Annals of Biomedical Engineering BMESBIOMEDICAL

. ENGINEERING
https://doi.org/10.1007/510439-026-04121-w SOCIETY
ORIGINAL ARTICLE q

Check for
updates

Passive Mechanical Testing of Female Human Levator Ani
and Superficial Perineal Muscles

Megan R. Routzong'-?3 . Justin Dubik® - Raffaella De Vita* - Marianna Alperin®® - Pamela A. Moalli' -
Steven D. Abramowitch’

Received: 7 August 2025 / Accepted: 25 March 2026
© The Author(s) 2026

Abstract

The levator ani muscles (LAMs) and superficial perineal muscles (SPMs) are critical to pelvic organ support. While few
studies have investigated the female human LAMs via ex vivo mechanical testing, even fewer have investigated the SPMs.
In this study, we evaluated female human LAMs and SPMs via ex vivo uniaxial tensile testing, hypothesizing that the LA
would have a distinct response compared to the SPMs. SPM—bulbocavernosus (BC), ischiocavernosus (IS), transverse
perinei (TP)—and LAM samples were obtained from 8 fresh-frozen female human cadavers. LAMs and SPMs were dis-
sected en bloc as a pelvic floor complex, stored frozen, and then individual muscle specimens were dissected from thawed
complexes for mechanical testing. Extension-to-failure tests were performed at a displacement rate of 5 mm min~!, strains
were measured using digital image correlation, and load—displacement and stress—strain curves (axial and transverse) were
generated. The LAMs exhibited the most compliant behavior, divergent from that of the SPMs, while the IS demonstrated
the stiffest response on average. Though SPMs were more similar to one another than to the LAMs, average stress—axial
strain curves distinguished between individual SPMs. These results support our hypothesis that the passive mechanical
behavior of the LAMs is distinct from that of the SPMs, suggesting it is inappropriate to use LAM material properties to
describe SPMs. Additionally, distinction between stress—axial strain curves suggests muscle-specific mechanical properties
should be considered even within the SPMs. This study provides novel data critical to improving our understanding of female
human LAMs and SPMs and our ability to accurately simulate them and motivates future studies to further investigate their
mechanical properties.
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mechanical support to the pelvic organs. The pelvic floor
muscles play a crucial role in the physiological functions
of the pelvic floor, such as urination, defecation, and sexual
function, for all individuals. However, women in particular
may experience critical life events that expose the pelvis
and pelvic floor to unique and extreme loading conditions.
Studies have shown that pregnancy induces pelvic floor
muscle remodeling [1-5], while vaginal delivery has been
shown to frequently cause acute injury that increases the risk
of pelvic floor muscle dysfunction later in life [6—10]. Pelvic
floor muscle dysfunction or injury predisposes women to
pelvic floor disorders, which include conditions such as
urinary incontinence, fecal incontinence, and pelvic organ
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prolapse. Pelvic floor disorders are common, particularly
in older, parous, and postmenopausal women, and affect
approximately one third of adult women [11].

Despite the functional importance of the pelvic floor
muscles and their high rate of injury/dysfunction, little is
known about their material properties or mechanical behav-
ior. Human levator ani muscles (LAMs), which span the
pelvic outlet and form the hiatus that the pelvic organs pass
through, have been mechanically tested ex vivo [12, 13],
but these studies are few. The superficial perineal muscles
(SPMs) are superficial to the LAMs, surround the openings
of the urethra and vagina, and interface with the perineal
body that lies between the vaginal introitus and anus [14].
Although much smaller than the LAMs, the mechanical
behavior of the SPMs is also likely important to pelvic organ
function. The SPMs, along with the LAMs, contribute to
Level III vaginal support (a term to define structures that
directly impact mechanical support to the lower third of the
vagina) [15] and their inclusion in computational models
has been shown to significantly influence simulations of
vaginal childbirth, specifically during fetal head crowning
[16, 17]. If SPM mechanical behavior cannot be accurately
approximated by existing LAM mechanical properties, then
the accuracy of resulting simulations and model predictions
(e.g., stress, injury, etc.) are at risk, limiting their efficacy
and potential future clinical translation. This has potential
implications for any models simulating the biomechanics
of the female pelvic floor, but particularly those involving
vaginal childbirth, injury prediction, and recovery/treatment
after injury or the development of pelvic floor dysfunction.
Thus, it is important to study the mechanical behavior of
both the LAMs and SPMs to inform future simulations of
the female pelvic floor.

