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Abstract

Introduction and hypothesis The female pelvic floor is a
complex network of ligaments and muscles whose me-
chanical properties have not been completely understood.
The goal of this study is to understand the biomechanical
properties of the pelvic floor tissues of young women and
the impact of aging.

Methods Biomechanical uniaxial tension tests were per-
formed on pelvic floor tissues (ligaments and organs) of six
young female cadavers (average 29 years old). Results have
been analyzed in order to define the characteristics of the
mechanical properties of young pelvic soft tissues. Results
have been compared with those in the literature in order to
understand the similarities and discrepancies between young
and old patients.

Results Damageable, nonlinear elastic biomechanical be-
havior is observed. The variation in stiffness among the
pelvic floor organs could be shown. Ligaments and the
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vaginal wall are the most rigid organs, whereas the rectum
and bladder tend to be less rigid (approximately two times
less rigid for small deformations and three times less rigid
for large deformations). This study shows that ligaments
and the vaginal wall of young women have similar me-
chanical behavior while those of older women differ.
Furthermore, young women’s tissues differ slightly from
older women’s tissues.

Conclusions Results show that aging and possibly diverse
“trauma” have an impact on modifying the mechanical be-
havior of pelvic floor tissues. Over time pelvic floor ligaments
and vaginal tissues will differentiate and acquire different
mechanical behavior, as seen within the literature in older
cadavers.

Keywords Biomechanics - Pelvic floor - Pelvic organ
prolapse - Aging

Introduction

Pelvic organ prolapse (POP) is a disease with which many
women are confronted at some point during their life [1-4].
Around 50 % of parous women suffer from some degree of
prolapse. Even though physiopathology is not clearly identi-
fied, pelvic organs play an important role in the suspension of
the complete system [5—7]. The organs’ biomechanical prop-
erties are critical to understanding the static of the pelvic
system and to further developing accurate surgical techniques
and physiological prosthetic materials. Several studies have
looked at the biomechanical properties of pelvic organs and
ligaments [5—10], their properties are well understood. The
biomechanical properties of the pelvic organs have been com-
pared in order to propose a classification of tissue compliance.
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All tissues have nonlinear, visco-elastic mechanical behavior
[5-9]. The bladder is the most stretchable organ of the
pelvic floor, followed by the rectum and vagina [5]. The
utero-sacral ligament appears to be the most rigid entity
of the pelvic floor [6]. However, to our knowledge, no
complete comparison of the different organs and liga-
ments at different ages has been performed. This study
compared the biomechanical properties of different com-
ponents of the pelvic floor at different ages.

Few biomechanical tests have been performed on pre-
menopausal cadavers, which could lead to a better under-
standing of mechanical properties [10]. Some interesting
work has been done on the mechanical behavior of pro-
lapsed vaginas [11] showing a stiffening of pathological
tissues. With our global study on different age classes we
will try to enrich and understand these results and
mechanisms.

This study compares the biomechanical properties of the
vagina, bladder, rectum, and pelvic ligaments of young ca-
davers with published data of older cadavers. Biomechanical
testing was performed using cyclic and noncyclic uniaxial
tension tests on pelvic floor tissues harvested from fresh
young female cadavers. To be able to compare these data with
those of former publications, an validated protocol proposed
by Rubod et al. was used [12].

Materials and methods

Tissue samples were obtained from 24 fresh female cadavers
with no history of pelvic reconstructive surgery and with no
clinically relevant POP, which was excluded by gynecological
examination and the use of a Pozzi clamp to pull on the cervix.
Cadavers were frozen for conservation and unfrozen just
before the dissection.

Six ofthese cadavers were of young women (mean 29 years
old; 16 to 40 years old), which were used to perform tests on
organs (bladder, vagina, and rectum) and uterine ligaments.
These pelvic floor samples were provided to us by the
Universitit Klinikum Eppendorf (UKE) in accordance with
German laws. Five were older women (mean 75 years range),
which were used to perform tests on organs (bladder, vagina,
and rectum). Thirteen were older women (mean 83.5+12.3
(range, 61-100) years), which were used to perform tests on
uterine ligaments.

