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Abstract
Objective: The mechanical properties and microstructure of the perineal body are important for the improvement

of numerical models of pelvic organs. We determined the mechanical parameters and volume fractions of the ewe
perineal body as an animal model.

Methods: The 39 specimens of 13 pregnant swifter ewes delivering by cesarean section (aged 2 years, weight
61.2� 6.2 kg (mean� standard deviation) and 24 specimens of 8 postmenopausal swifter ewes 150 days after
surgical ovariectomy (aged 7 years, 58.6� 4.6 kg)) were loaded uniaxially to determine Young’s moduli of
elasticity in the small (E0) and large (E1) deformation regions, and ultimate stresses and strains. The 63 adjacent
tissue samples were processed histologically to assess volume fractions of smooth and skeletal muscle, adipose cells,
elastin, and type I collagen using a stereological point testing grid. We compared the structural and mechanical
differences along the ewe perineal body, and between pregnant and postmenopausal groups.

Results: The pregnant/postmenopausal perineal body was composed of smooth muscle (12/14%; median),
skeletal muscle (12/16%), collagen (10/23%), elastin (8/7%), and adipose cells (6/6%). The E0 was 37/11 kPa
(median), E1 was 0.97/1.04 MPa, ultimate stress was 0.55/0.59 MPa, and ultimate strain was 0.90/0.87 for pregnant/
postmenopausal perineal body. The perineal body showed a structural and mechanical stability across the sites. The
pregnant ewes had a higher amount of skeletal muscle, higher E0, and a less amount of collagen when compared with
postmenopausal ewes.

Conclusions: The data can be used as input for models simulating vaginal delivery, pelvic floor prolapsed, or
dysfunction.

Key Words: Histology – Perineal body – Sheep – Ultimate strain – Ultimate stress – Volume fraction –
Young’s modulus of elasticity.

erineum is a complex structure composed of a protects the anal sphincter during vaginal delivery. The
T
he p
collagen and elastin network, and skeletal and smooth
muscles. It is located in the midline between the

posterior fourchette and the anal sphincter. A key component
of perineum is the perineal body (known also as the central
perineal tendon) connected to the perineal membrane serving
as the site of attachment of many structures.1 It has an
irreplaceable function in the complex interaction of the pelvic
floor muscles and connective tissue, and is crucial for the
support, especially of the lower part of the vagina, and
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perineal body with its surrounding muscles and connective
tissue collectively supports the distal vagina, and anal canal.2

Damage of active or passive components of these structures
can lead to a perineal descent, a gaping genital introitus, and a
posterior vaginal wall prolapse.3 Either a detachment of the
perineal body from the perineal membrane, or a tear along the
rectovaginal septum, bulbocavernosus muscles, superficial
and deep transverse perineal muscles, and external anal
sphincter muscles, may lead to a descent of the perineal body
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below the level of the ischial tuberosities and can contribute to
defecatory and sexual dysfunctions.4 The loss of a fibromus-
cular support of the pelvic organs leads to the pelvic organ
prolapse (POP), that is, to a vaginal protrusion and the descent
of the pelvic organs into and out of the vaginal canal.5

The mechanical properties of the perineal body signifi-
cantly influence the mechanics of the surrounding tissues. The
pubovisceral muscle enthesis and the perineal body are the
regions of the greatest strain during vaginal delivery.6 This
strain places these regions at the highest risk of a stretch-
related injury. The decrease of the perineal body stiffness by
40%, 50%, and 60% led to reductions in the maximum
principal stretch ratio for the pubovisceral muscle enthesis
of 8%, 13%, and 18%, respectively, and therefore reduced the
risk of injury.6

The modeling of the pelvic floor structures has recently
been found useful in the analysis and evaluation of patho-
physiological processes and the execution of obstetric pro-
cedures that would otherwise have been very complicated or
even impossible, and might lead to a better understanding of
prolapse pathophysiology. Many studies have predominantly
evaluated the stretching and/or subsequent pubovisceral mus-
cle injury during vaginal birth.6-9 Other studies described
finite element models of vaginal delivery itself.7,10-13 Further
modeling references include models of the female pelvic
system,14 pathological dysfunctions, development of
POP,12,15-18 supporting mesh insertion, and reconstructive
surgery.5,19,20 Most of the models include vagina, rectum,
bladder, and ligaments, and no perineal body. In all compu-
tational models, the right choice of a constitutive model, its
geometry, and mechanical parameters is crucial.8,21

One of the main limitations of perineal body modeling is
the absence of knowledge of real biomechanical parameters.
Material data based on experiments on the perineal body are
rare.22-24 The mechanical testing is devoted mostly to the deep
structures of the pelvic floor, that is, uterus, cervix, vagina,
and pelvic ligaments.25 The mechanical parameters of the
pelvic floor muscles (pubovisceral muscle, illiococcygeal
muscle, and the perineal body) are for modeling purposes
commonly substituted by parameters of other muscles, namely
the tongue muscle,26 skeletal muscle,10 and cardiac muscle.7,11,20

Thus, there exist only a few mechanical studies on human
cadaver specimens of the perineal body.22,27 Note that due to
ethical reasons it is practically impossible to study material
properties of the human perineal body within the prenatal
period or during pregnancy. Animal models, such as rodents,
rabbits, nonhuman primates, or sheep are commonly used for
mechanical measurements of pelvic floor components.28,29