In this study, we aimed to characterize the passive
mechanical behavior of human female LAMs and SPMs
via ex vivo mechanical testing of cadaveric specimens. Due
to known differences in their morphology and mechanical
environment in vivo, we hypothesized that the LAMs would
exhibit behavior distinct from that of the SPMs.

Materials and Methods
En bloc Pelvic Floor Dissection

Pelvic floor tissues were dissected from consented/author-
ized female human cadaver donors procured through the
Anatomy Gifts Registry, a licensed and accredited whole
body donation program, with approval from the Committee
for Oversight of Research and Clinical Training Involving
Decedents (CORID) at the University of Pittsburgh. Inclu-
sion criteria required the donor to be at least 18 years of
age, female, and the pelvis to include the urethra, vagina,
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and rectum. Exclusion criteria included a history of pelvic
floor repair/reconstruction surgery or pelvic cancer. Notably,
inclusion/exclusion criteria did not include demographic or
medical history variables such as parity, Cesarean section
or related scars, hysterectomy/presence of uterus/cervix,
donor age, weight, menopausal status, cause of death, level
of physical activity, etc.

Fresh-frozen cadaveric torsos (either full torso or L4/5 to
mid-femur) arrived frozen. Thawing required approximately
3 days at room temperature. The full dissection of each en
bloc pelvic floor complex was carried out following the same
4 general steps: (1) Exposure of the SPMs and connective
tissues; (2) exposure of the external anal sphincter and
the posterior surface of the LAMs; (3) pelvic evisceration
with removal of the deeper portions of the urethra, vagina,
and rectum, and (4) detachment of the en bloc pelvic floor
complex from the bony pelvis. Each excised complex most
notably included the LAMs, SPMs, clitoris, and the most
superficial portions of the urethra, vagina, and rectum.

Dissections began by exposing the SPMs and superfi-
cial connective tissues (such as the perineal body) with the
cadaveric torso in the supine position. Initial incisions were
made on the anterior side of the pubic symphysis. The sus-
pensory ligament of the clitoris was located and exposed,
following the structure down its length toward its inferior
insertion onto the clitoris. The portions of the left and right
ischiocavernosus and bulbocavernosus muscles closest to
the body of the clitoris were located and exposed. To fully
expose the bulbocavernosus, it was followed from the clito-
ris laterally around the external urethral meatus and vaginal
introitus to the perineal body. To fully expose the ischiocav-
ernosus, it was followed laterally down the ischiopubic rami
toward the insertion of the superficial transverse perinei onto
the ischial tuberosity. This revealed the plane in which the
perineal body, deep and superficial transverse perinei, and
the anterior portion of the external anal sphincter could be
viewed.

The torso was then placed in the prone position for the
posterior portion of the dissection. The plane of dissection
identified by exposing the SPMs and connective tissues was
followed posteriorly toward the coccyx, exposing the rest of
the external anal sphincter. Once the surface of the external
anal sphincter was fully visible, the annococcygeal ligament
was located at its insertion on the posterior surface of the
external anal sphincter and followed to its attachment to the
coccyx. The posterior surface of the LAMs was exposed by
removing portions of the gluteus maximums muscles and as
much adipose tissue as possible from the ischiorectal fossa.
The sacrospinous ligaments were used to locate the superior
edges of the LAMs during this process.

The torso was then returned to the supine position to
expose the ventral/medial surfaces of the LAMs. An abdom-
inal incision was used to reveal and then remove the pelvic
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viscera, only leaving the most distal segments (approxi-
mately 3 cm in length) of the urethra, vagina, and rectum as
not to disturb the LAMs and SPMs in those regions. Notably,
this involved detaching the rectum from the ventral surface
of the posterior LAMs by cutting away fascia. The vagina
was detached from the ventral surface of each lateral wall
of the LAMs by severing the tissues providing level I and II
vaginal support.