The cadavers of older women were dissected and studied at
the Anatomical Institute of the Faculty of Medicine of
the CHRU Lille, France. Each patient had agreed before
death to have their cadaver used for medical purposes
according to the legislation in force. Fundamental re-
search not involving living patients does not need
Institutional Board Approval.
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The results of the young cadavers are new data never
published whereas those from the older cadavers have already
been identified by Rubod et al. and Rivaux et al. [5, 6]

Having no uniaxial tension machine available in the oper-
ating room in the morgue, a portative uniaxial tension ma-
chine was developed to allow immediate mechanical testing.
This is composed of a linear actuator and a 100 N force gage.
The control of the linear actuator and data acquisition were
performed using LabView®.

The surgeon checked for abnormalities or tissue damage.
The organs were identified: vagina, bladder, rectum, utero-
sacral ligaments, round ligaments, and the broad ligament. If
the organs were intact and of sufficient size, samples were
excised in the longitudinal axis in accordance with the proto-
col proposed by Rubod et al. [12]. Samples were then stored in
saline solution between punching and testing. The thickness
of the punched tissue was measured with a caliper. The width
ofthe samples is defined by the punch, meaning that the initial
cross-section (Sy), of samples in the center zone is known.

Samples were placed and clamped between the grips of the
uniaxial machine, without stretching the tissue. Once clamped
and extended to a distance where the sample is no longer
compressed, the length was measured.

In accordance with the cited protocol, the stretching was
driven at 1 mm/s. Different stretching schemes were per-
formed. Either the sample was stretched directly until rupture;
otherwise, subsequent cycles between 0 N force and a defined
stretch (10 %, 20 %, etc.) were conducted until tissue rupture.
During the test, displacement was recorded thanks to a video
extensometer and force was recorded thanks to a force gage.

At that point, the displacement was in millimeters and the
force in Newtons. Strain and nominal stress (MPa) are re-
quired to analyze and compare the data.

Strain (¢) is defined as; Zelacement (mm) o ile nominal stress
initial length (mm)

Force (N)
initial crosssection SO (mm?)

(0) is defined as:

Regarding biomechanical testing, only the part within a
physiological range is of interest and studied, even if the test
results in rupture of the tissue (Fig. 1). This range is defined as
100 % of elongation (arbitrary).

In order to perform a comparative statistical analysis of
experimental data, a behavior model had to be defined taking
into account nonlinear elasticity phenomena during major
deformation. The model used is a Mooney—Rivlin type model
[5]. Two parameters, CO and Cl1, characterizing the biome-
chanical behavior, were identified on curves using a least
square roots method. CO characterizes the asymptotic mechan-
ical behavior at small deformations and C1 at large deforma-
tions (Fig. 1).

Statistical calculations have been carried out using the
Minitab 15 statistical software. As data are not normally
distributed, a Mood’s median test has been used. The p values
of <0.05 were considered to be statistically significant.
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Fig. 1 Example of a nominal-stress/strain curve of uniaxial load

Results

Tissue samples from the utero-sacral, broad, round ligaments,
vagina, bladder, and rectum were collected from 24 fresh
young and older female cadavers without prolapses. The mean
age was 29 years old (range, 1640 years old) for the group
qualified as “young” and 75 years old and 83.5 years old for
respectively the “old” organ group and the “old” ligament
group.

Two hundred and seventy-seven samples were harvested
and studied all together, i.e., 30 utero-sacral ligaments from
old cadavers, 11 utero-sacral ligaments from young cadavers,
45 round ligaments from old cadavers, 11 round ligaments
from young cadavers, 33 broad ligaments from old cadavers, 4
broad ligaments from young cadavers, 32 vaginas from old
cadavers, 21 vaginas from young cadavers, 36 bladders from
old cadavers, 18 bladders from old cadavers, 30 rectums from
old cadavers and 6 rectums from young cadavers.

Two different tests were performed, the first was cyclic,
with load and unload phases increasing the maximum stretch
level at each cycle, and the second was pure stretching up to
rupture. In order to study the nonlinear elastic behavior,
neglecting viscosity and damage, we focused on the mono-
tonic load up to rupture, as proposed by Clay et al. [11]. This
technique allows us to compare the mechanical behavior of
pelvic floor tissues in their initial state and to perform statis-
tical calculations.