The adult ewe is a large-animal model with a suitable size and
anatomical structure.28,30 The pelvic connective tissue anat-
omy of the sheep is similar to that of humans with three levels
of support.30 Moreover, they spontaneously develop POP
related to pregnancy and vaginal birth, and can be used for
vaginal surgery training. We used the perineal body of
pregnant ewes during delivery by caesaran section and post-
menopausal ewes 150 days after ovariectomy.
2 Menopause, Vol. 26, No. 11, 2019
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Knowledge of the structure and mechanics of the perineal
body is helpful to control the vaginal delivery process, and/or
subsequently, it also improves a clinician’s ability to identify
defect(s) in the pelvic support, and facilitates a better diag-
nosis and treatment of POP. The tissue function is related to its
structure and mechanical properties. Therefore, we decided to
analyze the components and in vitro mechanical parameters of
the perineal body to improve the current perineal models,13,31

and increase the precision of future mathematical simulations.
The main aims of the study were:

1. to assess the volume fractions of smooth muscle,
. U
skeletal muscle, collagen, elastin, and adipose tissues
along the perineal body (in three regions of the perineal
body);
to determine the Young’s moduli of elasticity in the small

and large deformation regions, the ultimate stress, and the
ultimate strain along the perineal body (in the regions of
the perineal body);
to find differences between structural and mechanical

parameters of the ewe perineal tissue during pregnancy
and after menopause;
to test correlations between the volume fractions of major

perineal tissue constituents and mechanical properties of
the perineal body.
METHODS

Specimen collection and preparation
Thirteen swifter ewes delivered by cesarean section (group

pregnant (PREG), 2 years old, second delivery, weight
61.2� 6.2 kg [mean� standard deviation]) and eight swifter
ewes 150 days after surgical ovariectomy (group postmeno-
pausal (POST), 7 years old, more than four deliveries, mean
weight 58.6� 4.6 kg [mean� standard deviation]) were used
for the study. The ewes were euthanized by intravenous
administration of pentobarbital (Release, Ecuphar, Oostkamp,
Belgium; 20 mL/50 kg). The full perineal area between rec-
tum and vagina was excised. The skin and the subcutaneous
tissue were removed to keep only the fibromuscular layer of
the central tendon. Tissue was divided into three regions of the
perineal body: at midline region (R2), and in the sagittal
section 5 mm left (R1) and 5 mm right (R3) (anatomic orien-
tation) from the midline (Fig. 1).

In total 63 specimens (39 group PREG, 24 group POST)
were used for the mechanical measurement to obtain the
mechanical parameters and 63 neighboring specimens were
used for the histological analysis to assess the structural
parameters of the perineal body.

A deep freezing conservation (�208C) was applied to the
specimens used for the mechanical testing immediately after
the collection. The observation that the passive mechanical
properties of dead tissue are unaltered during the freezing
process has been reported for various kinds of other tissues
(ligament, tendon, adipose tissue, arterial tissue, ovine vaginal
tissue).32-36

For the mechanical and also structural analysis, we
followed our protocol published earlier.27
� 2019 The North American Menopause Society
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FIG. 1. The excision of specimens from the ewe perineal body sym-
metrically to the midline. The region R2 was the region of midline. The
regions R1 was cut in the sagittal section 5 mm right (anatomic orienta-
tion) and R3 was cut in the sagittal section 5 mm left (anatomic
orientation) from the midline. The mechanical loading was applied
perpendicular to the midline (F).

EWE PERINEAL BODY STRUCTURE AND BIOMECHANICS
Histology
The tissue was put into formalin immediately after sepa-

rating from the body, and after that it underwent histological
processing. Specimens were perfused with 10% buffered
formalin and embedded in paraffin. No pressure was used
during the fixation procedure. Each tissue block was then cut
using a Leica RM 2135 microtome (Leica Microsystems
GmbH, Wetzlar, Germany) into vertical uniform random
serial sections with a thickness of 5 mm.37 The sections
were then stained using a combination of three methods:
Verhoeff’s hematoxylin and green trichrome, orcein stain,
and picrosirius red.

Microscopic quantification
We quantified five parameters: the volume fractions of

skeletal muscle, smooth muscle, elastin, type I collagen, and
adipose cells in three regions (R1, R2, R3) of the ewe perineal
body. Structures not belonging to any of these (eg, lumina of
blood vessels, peripheral nerves, fibroblasts, and fibrocytes)
were considered as residual tissue, the volume of which was
calculated as 1 minus the sum of the quantified volume
fractions. The Ellipse 3D software package (ViDiTo, Inc.
Košice, Slovak Republic) including the standard stereological
methods was used for this quantification.

The Verhoeff’s hematoxylin and green trichrome were used
for the smooth and skeletal muscle quantification (Fig. 2A).
The orcein staining was used for the elastin and adipose cells
Copyright � 2019 The North American Menopause Society
quantification (Fig. 2B). The picrosirius red staining in polar-
ized light was used for the type I collagen quantification
(Fig. 2C and D). We used 186 sections in total for the
quantification. Each section was uniformly captured on
10 to 12 micrographs using an Olympus BX52 microscope
with a 10� objective.

