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Abstract
Introduction and hypothesis Pelvic organ prolapse (POP)
affects one third of women of all ages and is a major concern
for gynecological surgeons. In pelvic reconstructive surgery,
native ligaments are widely used as a corrective support,
while their biomechanical properties are unknown. We hy-
pothesized differences in the strength of various pelvic
ligaments and therefore, aimed to evaluate and compare
their biomechanical properties.
Materials and methods Samples from the left and right
broad, round, and uterosacral ligaments from 13 fresh fe-
male cadavers without pelvic organ prolapse were collected.
Uniaxial tension tests at a constant rate of deformation were
performed and stress–strain curves were obtained.
Results We observed a non-linear stress–strain relationship
and a hyperelastic mechanical behavior of the tissues. The
uterosacral ligaments were the most rigid whether at low or

high deformation, while the round ligament was more rigid
than the broad ligament.
Conclusion Pelvic ligaments differ in their biomechanical
properties and there is fairly good evidence that the utero-
sacral ligaments play an important role in the maintenance
of pelvic support from a biomechanical point of view.
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Introduction

Pelvic organ prolapse (POP) is a major health issue among
aging women and one of the most common indications for
surgical treatment. It is estimated that 50% of parous women
have at least some minor degree of POP [1, 2]. It has been
recognized that, apart from birth trauma and other biograph-
ical factors, abnormalities of the connective tissue composi-
tion may specifically contribute to the genesis of POP [3].
These abnormalities can have a direct impact on the
biomechanical properties of pelvic floor supportive
structures and thus contribute to the development of a
clinically relevant POP [4].

The pelvic ligaments are thought to be key structures in
the maintenance of pelvic support. Specifically, those which
suspend the uterus, such as the uterosacral ligaments (USL),
are thought to play a major role in maintaining pelvic statics.
[5–7]. According to DeLancey, the USL provide the level 1
support to the cervix and the upper vagina [8]. In recent
years, our understanding of pelvic floor disorders has ad-
vanced, leading to the development of new surgical techni-
ques such as the implantation of prosthetic material aimed at
reinforcing the native vaginal tissue or replacing defective,
weakened ligaments [9]. However, the biomechanical
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properties of pelvic ligaments from a comparative stand-
point have been poorly evaluated, leading to a paucity of
data in the literature [10–15]. Specifically, the biomechani-
cal characterization of pelvic ligaments could improve our
understanding of the events contributing to the occurrence
and recurrence of POP. Furthermore, a better understanding
of tissue biomechanics could enhance the development of
more functional prosthetic material for use in pelvic recon-
structive surgery.

We hypothesized that there are biomechanical differences
among various pelvic ligaments. Therefore, the purpose of
this study was to evaluate and compare the biomechanical
properties of various pelvic ligaments obtained from 13
fresh female cadavers without POP.

Materials and methods

Tissues were obtained from 13 fresh female cadavers with-
out a clinically relevant, i.e., grade 2 or greater POP, accord-
ing to the Baden–Walker half-way classification system,
which was excluded by gynecological examination and
using a Pozzi clamp to pull gently on the cervix. The
cadavers were frozen (not formolized) for conservation
and unfrozen just prior to the dissection. Each patient had
consented prior to their death to their cadaver being used for
scientific and/or educational purposes, according to local
legislation. The institutional review board approved the
experimental protocol (Cos2009/05; CCPRB no. 03/81;
DRC 0315). We had previously established and validated
an experimental protocol for the biomechanical character-
ization of human tissue, which we employed in this study
[16]. All specimens were collected in the same manner
according to the following protocol: a transverse laparotomy
was performed and the uterus was placed under traction in
order to better delineate those ligaments to be removed. The
pelvic ligaments (USL, round, and broad) were removed
completely, as far as possible, starting at their insertion point
at the uterus to the parietal pelvic wall or sacrum respec-
tively. The broad ligament of the uterus was defined as the
parauterine tissue consisting of the wide fold of peritoneum
that connects the sides of the uterus to the walls and floor of
the pelvis.

The right and left sides were harvested from each cadaver
and a total of 66 ligaments were obtained. Only clearly
identifiable (i.e., delimitable and thus definable) and quali-
tatively satisfactory (i.e., accurately tailored and cut, filling
the size of the punch [i.e., not too short] for adequate length,
and according to the requirements of the measuring system)
ligaments were used for the study. All samples were orien-
tated and marked before being frozen in 0.9% sodium chlo-
ride solution at minus 18°C. The excised tissues were used
to perform uniaxial tension tests at a constant rate of