Finally, both dorsal and ventral approaches were used to
detach the LAMs from the bony pelvis and pelvic sidewalls.
This involved separating them from the obturator internus
along the arcus tendineus levator ani. The SPMs were
detached from the ischiopubic rami with the torso in the
supine position. Then, the pelvic floor complex was removed
en bloc and a brief amount of time was taken to remove
remaining adipose and extraneous tissues.

Each en bloc pelvic floor complex was wrapped in saline
soaked gauze, stored in double bagged resealable plastic
bags, and frozen at —20 °C. Complexes were frozen en bloc
to save time and more easily maintain in vivo orientations
until mechanical testing. Because the dissection of the pel-
vic floor complex was already so time-consuming, it was
decided that leaving the tissues at room temperature long

Exposing Deep TP
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Fig.1 An illustration of an excised, intact pelvic floor complex from
an anatomically inferior perspective as it would appear if placed on a
table with the more superficial surfaces facing upward. The anterior
side of the complex is oriented toward the top of this illustration,
where the clitoral ligament (CL) is located, and the posterior side is
oriented toward the bottom of the illustration, where the aponeurosis
joining the left and right levator ani was cut (the edge denoted by
the gray-dotted line) to allow these muscles to lie as flat as possible
in frozen storage. The call-out boxes describe specific steps of the
individual muscle dissection process: Top Right) Separation of the

enough for consecutive individual muscle dissections risked
compromising their integrity.

Individual Muscle Dissections

En bloc pelvic floor complexes remained frozen until two
days prior to mechanical testing, when they were moved
to a 4 °C refrigerator to thaw. They finished thawing at
room temperature immediately prior to individual muscle
dissection. During and following these dissections and
leading up to mechanical testing, dissected muscles and
complexes were kept hydrated by periodically spraying them
with 1x phosphate-buffered saline.

Individual muscles were isolated from each en bloc pelvic
floor complex (Fig. 1). These muscle specimens included
left and right ischiocavernosus (IS), bulbocavernosus (BC),
transverse perinei (TP, sometimes both deep and superficial)
muscles, and the pubovisceral and iliococcgeus subdivisions
of the LAMs. Due to size and shape with respect to the
mechanical testing clamps, LAM specimens could not be
tested whole. They were divided into sections by cutting with
the orientation of the muscle fascicles and between them,
using natural gaps between fascicles when present (e.g.,

Separating IS and BC

ischiocavernosus (IS) from the bulbocavernosus (BC), Left) exposure
of the deep transverse perinei (DTP) located beneath the superficial
transverse perinei (STP) and a layer of adipose tissue (AT), and
Bottom Right) division of the levator ani (LA) into individual
mechanical testing specimens. Arrows point from before to after
when denoting dissection steps, dotted lines with scissors indicate
where cuts were made, and dotted white lines (in the LA call-out box)
represent where specimens would have been clamped for mechanical
testing. The urethra (U), vagina (V), perineal body (PB), and anus (A)
are also denoted.
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pockets of adipose or connective tissue) to create specimens
of reasonable testing size while minimizing variations in
width along the length of each specimen. This resulted
in visible muscle fascicles being closely aligned with the
central axis of each specimen’s length. This always needed
to be done for the LAM samples, which were too wide to be
tested whole. Thus, most LAM samples generated multiple
mechanical testing specimens, even when considering the
left and right sides individually. Additionally, this meant
that the region from which LAM specimens were obtained
varied more than it could for any of the SPMs (which could
usually be tested nearly whole) and could have come from
either the pubovisceralis or iliococcygeus (Fig. 2). Due to
difficulties in identifying all LAM subdivision borders from
excised pelvic floor complexes and the fact that Burnett et al.
did not find differences in the passive mechanics between the
pubovisceralis and iliococcygeus at the bundle level, LAM
specimens were grouped together rather than by individual
muscles [12]. Regarding the SPMs, for just a few samples,
the medial edge of the TP muscle was too broad. In such
cases, that edge was trimmed, cutting between muscle
fascicles just enough for its width to be encompassed by
the clamp. Additionally, for the TP specifically, there
were instances where distinct superficial and deep layers
of muscle separated by adipose tissue were identified. If

each could be dissected without damaging the other, both
deep and superficial samples were dissected and tested.
However, in most cases, only superficial TP muscles could
be identified and dissected. In general, SPM specimens did
not require trimming prior to mechanical testing.