The standardized and established stereological methods
commonly used for quantification of inner structures of
tissues and organs were used for the quantification.37,38

The volume fractions of individual components were deter-
mined using the Cavalieri principle: the number of intersec-
tions between the point test grid and the component of interest
were divided by the total number of test grid points.37,38 The
total number of intersections between objects and the test
point grid was 30,458. The histological quantification was
performed by a single observer (P.K.). There was no interob-
server and a low intraobserver variability (see details in
Supplementary material 1, http://links.lww.com/MENO/A444).

Note that the type I collagen volume fraction included the
free collagen, and also the collagen of the adventitia of the
blood vessels.

Mechanical measurements
The frozen specimens were kept at room temperature to

thaw out for a period of 6 hours before the mechanical
measurement. The specimens were then clamped into the
measurement device. The thickness of specimens was about
2.5 mm and the width of specimens was about 10.5 mm. The
thickness and width of specimens were measured by digital
calipers in the relaxed state of the tissue by a single person
(R.R.) to avoid varying tissue compression during measure-
ments. Each whole specimen was put between the caliper jaws
to measure the thickness and the width of the specimen.
During the measurement the caliper jaws just touched the
whole specimen without any visible deformation. The initial
length (transversal direction) of each specimen between the
clamps was preset to 10 mm. The uniaxial tensile loading
was applied perpendicularly to the midline of the perineal
body. The traction machine Zwick/Roell Z050 (Zwick/Roell,
Ulm, Germany) was used for the mechanical testing. The
mechanical tests were performed at room temperature.

Each specimen was preconditioned using 20 cycles with a
linearly increasing and decreasing elongation of up to 15% of
the initial length. After this preconditioning, a linear increase
in loading was applied until the perineal body ruptured
(Fig. 3). The loading velocity was 6 mm/min.22,27 The applied
deformation and measured forces were recorded during the
testing to obtain a stress-strain curve which was used to
determine the mechanical properties of the perineal body,
that is, the Young’s moduli of elasticity, ultimate stress, and
ultimate strain. The Young’s modulus of elasticity was
defined as the slope of the stress-strain curve, and is measured
in Pa (kg/ms2) (Fig. 3A). The stress corresponds to the force
acting on an area of a deformable tissue. The strain is the ratio
of the change in length caused by the stress to the original
dimension of the specimen. The stress was defined as the
Menopause, Vol. 26, No. 11, 2019 3
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FIG. 2. The histological staining of slices from the same ewe perineal body specimen: Verhoeff’s hematoxylin and green trichrome showing the
contrast between connective tissue (green) and muscle (reddish) tissue (A). Orcein staining used for visualization of elastin (dark brown) (B), Picrosirius
red staining in bright field (C), and under polarized light (D), showing type I collagen (reddish to yellow). Scale bars¼ 100 mm.
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FIG. 3. (A) An example of the nonlinear stress-strain curve of the midline region of the ewe perineal body. I—the small deformation region with a low
stiffness (Young’s modulus of elasticity, slope of the curve, blue line); II—the region of tissue stiffening; III—the linear large deformation region with a
high stiffness (Young’s modulus of elasticity, red line); IV—the region preceding tissue rupture with initialization of the rupture (green star) after
rupturing of individual components of the tissue. (B, C) A specimen in the measurement device during the test. The tissue rupture due to mechanical
loading is visible (C).
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EWE PERINEAL BODY STRUCTURE AND BIOMECHANICS
actual force divided by the area of the initial cross-section
(width� thickness dimension) of the specimen. The strain
was defined as the elongation of the tissue divided by its initial
length. Given the stress-strain curve, the least-squares method
was used to determine the Young’s moduli in the small
deformation region (0%-18%, depending on the shape of
the stress-strain curve) and in the large deformation region
(20%-150%, depending on the shape of the stress-strain
curve) (Fig. 3). All mechanical parameters were determined
using the open source software Elfpy (https://github.com/rc/
elfpy).

In the present study, the ultimate stress and the ultimate
strain were determined at the starting point of the perineal
body rupture, which is not necessarily at the point of the
highest stress of the stress-strain curve (Fig. 3).

Statistical analysis
The normality of the volume fractions and mechanical

parameters was tested using the Shapiro-Wilk’s W test. All
the statistical tests are nonparametric methods because some
data sets did not pass the test for normality. Statistica software
(version 8.0, Statsoft, Inc., Tulsa, OK) was used for the
statistical analysis. The differences of structural and mechan-
ical parameters between regions (R1, R2, R3) were analyzed
using the Friedman analysis of variance (ANOVA) test. The
Friedman ANOVA test found significant differences between
regions only for the skeletal tissue volume fraction in group
POST and in Young’s moduli of elasticity. Thus the post hoc
multiple comparisons using the Wilcoxon matched-pairs test
were then performed only for these parameters. The differ-
ences of structural and mechanical parameters between
groups (group PREG, group POST) were analyzed using
the Mann-Whitney U test. The correlation between structural
and mechanical parameters was analyzed using the Spearman
rank r correlation coefficient (level of significance 0.05). The
average volume fractions for each component from all three
perineal regions of group PREG and group POST were
calculated and then used in the Mann-Whitney U test and
correlation analysis. The effect size was evaluated as h2 and
dcohen values using the effect size calculator for nonparametric
tests (https://www.psychometrica.de/effect_size.html#non-
parametric).