According to the method described above CO and C1 were
calculated for each sample. As values were not normally
distributed the median and interquartile range (Q3-Q1) were
compared.

We will first look at the young patients because those are
new data.

CO0 and C1 are used as defining parameters of the mechan-
ical behavior of tissues (Fig. 2). Statistical tests were run to
define if the different organs had various mechanical
behaviors.

No statistical difference was found among the different
groups of ligaments collected from young pelvic tissues; thus,
the results will not be differentiated (Table 1). Nor was any
difference seen according to vaginal explantation site (anterior
or posterior wall; upper or lower vagina).

For young cadavers no statistical difference was noted
between vagina and ligaments for both small and large strain
(respectively p=0.131 and p=0.365).

Again for the young cadavers no statistical difference was
noted between rectum and the other organs, but a strong trend
is observed for the large deformations (for C1 p=0.08 with
vagina, p=0.059 with bladder and p=0.082 with ligaments;
for CO p=0.41, p=0.059, p=0.139 respectively).

The bladder shows a statistical difference with vagina and
ligaments for both small and large deformations (vagina p=
0.002 and p<0.001; ligaments p=0.017 and p<0.001).
Although the vagina and the ligaments are more rigid than
the bladder, the rectum tends to lie in between the two groups.
Slightly different mechanical behaviors of ligaments from left
and right side of the same patient were observed; however,
this was not statistically significant.

We now compare the CO and C1 between age groups
(Table 1). For the uterine ligaments and vagina there is a
statistical difference between young and old tissues for CO
and Cl1, except for the broad ligament. For the bladder and
rectum there is a significant statistical difference only for CO.

Discussion

In this study, the biomechanical properties of the pelvic floor
tissue of young cadavers were studied and compared with
those of older female cadavers in order to better understand
the pelvic static, the impact of aging, and the mechanical
contribution of tissue stiffness.

It is challenging to obtain young deceased tissue; therefore,
the number of tests performed was limited. It has also been
almost impossible to obtain information on the parity of
women or any other medical history related to the patient
(cause of death, for example), which obliged us to direct our
discussion at the age factor only. Because of these limitations
some absolute comparisons are hard to perform; nonetheless,
we will still try to understand what mechanisms are at stake. A
similar study with more patients and a complete set of data
concerning parity would be very fruitful. Owing to the rela-
tively small size of organs compared with the size of tested
samples, it has not been feasible to perform a proper intra-
individual study. We also acknowledge that biaxial testing
might have been valuable; unfortunately, the size of the sam-
ples did not allow us to perform such testing. Moreover the
mere use of deceased tissues is inaccurate, but for such de-
structive testing no other options are available so far.

@ Springer



1550

Int Urogynecol J (2014) 25:1547-1553

Fig. 2 Median behavior of each
young pelvic tissue
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However, despite these limitations, the study leads to some
interesting results.

We first looked only at the results of young patients. On
Fig. 3 an example of cyclic loads can be observed (the differ-
ent grayscale straight lines represent the different cycles,
going from darker to lighter with the first, second, and third
loads). An analysis of data resulting from cyclic loads reveals
a nonlinear relation between strain and stress. It also shows a
hysteresis between the load and unload phases; this means that
the nominal stress/strain relationship is not the same between
loads and unloads. These two points reveal a nonlinear visco
hyperelastic behavior as already mentioned by Rubod et al.
[12] for old female tissues. For two consecutive loads, tests

Table 1 Results of young and old (CO0, C1)

Young Old P

Ligaments (all) CO0 0.19(0.3)  Notavailable Not available

C1 0.19(0.23) Not available Not available
Utero-sacral ligament CO 0.13 (0.33)  0.83 (1.42) 0.005