Specimen Preparation

Following dissection, specimens were moved to a 10 cm
labeled culture dish where muscle fascicle orientations and
hydration could be maintained. This ensured that specimens’
muscle fibers would be aligned as parallel as possible to
the primary loading axis during uniaxial mechanical test-
ing. Thicknesses and widths were measured perpendicular
to the primary orientation of clearly visible muscle fasci-
cles at three different points along the length of each speci-
men (near each end and in the middle). The locations of
the mechanical testing clamps were approximated and an
attempt was made not to take width and thickness measure-
ments at locations that would be clamped during mechani-
cal testing. The widths were measured via digital calipers
(accuracy + 0.05 mm, Mitutoyo ABSOLUTE Digimatic
Low Force Caliper, Kawasaki, Japan) and thicknesses via
a CCD laser displacement sensor (LK-G82, Keyence Inc.,
Japan). Thickness was measured along the approximate

Complex 1 Complex 2 Complex 3 Complex 4
Whole PF
Complex

Complex 5 Complex 6 Complex 7 Complex 8

b

Fig.2 Approximate regions from which mechanical testing
specimens were isolated from excised pelvic floor (PF) complexes.
Areas depicted in color represent the region from which the
mechanical testing specimen(s) were obtained. The PF complex
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to the left represents a whole complex and serves as a legend in
subsequent figures. The ischiocavernosus muscles are shown in red,
the bulbocavernosus in blue, the transverse perinei in purple, and the
levator ani in yellow.
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center axis of the specimen. Muscle specimens were then
dyed blue with a 1% methylene blue solution (Fisher Sci-
ence Education, Nazareth, PA, USA) and sprayed with white
spray paint (Rust-Oleum, Vernon Hills, IL, USA) to produce
a high contrast speckle pattern for local non-contact strain
measurement during mechanical testing [18].

Uniaxial Mechanical Testing

Muscle specimens were mounted via tensile grips into a
uniaxial tensile testing system (ElectroPuls E1000, Instron,
Norwood, MA) equipped with a 50 N load cell (+0.05 N,
Instron, Norwood, MA). To prevent slippage, each end of
the specimen was pinched in a wedge of sandpaper similar
in length and width to the wedge action tensile grips of the
testing system. One pinched edge was brought to the top
clamp and secured in place. Then, the sample’s position was
adjusted until the bottom edge pinched in sandpaper was
aligned to the bottom clamp. That end was also secured in the
clamp and the sample’s top end adjusted until the force was
nearly zero. Gauge length between clamps was measured via
digital calipers (accuracy + 0.2 mm, Mitutoyo ABSOLUTE
Digimatic Caliper Series 500, Kawasaki, Japan). Given
the paucity of existing data, it was decided that a simple
protocol would be implemented. Specimens were preloaded
to 0.1 N at a displacement rate of 1 mm min~!. Uniaxial
tensile testing was then performed at a displacement rate

A

-t

W~
N

Fig.3 An overview of our mechanical testing approach and digital
image correlation (DIC) based analyses. A The uniaxial mechanical
testing equipment and DIC-associated accessories used in this study.
Each CCD camera is outlined in yellow, each diffuse light source
is outlined in red, and the specimen secured with sandpaper within
the clamps is outlined in blue. B One levator ani (LA) specimen
immediately before (left) and during (right) uniaxial mechanical

of 5 mm min~! while measuring load and displacement at
a sampling rate of at least 10 Hz. Concurrently, two CCD
cameras (Basler ace acA2440-75 um, Basler Inc., Exton,
PA) captured high-resolution images of each specimen at
a rate of 2 Hz for 3D digital image correlation (DIC) strain
measurements (Fig. 3). Testing was conducted until failure
of the specimen (i.e., tearing in the midsection resulting in
sustained loss of force) or clamp failure (i.e., slipping or
tearing of the specimen from or at the edge of the clamp
resulting in sustained loss of force or sustained force with
increasing clamp displacement). As it would hinder DIC
strain measurement, samples were not hydrated during
mechanical testing.