RESULTS
The morphometric data are in the form of continuous

variables provided in Supplementary material 2 (http://links.
lww.com/MENO/A445).

Microscopic quantification
The ewe perineal body is composed of type I collagen and

elastin fibers, bundles of smooth muscle cells, skeletal muscle
fibers, adipose tissue, blood vessels, peripheral nerves, fibro-
blasts, fibrocytes, and other cells occurring in the collagen
fibrous tissue (Fig. 4). The skeletal and smooth muscle
bundles were often close together (Fig. 4A) and embedded
in collagen tissue (Fig. 4A–C). The collagen surrounded the
Copyright � 2019 The North American Menopause Society
smooth or skeletal muscles (Fig. 4A, B) or created dense wavy
bundles (Fig. 4C). The elastin was present in the areas around
or between adipose cells (Fig. 4E, F) or in the dense connec-
tive tissue (Fig. 4D). The adipose cells were grouped in
clusters surrounded by or crossed by collagen and elastin
fibers (Fig. 4E) or individually occurring within connective
tissue (Fig. 4D, F).

Volume fractions along the ewe perineal body
The volume fractions of skeletal muscle, smooth muscle,

collagen type I, elastin, and adipose tissue are shown
in Table 1 and Fig. 5. The Friedman ANOVA test showed
differences only in the skeletal muscle fibers content
(P¼ 0.02) between regions of postmenopausal ewes
(group POST). The Wilcoxon matched-pairs test showed
only differences between the skeletal muscle content in the
midline region R2 compared with region R1 (P¼ 0.03).
The midline region R2 had a higher amount of skeletal muscle
than region R1.

The smooth muscle cells were the most abundant tissue in
pregnant ewes (0.07-0.15, interval of medians of individual
regions), followed by skeletal muscles (0.05-0.15), and type I
collagen fibers (0.08-0.12). Lower volume fractions were
occupied by the elastin fibers (0.07-0.09) and adipose cells
(0.06).

In ovariectomized ewes (group POST), the highest volume
was occupied by type I collagen fibers with volume fractions
(0.20-0.25), followed by smooth muscle (0.1-0.15), elastin
fibers (0.05-0.08), and adipose cells (0.04-0.07). The volume
fraction of the skeletal muscle fibers in this group was less
than 0.05.

The residual tissue in both ewe groups was composed
mostly of peripheral nerves, lumina of blood vessels, fibro-
blasts, and fibrocytes (Fig. 4G, H).

Structural differences between group PREG and group
POST of the ewe perineal body

The Friedman ANOVA test showed only minimal differ-
ences between the volume fractions along the ewe perineal
body in both groups; thus the average volume fractions for
each component from all three perineal regions were calcu-
lated and then used for the Mann-Whitney U test. The group
PREG had a higher amount of skeletal muscle (P< 0.001)
and a lower amount of type I collagen (P< 0.001) than the
group POST.

Mechanical measurements
The stress-strain curves of the perineal bodies showed

similar shapes in all tested tissue specimens (Fig. 3). The
curves were nonlinear and consisted of a region of small
deformation (0%-18%) with a low stiffness, followed by a
region of stiffening, and then a linear region of large defor-
mations (20%-150%) with an increased stiffness.

The mechanical properties are summarized in Table 2 and
Fig. 6. The Young’s modulus of elasticity in the small
deformation region was 20 to 50 kPa (interval of medians
Menopause, Vol. 26, No. 11, 2019 5
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FIG. 4. The structure of the ewe perineal body: the skeletal and smooth muscle bundles were embedded in collagen tissue (A-C), the bundles of skeletal
and smooth muscle were often close together (A), the elastin was presented in the areas around or between adipose cells (E, F) or in the dense connective
tissue (D), the adipose cells were grouped in clusters surrounded by or crossed by collagen and elastin fibers (E) or individually pasted in connective
tissue (D, F). The residual tissue was composed of blood vessels, peripheral nerves cells, fibroblasts, and fibrocytes. Verhoeff’s hematoxylin and green
trichrome (A-C, G, H), orcein staining (D-F). The scale bar¼ 100 mm.
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of individual regions) in the group PREG and 10 to 16 kPa in modulus in the small deformation region (r¼�0.46). The

TABLE 1. The volume fractions of the smooth muscle tissue, skeletal muscle tissue, collagen, elastin, adipose tissue, and residual tissue
(neural cells, blood vessels lumina, fibrocytes, and fibroblasts) along the perineal body of pregnant ewes (group PREG) and ewes after

ovariectomy (group POST) (regions R1-R3)

Group PREG Group POST

Component R1 R2 R3 R1 R2 R3

Smooth muscle 0.12 (0.04-0.15) 0.15 (0.01-0.22) 0.08 (0.03-0.16) 0.15 (0.08-0.17) 0.13 (0.07-0.24) 0.11 (0.05-0.17)
Skeletal muscle 0.15 (0.11-0.17) 0.05 (0.01-0.26) 0.10 (0.04-0.18) 0.05 (0.00-0.10) 0.001 (0.00-0.02) 0.03 (0.01-0.06)
Collagen 0.08 (0.07-0.13) 0.10 (0.07-0.33) 0.12 (0.09-0.15) 0.20 (0.17-0.24) 0.23 (0.21-0.27) 0.25 (0.18-0.28)
Elastin 0.09 (0.06-0.09) 0.07 (0.04-0.11) 0.08 (0.07-0.09) 0.05 (0.05-0.07) 0.09 (0.07-0.10) 0.07 (0.05-0.08)
Adipose cells 0.06 (0.04-0.08) 0.06 (0.05-0.07) 0.06 (0.04-0.09) 0.07 (0.05-0.10) 0.04 (0.03-0.07) 0.07 (0.04-0.11)
Residual tissue 0.47 (0.24-0.59) 0.45 (0.13-0.51) 0.47 (0.42-0.54) 0.48 (0.45-0.53) 0.49 (0.38-0.54) 0.49 (0.44-0.52)