deformation up to the point of rupture, according to a
previously described and validated experimental protocol,
established by Rubod et al [16]. In our previous study we
have exhaustively studied and determined the experimental
conditions such as temperature, hygrometry, and rate of
deformation in order to allow reproducible tests. We were
also able to prove that freezing had no effect on the me-
chanical properties of the tissues, so that there was no
difference when comparing the mechanical response of
fresh and frozen tissues [16]. Depending on the size of the
sample for each ligament, several tests (range, 1–3) were
performed. Briefly, the tissue samples were unfrozen at an
ambient temperature (20°C) for 9 h and were then stored in
sodium chloride solution to avoid tissue deterioration. The
specimens were of varying size; therefore, in order to deter-
mine an area of uniform stress in the center of the test
samples during the tension test, standardized test samples
were excised from the tissues using a punch. The mean
thickness of each standardized sample [16] was measured
with a caliper rule to further determine the nominal stress (F/
S0, where F is the load and S0 is the size of the initial cross
section). Each sample was clamped in a tightening grip and
strained at a constant strain rate (2×10-2 s−1) at an ambient
temperature (20°C) within 24 h of unfreezing. The grips
fixture has been designed in such a way as to prevent tissue
slippage during the test [16]. Samples were directly loaded,
without a preloading phase. The results presented in this
study take into account the complete response from zero
force to rupture. The rupture tests were performed using a
conventional tension machine (Instron 4302™). A low ca-
pacity load cell (1 kN) was used to measure the nominal
stress (force per unit of surface) during the test, knowing the
forces and the initial cross-section of the samples. The load
cell sensitivity was 0.01 N (0.001 class), which is in agree-
ment with the quantity measured. Strains (l-l0/l0 where l is
the length and l0 the initial length) were measured with a
contactless video extensometer. Subsequently, the stress–
strain curves were obtained and analyzed to characterize the
biomechanical behavior of the specimens. The mechanical
response of the specimens before rupture was then studied.

For a comparative statistical analysis of all the experi-
mental data, a behavior model had to be incorporated, taking
into account nonlinear elasticity phenomena during major
deformation. The Mooney–Rivlin-type model was used [17,
18]. Two parameters, C0 and C1, characterizing the biome-
chanical behavior with low and high deformation respec-
tively were identified on the curves using a least squared
roots method:σ ¼ 2 l� 1 l2

�� �
C0þ 2C1 l2 þ 2 l= � 3

� �� �

where σ is the nominal stress and λ is the stretch.
Each ligament removed was used to provide several

samples. Each sample was then tested and thus, two
parameters per sample, C0 and C1, were obtained. SAS
v9.1 software was used for statistical analyses. The
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comparison was performed using the mixed linear mod-
el, as well as a nonparametric test according to Con-
over, studying the influence of each factor and all their
interactions. A p value of <0.05 was considered to be
statistically significant.

Results

Tissue samples from the left and right USL, broad and round
ligaments were collected from 13 fresh female cadavers
without POP. The mean age was 83.5±12.3 (range, 61–
100) years. Overall, 66 ligaments of appropriate quality
and according to the requirements of the experimental pro-
tocol (see Materials and methods) were harvested and stud-
ied. These included 22 USL, 23 round ligaments, and 21
broad ligaments.

Uniaxial tension tests were performed up to the rupture
point of the specimens. We were able to demonstrate a
nonlinear stress-deformation response and a hyperelastic
behavior (i.e., with high deformation) for the pelvic liga-
ments examined (Fig. 1). This mechanical behavior was
identified with the help of a Mooney–Rivlin-type law. The
individual C0 and C1 parameters, characterizing the mechan-
ical behavior at low and high deformation of the uterine
ligaments respectively, are given in Table 1.

We observed considerable differences in tissue rigidity
among the cadavers for the same type of ligament, which
was in line with the relatively high standard deviations (SD)
for the C0 and C1 parameters (Table 1).

Our results showed that the USL was the most rigid
ligament at both low and high deformation (p00.05 and
0.003 respectively), compared with the round and broad

ligaments. Furthermore, the round ligament was more rigid
than the broad ligament (Fig. 1).

Discussion

In the present study, we describe the biomechanical charac-
teristics of the USL, round, and broad ligaments, which are
thought to play a significant role in the maintenance of
pelvic and uterine support. In our study of 13 fresh female
cadavers without POP, it is important to note that the USL
was by far the most rigid ligament, compared with the round
and broad ligaments at both low and high deformation. To
the best of our knowledge the nonlinear and hyperelastic
mechanical behavior of the ligaments studied has been
defined for the first time.

