, 75th percentiles) are reported. K is the initial stiffness, A is a constant related to the non-linearity due to
stiffening, �1 and �2 are relative stiffness parameters, T1 and T2 are the time constants of relaxation.

Table 6. Identification of structural parameters by analysis of mechanical tests at structure level: structural elastic and viscous
parameters from median curves

Region K (kPa) A �1 �2 T1 (s) T2 (s)

Proximal region 1.92 0.18 0.25 0.18 0.42 24.05
Distal region 0.33 0.18 0.20 0.16 0.72 29.94

K is the initial stiffness, A is a constant related to the non-linearity due to stiffening, �1 and �2 are relative stiffness parameters, T1

and T2 are the time constants of relaxation.

can be explained in part because the sample preparation
for tissue tests requires dissection of the tubular urethra
into rectangular specimens. The procedure may disrupt
tissue continuity, with particular regard to collagen and
muscle fibres, also modifying their rearrangement over
time and viscoelastic phenomena. Probably for the same
reason, the statistical analyses give different results when
considering stress-relaxation tests and pressure-relaxation
tests (proximal versus distal response).

The choice of the optimal number of viscous branches is
based on the evaluation of the RSS for different numbers
of viscous branches assumed. For experimental data on
the relaxation of tissue samples, the fitting with two
viscous branches gives an RSS value of the order of
10−2. Concerning the inflation results, the fitting with
two viscous branches makes it possible to find a lower RSS
value, of the order of 10−3. Therefore, the choice of two
viscous branches for the models is suitable for describing
the viscoelastic response of tissue and structures. The
choice of an additional branch would enable a further
reduction of the RSS value, resulting in a more complex
model without effective improvement in the numerical
simulation of the viscoelastic response.

The biomechanical properties of the urethral tissues
of different animal models have been described in
the literature. For example, inflation tests were carried
out on urethral segments from female rats at distal
and proximal locations to assess possible mechanical
alterations resulting from vaginal pathologies (Prantil
et al. 2007). In another study, the relaxation behaviour of
pig urethra was monitored after inflation with different
volumes of water (Idzenga et al. 2006). Despite the
similarity in test procedures, the results of these studies
are not comparable with the present work, because of the

huge differences in the chosen animal model, sex, anatomy
and tissue conformation (König & Liebich, 2009).

Aiming at the mechanical characterization of human
urethra, the next step of the investigation will account for
experimental activities on human samples. The evaluation
of viscoelastic properties is extremely important for the
description of the mechanical behaviour of urethral tissues
and structure. At present, in computational modelling
for urinary incontinence research, urethral tissues have
frequently been simplified as linear elastic materials
(Spirka et al. 2013; Brandão et al. 2015; Peng et al.
2015a). Instead, the viscoelastic properties of the urethral
tissues should be taken into account. For this purpose, the
mechanical tests proposed in the present work are the basis
for the development of suitable viscoelastic constitutive
models.

Moreover, uniaxial testing does not represent all loading
conditions in vivo. For a more accurate mechanical
evaluation, including an enhanced characterization of
tissue anisotropy, biaxial tensile testing would be
preferable, with loading being applied to a sample along
two perpendicular axes, preferably corresponding to
longitudinal and circumferential directions.

The compression behaviour of the urethra is also an
aspect worth investigating. Further work is in progress
to elucidate the mechanical response when sphincteric
actions are applied, in order to evaluate the pressure
conditions that may ensure continence, as proposed by
Marti et al. (2006).

A complete biomechanical characterization of urethral
tissues and structures in vivo cannot be achieved by using
experimental techniques only. Computational models are
suitable for providing additional information, on the
basis of constitutive formulation and structural model
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variations. For this purpose, numerical models of both
equine and human urethra will be developed, accounting
for the conformation of the different biological structures.
This approach will make it possible to evaluate healthy
and pathological conditions, providing new insights on
lower urinary tract dysfunction and the performance of
artificial urinary sphincters, slings (Peng et al. 2015b) or
other prosthetic devices for urological surgery (Todros
et al. 2015).
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Thüroff JW, Abrams P, Andersson KE, Artibani W, Chapple
CR, Drake MJ, Hampel C, Neisius A, Schröder A & Tubaro A
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