Given as the median (interquantile range). The number of investigated specimens was 39 (13 per region) in group PREG (pregnant ewes) and 24 (8 per region) in
group POST (postmenopausal ewes).
R1, in the sagittal section 5 mm left from the midline; R2, midline region; R3, in the sagittal section 5 mm right from the midline.

EWE PERINEAL BODY STRUCTURE AND BIOMECHANICS
the group POST. The Young’s modulus of elasticity in the
large deformation region was 0.9 to 1.0 MPa in group PREG
and 0.8 to 1.6 MPa in group POST. The considerable stiffen-
ing of the perineal body with increasing strain was clearly
visible from the curves. The ultimate strain was 0.8 to 1.0 in
the group PREG and 0.7 to 1.0 in the group POST, and the
related ultimate stress was 0.5 to 0.6 MPa in group PREG and
0.4 to 0.6 MPa in group POST.

Mechanical parameters along ewe perineal body
The determined mechanical parameters of the perineal

tissue were similar in the all three investigated regions. An
exception was the Young’s modulus of elasticity in the small
deformation region in group PREG (P¼ 0.01), where the
stiffness was higher in region R3 when compared with other
regions (R1: P¼ 0.03; R2: P¼ 0.04). The second exception
near the level of significance was the Young’s modulus of
elasticity in the large deformation region (P¼ 0.049) in group
POST, where the stiffness in region R2 was smaller than in
region R1 (P¼ 0.02).

Mechanical differences between group PREG and group
POST of the ewe perineal body

The Friedman ANOVA test showed only minimal differ-
ences between the mechanical parameters along the ewe
perineal body in both groups; thus the averages from all three
perineal regions were calculated and then used for the Mann-
Whitney U test. The group PREG had a higher Young’s
modulus of elasticity in the small deformation region
(P< 0.01) than the group POST.

Correlations between mechanical parameters and
component content
Group PREG

The ultimate stress was positively correlated with the
fraction of smooth muscle amount (r¼ 0.33). The ultimate
strain was negatively correlated with the elastin amount
(r¼�0.37). The positive correlation was found between
the Young’s modulus of elasticity in the large deformation
region and the ultimate stress (r¼ 0.80). The negative corre-
lation was found between the ultimate strain and the Young’s
Copyright � 2019 The North American Menopause Society
amount of the smooth muscle showed a positive correlation
with the elastin amount (r¼ 0.42) and a negative correlation
with the skeletal muscle amount (r¼�0.62).

Group POST
There was no correlation between the mechanical and

structural properties. A positive correlation was between
the Young’s modulus of elasticity in the small and large
deformation region (r¼ 0.50), and between the Young’s
modulus of elasticity in the large deformation region and
the ultimate stress (r¼ 0.76). A negative correlation was
found between the ultimate strain and the Young’s moduli
(r¼�0.52 in the small deformation region,�0.71 in the large
deformation region). The amount of adipose cells showed
a positive correlation with the skeletal muscles amount
(r¼ 0.47) and a negative correlation with the type I collagen
(r¼�0.50) and elastin (r¼�0.44) amount, respectively.

The complete statistical analyses of the Friedman ANOVA
test, Wilcoxon matched pair test, and Mann-Whitney U test
is provided in Supplement 3 (http://links.lww.com/MENO/
A446) and the complete correlation analysis is provided in
Supplementary material 4 (http://links.lww.com/MENO/A447).

DISCUSSION
The results showed that the structural and mechanical

parameters differ only slightly along the perineal body in
both groups. The groups PREG and POST differ only in
skeletal muscle and collagen amount, and in the initial
stiffness given by the Young’s modulus of elasticity in the
small deformation region. It is also visible that the regions R1
and R3 had the mean values of components volume fractions,
and also those of mechanical parameters closer to each other
than to the region R2, with an exception of the Young’s
modulus E0 in the small deformation region in group PREG.

Microscopic quantification
The microscopic structure of the ewe perineal body (Fig. 4)

is similar to that of the human one.27 The results show a
structural similarity of the perineal body across the sites. The
group PREG had a higher amount of skeletal muscle, but a
smaller amount of type I collagen than the group POST, which
Menopause, Vol. 26, No. 11, 2019 7
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FIG. 5. The volume fractions of smooth muscle tissue (A), skeletal muscle tissue (B), collagen (C), elastin (D), adipose cells (E), and the residual tissue
(F) along the pregnant and postmenopausal ewe perineal body (regions R1-R3). The number of investigated specimens was 39 in group PREG (pregnant
ewes) and 24 in group POST (postmenopausal ewes). The square dot (&) denotes the median, the rectangle (&) spans the interquartile range, and the
whiskers (¼) denote the limit values. The differences between regions were tested by the Friedman ANOVA test and the Wilcoxon matched-pair test.
The differences between groups were tested using the Mann-Whitney U test. The level of significance was 0.05. The effect size is given by h2 and dcohen

values. The Friedman ANOVA test showed differences only in the skeletal muscle fibers content between regions of postmenopausal ewes (group
POST). The Wilcoxon matched-pairs test showed that the midline region R2 had a higher amount of skeletal muscle then the region R1. The Mann-
Whitney U test showed that the group PREG had a higher amount of skeletal muscle and a lower amount of type I collagen then the group POST.
ANOVA, analysis of variance.
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could be related to the differences in the initial stiffness
between these groups discussed later.