Cl 0.2(0.7) 5.7 (16.1) <0.001
Round ligament CO0 0.22(0.18) 0.7 (0.7) <0.001

Cl 0.19(0.19) 4.62(5.18) <0.001
Broad ligament CO0 0.37(0.75) 0.42(0.46) 1

Cl 0.2 (0.68) 1.32(3.14) 0.277
Vagina CO0 0.11(0.37) 0.39(0.361) 0.003

Cl 027(0.58) 1.49(244) <0.001
Rectum CO0 0.09 (0.11) 0.35(0.36) 0.007

Cl 0.06 (0.01) 0.07(0.27) 0.371
Bladder CO0 0.04(0.25) 0.09(0.21) 0.004

Cl 0.007 (0.07) 0.007 (0.11) 0.847
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also showed that the nominal stress at a prescribed strain
reached during the second load is always smaller than that
during the first load. This softening shows that pelvic soft
tissues can be damaged and that this damage is proportional to
the prescribed strain [11, 12]. Performing two consecutive
loads, the curve of the second load follows the trend that
was expected for the first curve. This phenomenon is also
referred to as “Mullins type damage” or “Mullins effect” and
is well known for hyperelastic material [13—15].

We have demonstrated that ligaments, vagina, bladder, and
rectum have a nonlinear, visco-elastic mechanical behavior.
This is in accordance with our works performed on older
women’s cadavers [5, 6]. It has also been shown that young
pelvic soft tissue was damaged by a Mullins effect. This may
indicate that young pelvic floor tissues, if subjected to specific
conditions inducing great strain (i.e., birth, trauma, over-
weight), may undergo Mullins effect damage. Consequences
of the Mullins effect could be the following: rigidity increases
after deformations, as Clay et al. observed for prolapsed
tissues [11]; and a permanent deformation comparable to
plasticity could arise. We can suppose that tissues have an
anisotropic mechanical behavior. During the process of aging,
naturally, with or without trauma and birth, pelvic floor tissues
may become longer, stiffer, and anisotropic. According to the
recurrence and intensity of loadings, the consequences will be
more or less noticeable. This may explain why women with a
greater number of natural births have statistically more pro-
lapse symptoms than women after only one birth [1, 2]. After
damage and even if tissues are reconstructed over time, re-
construction may be partial and pelvic tissue may no longer
stabilize the pelvic floor as it used to, mainly because all
entities became longer.
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Fig. 3 Example of cyclic loads

We then compared our results on young cadavers by or-
gans. We showed that the bladder is significantly less rigid
than the vagina and ligaments and tends to be less rigid than
the rectum. No statistical difference was found for the rectum,
which could be due to the limited number of specimens (7=06).
We could not differentiate ligaments from one another. Vagina
and ligaments also have comparable mechanical behavior;
thus, we propose organization of the mechanical behavior of
the pelvic tissues of young women, the bladder being the most
compliant, followed by the rectum, and then the vagina with
all the ligaments.

We can now compare these data with those from the older
cadavers. The mechanical organization of the pelvic tissues
has already been studied by Rivaux et al. and Rubod et al. [5,
6], which is where our data on old patients come from.
Combining these data we can propose an organization of the
pelvic tissues for older patients, the bladder being the most

compliant, followed by the rectum, followed by the vagina,
and then the broad ligament, the large ligament ,and the utero-
sacral ligament respectively. There is then a differentiation of
the tissues while ageing. Using the data of Table 1 we will try
to better understand this process (Figs. 4, 5).

As discussed previously, CO and C1 are two parameters
that are used to characterize the behavior at small and large
strains respectively. For uterine ligaments and the vagina there
is a statistical difference between young and old tissues for CO
and Cl1, except for the broad ligament. However, the small
population of young tissues for the broad ligament (n=4) does
not allow us to make further comments. For the bladder and
rectum there is a significant statistical difference only for CO.
This suggests that both curves might still have the same shape
and the same trend. With a different CO the tissues will react
differently to small displacements (everyday movements), but
will then react quite similarly for exceptional stretching
(trauma) because they have a similar C1. This is not the case
for the vagina and ligaments, which have different CO and C1.
It is therefore interesting to further investigate this area of
research. To illustrate this, we compared curves of the utero-
sacral ligaments and rectum (Fig. 6). It illustrates the different
ways of aging that a tissue can undergo depending on its
location, history, and original mechanical behavior.