Data Analysis

Force and extension data were recorded by the tensile test-
ing system. The average of the three widths and thicknesses
measured prior to testing were used to calculate each speci-
men’s initial cross-sectional area. Nominal (i.e., engineer-
ing) axial stress throughout testing was calculated by divid-
ing the recorded load by the initial cross-sectional area and,
though it differs from true stress, is a widely accepted output
for uniaxial tensile testing of biological tissues [19, 20].
Continuous load—displacement curves were generated
for each specimen and trimmed to remove data that may

0.04

— 0.02

ulens uelbuelbe [eixy

testing. A call-out box visualizes the left side of the clamp and how
wedges of sandpaper (depicted as light blue and white) encompassed
the ends of each specimen (depicted as dark blue). C) An example
of a DIC strain map at one point in time across the portion of the
specimen within the field of view. The white circle is the region of
interest (ROI) used to calculate average strain for that specimen.
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have been recorded after specimen or clamp failure. Thus,
failure loads/displacements were not included in this analy-
sis. As 18 of 63 specimens experienced clamp failure, com-
parisons of failure loads/displacements would not have been
meaningful. Average curves were generated for each muscle
group. However, obviously, not all specimens reached the
same maximum displacement. To prevent sudden changes
in average values resulting from specimen failure or slippage
with increasing displacement, only data from specimens that
reached a displacement of at least 16 mm were used to cal-
culate these average curves. This value was chosen as it was
the largest discrete displacement where each muscle group
retained an N > 3. To allow for the comparison of all data
regardless of the ultimate load or displacement values, indi-
vidual load—displacement curves were sampled at discrete
displacement values (from 2 mm to 42 mm at 2 mm incre-
ments) to generate discrete load—displacement plots.

Local heterogeneous Lagrangian strain fields were calcu-
lated using a DIC system (Vic-3D 9, Correlated Solutions,
Columbia, SC) that was calibrated via imaging of a 14 X
10 dot calibration grid with 3 mm spacing. While camera
positions and settings may have been adjusted as needed to
improve visual clarity for optimal data collection of each
specimen, these adjustments were minor (convergence
angles and working distances were always similar) and each
setup was recalibrated to the same grid. For data processing,
large subset sizes (>60 pixels) minimized strain noise and
small step sizes (<10 pixels) maximized spatial resolution,
though values varied to mitigate loss of data locally on the
surface of each sample. These acquisition and post-process-
ing approaches ensured that the DIC strain measurements
were consistent and reliable. For each specimen, a small cir-
cular sub-region (diameter < 2 mm) was selected based on
the best speckle visibility and how long the region remained
within the field of view of the cameras. When possible, this
region was selected to be away from the clamped ends, near
the center of the specimen, and distanced from local con-
centrations in strain (Fig. 3C). From this sub-region, the
average normal Lagrangian strains were calculated for each
image recorded during testing, taken as the representative
strains for that specimen. Both axial (i.e., parallel to the main
in vivo loading direction and most muscle fibers) and trans-
verse (i.e., perpendicular to the main loading direction and
most muscle fibers) Lagrangian strains were calculated.

Strain data from DIC and load and displacement data
from the tensile testing system were aligned and noise
reduced with a custom MATLAB script (R2023a, Math-
works, Natick, MA). As with the load—displacement analy-
sis, continuous stress—strain (axial and transverse) curves
were also generated for each specimen and trimmed in a
similar manner. However, sometimes DIC data could not
be obtained for the end portion of a test due to the sub-
region leaving the field of view or the software’s inability to
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continue to detect the speckle pattern, and, thus, calculate
strain. Therefore, some stress—strain curves were trimmed
to an earlier time point than the corresponding load—dis-
placement data. Additionally, in some cases, DIC data could
not be successfully obtained when load—displacement data
could. Thus, sample sizes for the load—displacement data are
greater than those for the stress—strain data.