The volume fractions of the main components of post-
menopausal perineal ewe tissue were similar to those of
postmenopausal human perineal body.27
8 Menopause, Vol. 26, No. 11, 2019
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The transverse muscles serve as a passive support to the
perineal body.39 The muscle fibers of the superficial and deep
transverse perineal muscles pass from one perineal muscle to
the other across the perineal body with a digastric pattern.
Our results showed a similar muscular proportion in the
� 2019 The North American Menopause Society
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midline region R2 as in the laterally located R1 and R3 muscle in the midline region.39 The digastric pattern permits

TABLE 2. Mechanical parameters—the Young’s modulus of elasticity in the small deformation region (E0), the Young’s modulus of elasticity
in the large deformation region (E1), the ultimate stress when the rupture occurred, the ultimate strain when the rupture occurred along the

perineal body of pregnant ewes (group PREG), and ewes after ovariectomy (group POST) (regions R1-R3)

Group PREG Group POST

Parameter R1 R2 R3 R1 R2 R3

E0 (MPa) 0.02 (0.01-0.04) 0.03 (0.02-0.06) 0.05 (0.04-0.08) 0.01 (0.00-0.04) 0.01 (0.00-0.05) 0.02 (0.01-0.08)
E1 (MPa) 0.99 (0.70-1.43) 1.00 (0.64-1.08) 0.93 (0.67-1.62) 0.82 (0.63-1.72) 0.92 (0.59-1.48) 1.63 (1.04-2.15)
Ultimate strain 0.89 (0.74-1.34) 1.13 (0.87-1.05) 0.84 (0.82-1.05) 0.78 (0.53-1.17) 1.04 (0.75-1.24) 0.73 (0.57-1.00)
Ultimate stress (MPa) 0.53 (0.45-0.66) 0.58 (0.31-0.71) 0.58 (0.41-0.83) 0.41 (0.26-0.65) 0.53 (0.40-0.71) 0.61 (0.57-0.78)

Given as the median (interquantile range). The number of investigated specimens was 39 (13 per region) in group PREG (pregnant ewes) and 24 (8 per region)
in group POST (postmenopausal ewes).
R1, in the sagittal section 5 mm left from the midline; R2, midline region; R3, in the sagittal section 5 mm right from the midline.
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regions with an exception of the skeletal muscle content in
the group POST, where the midline region R2 had a higher
amount of skeletal muscle than the region R1. This difference
could support the concept of a digastric insertion of the
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simultaneous contraction of the muscles on both sides as a
single unit. The perineal muscle contraction protects the
perineum against increased intra-abdominal pressure and
perineal descent.
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The anatomy and histology of the perineal body is also
highly relevant to the effectiveness of pelvic floor training,40

nonsurgical and surgical pelvic floor treatments,5 and to a
surgical oncological approach in patients undergoing surgery
for low rectal cancer.41

Mechanical measurements
The results showed that the ewe perineal body, similarly to

the human one,27 was a viscoelastic material. The response on
mechanical loading of such a material is the combination of a
pure elasticity, where the material, after deformation caused
by loading, returns to its original shape after unloading, and
viscosity, which is a resistance of a material to a rate of
deformation. This behavior is connected with hysteresis,28,42

where during a cyclic loading, the unloading stress-strain
curve does not follow the loading curve exactly, but remains
below the loading curve, meaning that an energy dissipation
occurs. The hysteresis was observed in our study during
preconditioning. In our case, after more than 10 cycles of
the initial cyclic loading and unloading, the loading and
unloading stress-strain curves began to follow, repeatedly,
the loading and unloading stress-strain curves of previous
cycles. This state was defined as the endpoint of precondi-
tioning (20 cycles), after which the tensile test with the
linearly increasing loading could be started, continuing until
tissue rupture.

The ewe perineal body exhibited a nonlinear stress versus
strain relation: at the low loading levels it had a low stiffness,
which rapidly increased at the high loading levels above 20%
(depending on the specimen) (Fig. 3). Collagen crimping
appears to play an important role in the perineum as in any
organ containing collagen. The collagen fibers provide the
resistance to external mechanical tensile forces and are
responsible for the material tensile strength.43 The collagen
fibers are initially (at low deformations) crimped. And they
become gradually straight during the stretching (tissue elon-
gation). In the initial phase of loading, the material properties
of collagen only marginally influence the modulus of elastic-
ity of the overall tissue. After stretching, collagen fibers with
their high Young’s modulus of elasticity (1-2.5 GPa for
collagen in rat-tail tendon19) begin to contribute to the total
mechanical response of the tissue.44 This is connected with
the tissue stiffening during an increasing loading and with a
high stiffness in the large deformation region. The tissue
response during small deformations is given mostly by the
elastin fibers (with the Young’s modulus of elasticity
0.6 MPa45). The main function of elastin fibers is to hold
the arrangement of the extracellular matrix and to return the
tissue to its original shape after unloading. The muscles (with
the Young’s modulus of elasticity 4-150 kPa in the relaxed
state46-50 and 32 kPa to 20 MPa in the active state46,48,49)
provide the passive and active mechanical support to the
tissue during a low, and also a high mechanical loading.