In both cases, young and old tissues have different me-
chanical behaviors, but for the rectum the trend of the curve
remains the same for large deformation. We think that this is
due to the different kind of damage, growth, and aging of
these tissues. Ligaments and vagina undergo different kinds of
stress throughout a person’s life and at different intensities
than the rectum and bladder. Pregnancy and natural birth, for
example, from the mechanical viewpoint, induce strain that

Fig.4 Median behavior of young
and old pelvic organs
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Fig.5 Median behavior of young
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the bladder and rectum do not have to undergo or at least not
to such an extreme extent. With the same idea, the standing
position and physical exercises of daily activities induce mod-
erate but repeated trauma, mainly on the vagina and uterine
ligaments. The type of curve that we have for the rectum and
bladder would then describe a “natural” aging of tissues,
introducing a moderate stiffening of the tissues all over the
curve. The type of curve that we have for the ligaments and
vagina would describe a “traumatic” aging of tissues, intro-
ducing increasing stiffening of the tissues over the curve and a
strong elongation over time. This is also in accordance with
the data collected on POP patients who most likely had
undergone trauma at some point during their lives [11].

One could also argue that it is dependent on the original
mechanical behavior and that the aging of different tissues is
different because they are different tissues. However, liga-
ments are a great illustration that similar types of tissues can
age differently because of the different loadings they have to

0,25 03 035 0,45 05

Strain

undergo over time. Indeed, as explained previously, we have
demonstrated that there is no statistical difference between the
uterine ligaments of young women; while, there is a statistical
difference between those tissues in older women. We may
assume that these tissues are exposed to different stresses
during a lifetime, inducing different responses and then mod-
ification of the mechanical behavior of these tissues.
Therefore, beginning with three “mechanically similar” tis-
sues, three mechanically different tissues are obtained. This
suggests that the ligaments of a young woman, being all the
same tissue, have no reason to have different mechanical
behaviors. Nonetheless, after many years, these tissues have
had the opportunity to dissociate in groups of different stiff-
ness in order to resist the loads they have encountered.

The same kind of “traumatic” aging is observed for the
vagina, even though, unfortunately, it has not been possible to
obtain such strong comparisons as for ligaments. A complete
study comparing two kinds of patients may offer this
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Fig. 6 Median behavior of young and old utero-sacral ligaments compared with young and old rectum
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comparison. For example, studying the mechanical behavior
of the tissue of thin, nonparous old women compared with
overweight, multiparous old women would be very interest-
ing. Obviously, conducting this kind of study is a challenge
because of the difficulty in obtaining enough tissue and proper
history information on the body donors.

We could hypothesize that for the young patient most of the
suspension is due to cohesive and tissues and fascia that are
not very differentiated. With ageing, daily standing position
and even more in the case of obstetrical trauma these tissues
will progress differently depending on their different mechan-
ical trauma. These evolutions will result on the progressive
“creation” of stiff, rigid, and strong tissues, especially the
uterine ligaments and vagina fascia in parallel with the weak-
ening of the pelvic cohesive fascias. The ligaments will in
parallel show an increase in length leading in some patholog-
ical cases to pelvic floor prolapse.

An overall analysis of the histological composition of all
pelvic floor tissues compared with their mechanical behavior
would also be very interesting to see whether the mechanical
evolution does fit the histological evolution. More mechanical
data on more patients would also allow a better understanding
of the stress-induced aging process. More data might allow
use of more age groups and differentiating parous and
nonparous women.

Even though there is a lot to explore, this study has
been able to open the door of stress-induced aging in
the pelvic floor.

The mechanical behaviors of pelvic floor organs of young
and old cadavers were studied. We observed a hyperelastic
biomechanical behavior of the different organs and uterine
ligaments. We demonstrated a statistical difference in the
mechanical behavior of organs and uterine ligaments between
young and old tissues. The effect of aging through pelvic floor
tissues could be underlined. The rectum and bladder undergo a
“natural” aging of tissues, introducing a moderate stiffening of
the tissues for every strain. On the other hand, the ligaments
and vagina undergo significant aging of tissues, introducing
increasing stiffening of tissues for every strain. The exact
origin of this traumatic “aging” should be further discussed,
in addition to our proposed explanation.
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