Average stress—strain (axial and transverse) curves for
each muscle group were also generated using data from
specimens that reached an ultimate stress of at least 0.06
MPa. This value was chosen as it was the largest discrete
stress where each muscle group retained an N > 3. To
account for all data regardless of ultimate/final stress—strain
values, individual stress—strain curves were sampled at spec-
ified stress values to generate discrete stress—strain data [21].
To capture the approximate toe regions for these specimens,
curves were sampled between 0.002 and 0.020 MPa at an
increment of 0.002 MPa. To capture the approximate linear
regions, stress—strain curves were sampled between 0.020
and 0.200 MPa at an increment of 0.020 MPa. This sampling
was the same for both axial and transverse strain data.

Results

Donor Demographics and Muscle Specimen
Dimensions

In this study, pelvic floor complexes were obtained from
8 female human donors, for whom demographic informa-
tion can be found in Table 1. Donor age ranged from 49
to 75 years, height from 1.52 to 1.68 m, and BMI from 19
to 33 kg/m® (Table 1). The mean age was 64.8 years, the
mean height was 1.61 m, and the mean BMI was 25.4 kg/
m?. Due to the limited sample size, correlations and com-
parisons with demographic variables could not be made.
As anticipated, dissection and mechanical testing techniques
improved with each pelvic floor complex processed. We
chose the mechanical testing order with this in mind, which
explains the greater number of specimens obtained with
increasing study identification number.

Table 2 depicts the mean =+ standard deviation of speci-
men dimensions grouped by muscle. Within the SPMs, the
TP specimens were the widest and thickest, while the IS
specimens were the longest. It is worth noting that whole
TP specimens were generally triangular in shape, with the
medial end being noticeably wider than the lateral end. How-
ever, because our width measurements only considered areas
that were predicted to be between the clamps, these whole
muscle medial-lateral differences are not reflected in those
data. LAM specimens were generally rectangular in shape,
though that is not representative of LAMs in vivo and their
size was much smaller than that of whole pubovisceralis or
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iliococcygeus muscles. Even so, the LAM specimens were
larger than SPM specimens (Table 2).

Load vs Displacement The axial load vs displacement
for each muscle and specimen are depicted in Fig. 4. The
individual load—displacement curves demonstrate that,
overall, the LA and TP specimens covered a larger range
of load values, reaching higher maximum loads than the
BC or IS specimens (Fig. 4A). On average, the SPMs all

exhibited similar load—displacement responses, stiffer than
that of the LA specimens (Fig. 4B). Unsurprising given
their greater initial length, the LAMs reached the largest
displacement values, and exhibited the most compliant linear
stiffnesses out of all muscle groups. The IS specimens had
the greatest variability in stiffness and generally reached
lower displacements than other muscles tested, likely due
to their smaller initial size (Fig. 5).

Table 1 Donor demographics by individual with the quantity of muscle specimens tested