We found a difference between pregnant and postmeno-
pausal ewe groups only during the low mechanical loading,
where the pregnant ewes had a higher stiffness. The
10 Menopause, Vol. 26, No. 11, 2019
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mechanical properties of the tissue are given by composition
and arrangement of its components, and by their mechanical
properties. The stiffness differences between groups could be
thus connected with the finding that the perineal body of
pregnant ewes had a higher amount of skeletal muscle.

The information on mechanical properties of the perineal
body in the literature is scarce.23,22,27 The ultimate strain of
0.98 for pregnant and 1.75 for postmenopausal ewes, respec-
tively, are similar to values obtained for the human perineal
body (pregnant 1.78,22 and postmenopausal 1.4027). The
Young’s modulus of elasticity in the small deformation region
of postmenopausal ewe perineal body (11 kPa) was similar to
the human postmenopausal one (18 kPa).27 The obtained
ultimate stress of 0.58 and 0.63 MPa (pregnant and postmen-
opausal ewes) is much lower than that obtained by Jing
(10 MPa).22 This difference could be explained by Jing’s
loading of the perineal body along the direction of the fibers,22

while we loaded the tissue with various orientations to the
fibers uniaxially and strictly transversally with respect to the
midline of the perineum (Fig. 1). The direction of loading in
the present study imitates the physiological loading of the
perineum during a spontaneous vaginal delivery.51 The ewe
perineal body after ovariectomy had a higher Young’s modu-
lus of elasticity in the large deformation region (four times)
and ultimate stress (three times) than the human postmeno-
pausal perineal body.27

Data on the biomechanical properties of the pelvic tissues are
hard to mutually compare due to variation in animal models,
definition of specimens’ location, testing protocols, clinical
data (age), and constitutive models.22,25,52-56 For example, the
preconditioning and loading velocity are very important factors
of testing protocols. The preconditioning of the test samples
under the uniaxial tension along, and perpendicular to, the
direction of the fibers, shows a continuous softening and a
decreasing hysteresis and stabilization for both directions.57

After the initial preconditioning in the direction of the fibers, a
softer transverse stress response is observed.57 Further, it is
apparent that with an increasing loading rate, the ultimate
strength in association with the tissue stiffness increases.57,58

For comparative purposes, we observed the mechanical prop-
erties of pelvic tissues from pregnant and postmenopausal
women and animal models (Table 3).

When we compared the pregnant ewe perineal body with
other pelvic organs of the pregnant human body and the
animal models, we found that the perineal body was the most
extensible part of the pelvic floor at low deformations. In
contrast, under large deformations, the perineal tissue became
stiffer with the stiffness comparable to cervix and higher than
bladder, rectum, anal sphincter, or levator ani. The ultimate
stress and ultimate strain of pregnant ewe perineal tissue are
very close to other pelvic floor organs (vagina, uterus, blad-
der, cervix, rectum, anal sphincter, levator ani muscle).

When we compared the postmenopausal ewe perineal body
with other postmenopausal pelvic organs, the perineal body
was the most extensible part of the pelvic floor at low
deformations. The stiffness in the large deformation region
� 2019 The North American Menopause Society
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TABLE 3. Mechanical parameters of pelvic tissues of pregnant and postmenopausal women and animal models obtained from literature: the
moduli of elasticity at small deformation region (E0, MPa) and at large deformation region (E1, MPa), respectively, ultimate stress (MPa),

ultimate strain, and the mean age of donors

Pregnant subjects E0 E1 Ultimate strain Ultimate stress Animal model Age Ref.

Vaginal tissue 1.76 3.88 0.48 1.25 Ovine 3 y 59

— 7.9 0.21 0.95 Rat 3 mos 55

— — 1.73 2.68 Rat 10 wks 22

— 0.28 0.87 0.14 Mice — 58

Proximal 5 18 0.27 3.5 Ovine 3 y 56

Distal 2.5 11 0.3 2.1 Ovine 3 y 56

Uterus — — 0.32 0.66 Human — 60

Bladder 0.13 0.43 1.40 0.31 Ovine 3 y 59

Cervix 0.25 1.73 0.71 0.81 Ovine 3 y 59

— 1 — — Ovine — 61

Uterine end — 0.91 — — Ovine — 61

Mid cervix — 1.06 — — Ovine — 61

Vaginal end — 1.07 — — Ovine — 61

Rectum 0.11 0.36 1.14 0.40 Ovine 3 y 59

Anal sphincter 0.11 0.35 1.29 0.27 Ovine 3 y 59

Levator ani muscle 0.08 0.08 1.04 0.09 Ovine 3 y 59

Perineal body 0.04 1.12 0.98 0.58 Ovine 2 y Current study

Postmenopausal
subjects E0 E1 Ultimate strain Ultimate stress Animal model Age Ref.