The USL appear to be quite relevant in maintaining
pelvic support, and are widely used as a corrective support
in pelvic reconstructive surgery [5–8]. In vitro studies have
shown that the cervical portion of the USL is able to support
more than 17 kg of weight before failing [6]. Interestingly,
in patients with POP, the expression of the gene product
responsible for the development of the USL is deficient
[19]. On the basis of the first histology studies on USL,
Blaisdell concluded that these ligaments consisted only of
connective tissue [20]. However, this concept has largely
evolved in the last few decades. A recent study by Ramanah
et al. suggested that the USL represent a ligamentary com-
plex, consisting of the inferior hypogastric plexus and hy-
pogastric nerves, as well as vascular elements surrounded by
a fine connective envelope [21]. Gabriel et al. histomorpho-
logically investigated the cervical portion of the USL and
found that, apart from the connective tissue, a considerable
amount of smooth muscle cells was present, pointing to its
functional role in pelvic support [22]. In the USL of women
with POP, a higher expression of collagen III and matrix
metalloproteinase (MMP)-2, but no change in collagen I,
has been described [22, 23]. Collagen III plays a role in
tissue elasticity and extensibility. Therefore, the increased
amount of collagen III noted in patients with POP could be
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Fig. 1 Biomechanical properties of pelvic ligaments. Mechanical re-
sponse of uterosacral, round, and broad ligaments to tension loading.
Representative stress-deformation curves show the nonlinear and
hyperelastic behavior of the tissues

Table 1 Biomechanical properties of pelvic ligaments derived from 13
cadavers without POP. The mean C0 and C1 values (±SD) in MPa are
given

Type of ligament (N 0 66) C0 C1

Right Broad (n 0 11) 0.63 (0.47) 2.69 (3.49)

Left Broad (n 0 11) 0.56 (0.39) 2.63 (3.41)

Right Round (n 0 12) 1.03 (0.90) 8.84 (13.02)

Left Round (n 0 11) 0.62 (0.45) 4.53 (3.44)

Right Uterosacral (n 0 11) 1.39 (1.4) 12.17 (13.57)

Left Uterosacral (n 0 10) 1.73 (2.12) 8.61 (8.08)
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responsible for the increased tissue laxity in these patients,
pointing to the interrelationship between connective tissue
composition and biomechanical behavior. Active remodel-
ing of the connective tissue in the USL of women with POP
as a result of biomechanical stress has also been proposed
by other authors [24, 25]. The regulation of smooth muscle
contractility in key structures of the pelvic support could
represent one potential bridge between biochemical and
biomechanical pathways [26].

Our results suggest that the USL might be the least
deformable and most rigid structures among the three pelvic
ligaments studied, which can be explained by their histolog-
ical composition and biomechanical characteristics. Thus, it
seems appropriate to continue using the USL as a strong
anchoring element in pelvic reconstructive surgery.

We recently studied the vaginal tissue of 11 fresh female
cadavers without POP on the basis of the Rubod et al.
protocol [27]. Hence, a comparison of the biomechanical
properties between vaginal tissue and the three pelvic liga-
ments studied here was possible after superimposing the
respective curves. Of note, the USL and the round ligaments
were even more rigid and less extendible than vaginal tissue,
indicating that the deformation of the ligaments at a pre-
scribed stress was always smaller than the deformation of
the vagina, and pointing to their important role in pelvic
support. Serious consideration should be given to the fact
that such a comparison is hampered by the use of different
cadavers. However, as the experimental protocol and the
methodology were identical [16], we feel that these obser-
vations should not be withheld.

Martins et al. [28] investigated prolapsed vaginal tissue
taken intraoperatively and described maximum stress values
of 3–8 MPa, which is considerably higher than our reported
values of 0.58 MPa [27], as well as the data reported by Lei
et al. (0.27–0.42 MPa) [29]. Interestingly, in two other
studies we were able to show that prolapsed vaginal tissue
was more rigid than healthy vaginal tissue [16, 30], which
was initially somewhat striking, but could be in line with the
described differences in the previously mentioned studies
[27–29]. Such comparisons, however, are hampered by the
various methodologies employed, using cadaveric tissue vs
tissue derived intraoperatively, varying protocols, the pres-
ence or absence of prolapse, and different age cohorts,
among other factors.

One strength of our study was the use of the standardized
Rubod protocol [16], which has been validated at each stage
by exhaustive tests on sheep vaginal tissue. This protocol
has been used in several studies concerning healthy and
pathological vaginal tissue [16, 27, 30], skin, and aponeu-
rosis [27]. It has also been tested in terms of measurement
reproducibility. Our sample size was relatively small be-
cause the number of available cadavers was limited, both
by legislation and by the need for educational use of the

cadavers. Another limitation is that we studied a population
of cadavers well advanced in years, and post-mortem
changes must be taken into account. Studying cadaveric
tissue does not allow extrapolation of our results to the in
vivo situation. The analysis of nonprolapsed pelvic ligament
specimens from live patients is hampered by ethical consid-
erations. There was also a lack of certain clinical data, such
as the parity, the use of hormonal replacement therapy, and
the physical activity level during the person' s lifetime. The
size of the error introduced by these limitations is unknown.

In summary, our findings demonstrate that pelvic liga-
ments differ in their biomechanical properties, and that the
USL are suitable candidates for the maintenance of pelvic
support. A well-designed comparative study on the biome-
chanical properties of pelvic ligaments in women with and
without POP is warranted in the future.
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