Vaginal tissue 0.39 1.49 — — Human 75 y 62

0.35 1.32 — — Human 79 y 63

— 15-32 0.4-0.7 3-7 Ovine 4-5 y 64

With prolapse 0.007 Human 47 y 65

0.010 Human 43 y 65

0.40-0.60 1.20-3.20 0.2 — Human 75 y 33

— 10.26 1.37 0.42 Human 60 y 66

With prolapse — 12.10 0.39 0.27 Human 60 y 66

With prolapse — 14.35 — — Human 69 y 67

Uterus 0.48-1.38 0.55-2.07 Human – 68

Bladder 0.09 0.007 — — Human 75 y 62

— 1.3 0.7 Human 50-65 y 69

0.20-0.30 0.20-0.50 0.8 — Human 75 y 33

Rectum 0.35 0.07 — — Human 75 y 62

0.25-0.40 0.20-0.80 0.3 — Human 75 y 33

Uterosacral
ligament

0.83 5.70 — — Human 83 y 62

1.56 10.39 — — Human 84 y 70

Round ligament 0.70 4.62 — — Human 83 y 62

0.82 6.69 — — Human 84 y 70

Broad ligament 0.42 1.32 — — Human 83 y 62

0.58 2.66 — — Human 84 y 70

Perineal body 0.02 0.23 1.40 0.17 Human 74 y 27

0.03 1.75 0.87 0.63 Ovine 7 y Current study

EWE PERINEAL BODY STRUCTURE AND BIOMECHANICS
was similar to vaginal tissue and pelvic ligament stiffness.
The ultimate stress of the perineal tissue was close to human
bladder, uterus, and vaginal tissue. The ultimate strain of
ewe perineal tissue was close to human bladder and ovine
vaginal tissue.

Study limitations
This study has several limitations. We did not know the

gross anatomy of the structures in the tissue samples obtained
by, for example, MRI, to know the location of the perineal
muscles and their insertions on the tendons. The results of
measurements carried out in the open air could be influenced
by dehydration of the tissue. The dehydration could lead to a
slight stiffening of the tissue during experimentation.71 How-
ever, this potential source of bias was minimized by the short
duration of the experiments (about 15 minutes). We did not
make blind assessments, but the specimens were evaluated in
Copyright � 2019 The North American Menopause Society
random manner not per groups to minimize an eventual
evaluation bias.

Potential clinical value
The results can be used for improvement of mathematical

models simulating delivery or pelvic floor dysfunctions, and
POP. Computational modeling and simulation is nowadays
important to overcome the hindrance in precise clinical
measurement. In the clinical setting, it is impossible to
precisely and timely measure the perineal strain at the time
of its maximum, that is, at the time of fetal head expulsion,
because this expulsion process lasts only 1 to 2 seconds.
Furthermore, based on the current evidence, it would be
unethical not providing manual perineal support. However,
the execution of this support/placement of the hand on the
perineum disallows any perineal measurement and makes
obtaining true clinical data impossible. Moreover, the
Menopause, Vol. 26, No. 11, 2019 11
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situation is complicated by the number of variables needed to be
taken into account: parity, maternal age, maternal BMI, fetal
weight, fetal head dimensions, duration of the second stage of
labor, instrumental delivery, episiotomy, maternal cooperation,
perineal edema, perineal dimensions, perineal elasticity, dex-
terity and experience of the accoucheur, and so on. This all
makes an exact and thorough clinical evaluation not feasible.

Computational modeling may help with many of those
difficulties, allowing for a reliable repetition of a numerical
experiment using the same parameters and changing just one
or two variables, thus enabling adequate analysis of the
chosen variable. For instance, we may use ‘‘the same mother’’
(identical maternal parameters) and change the position and
movement of the fingers of the accoucheur during manual
perineal protection thus analyzing this obstetrical interven-
tion. The recent perineal computational models serving this
purpose were limited regarding their material characteristics
(unknown) and due to their homogeneous structure.

Our data ought to refine those models subsequently pro-
viding more precise analysis to achieve a more detailed
navigation of the clinician in certain complex obstetrical
situations.

CONCLUSIONS
In the present study, we identified the volume fractions of the

smooth and skeletal muscles, elastin, type I collagen, and
adipose cells of the ewe perineal body and the Young’s moduli
of elasticity, and the ultimate stress and strain of the ewe
perineal bodies using a uniaxial tension loading. Our findings
showed that the tissue stiffness depends on the level of loading
with significant stiffening at strains higher than 18%. The ewe
perineal body showed homogeneous tissue composition and
mechanical properties across the sites of the perineal body. The
perineal body of ewes during delivery had a higher amount of
skeletal muscle tissue, a lower amount of type I collagen, and a
higher Young’s modulus of elasticity in the small deformation
region when compared with this structure after ovariectomy.

The results regarding ewes during delivery can be used for
improvement of mathematical finite element based models
simulating delivery.6-13 The results regarding ewes after
ovariectomy can be used for models describing the behavior
of the pelvic floor when simulating its dysfunctions or
POP.12,15-18,72

The morphometric data, in the form of continuous varia-
bles, are made publicly available for biomechanical modeling
of the perineal body, as shown in Supplementary material 2,
http://links.lww.com/MENO/A445.
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