Study ID Age (years) Height (in) BMI (kg/m2) Quantity of BC Quantity of IS Quantity of TP Quantity of
specimens specimens specimens LA speci-
mens
1 73 63 21 0 1 0 1
2 71 64 26 1 2 1 3
3 59 61 22 1 1 1 3
4 61 66 33 3 2 2 2
5 49 60 26 1 1 2 5
6 75 65 19 1 1 1 5
7 59 61 30 2 2 1 5
8 71 66 26 2 2 4 4
Tablg 2 Average Flimensions of Muscle N Width (mm) Thickness (mm) Length (mm) Gauge length (mm)
specimens tested in each muscle
group. Data are presqntt?d as Bulbocavernosus 11 10.42 +£2.38 3.67 + 1.04 51.47 £10.13 23.96 + 13.60
mean & standard deviation Ischiocavernosus 12 864+228  3.66+0.59 67.42+1495  37.08 +17.38
Transverse Perenei 12 12.71 £ 4.03 4.25+1.27 45.06 + 12.52 21.38 + 8.65
Levator Ani 28 17.51 £5.79 3.86 + 0.66 77.82 +17.59 51.46 +19.44
A Load vs. Displacement B 6: Average Load vs. Displacement
n=4
15 BC 15 1S BC n=10
5t IS 10
10 10 LA
5 5 24! i
e]
> o= 0 S
‘_g 0 20 40 60 O 20 40 60 z‘) 3t
8 LA TP 2 n=25
=15 15 5
oot
10 10 <
5 5 /~ Tr
0 o L= 0 ‘ ‘ ‘
0 20 40 60 O 20 40 60 0 5 10 15

Displacement (mm)

Fig.4 Load vs displacement data. A Line plots grouped by muscle
containing the continuous load—displacement curves for each
individual specimen. B The average load—displacement data for each

Displacement (mm)

muscle group only including specimens that reached a displacement
of 16 mm. Bulbocavernosus (BC), ischiocavernosus (IS), levator ani
(LA), transverse perinei (TP).
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Load vs. Displacement
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Fig.5 Discrete load vs displacement data. Boxplots depicting load
by muscle group at discrete displacement values. The sample size
of each group decreases with increasing displacement as specimens

Displacement (mm)

transverse perinei (TP).

failed or slipped and is indicated above each muscle group’s data

Stress vs Strain

Figure 6 depicts the stress vs axial strain data for the
four muscle groups. Within each muscle group, the axial
response varied dramatically from specimen to specimen,
with some exhibiting a far stiffer response than others
(Fig. 6A). There was more variation across the SPMs
compared to the load—displacement data. Though the IS,

at each displacement value. Outliers are shown as empty circles.
Bulbocavernosus (BC), ischiocavernosus (IS), levator ani (LA),

on average, still had the stiffest behavior while the LA was
still the most compliant, the average BC and TP curves fell

in between the other two (Fig. 6B). The BC and TP average
curves were the most similar, which was also the case
with the load—displacement data. The TP exhibited the
greatest range in axial strain values, with large variations
in stress—strain data from specimen to specimen in both
the small and large stress regions (Fig. 7). Within the small

A Stress vs. Axial Strain B Stress vs. Average Axial Strain
BC IS 0.06 f n=5 n=7 n=8 n=5
0.2 0.2
0.05
0.1 0.1
= g_v? 0.04 1
e 0 0 =
S 0 0.5 0 0.5 2003}
@ LA TP 8
= 0.2 0.2 n L
n 0.02 BC
IS
0.1 0.1
}/ 0.01¢ LA
TP
0 0 0 ‘ ‘ ‘ ‘ ‘
0 0.5 0 0.5 0 006 01 015 02 025
Axial Strain Axial Strain

Fig.6 Stress vs axial strain data. A Line plots grouped by muscle
containing the continuous stress—axial strain curves for each
individual specimen. B The average stress-axial strain data for each
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(LA), transverse perinei (TP).

muscle group only including specimens that reached a stress of
0.06 MPa. Bulbocavernosus (BC), ischiocavernosus (IS), levator ani
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stress region, the IS demonstrated the smallest amount of
variability.

Figure 8 depicts the stress vs transverse strain data for
each muscle group. In general, there was less variability
between specimens of the same muscle group than that
observed in the axial strain data. The LAM group had
the fewest specimens reach stresses greater than 0.1
MPa (Fig. 8A). It is worth noting that some specimens
experienced positive transverse strains, which has similarly
been noted in previous studies that used DIC with uniaxial
mechanical testing of fibrous biological tissues [21, 22].
This is possibly due to reorganization of collagen fibers
in response to tensile loads. On average, LAM specimens
experienced the greatest strains in the transverse direction
with increasing stress, while the SPMs experienced
comparable strains (Fig. 8B). These average curves
reveal that, with regards to transverse strain, the SPMs
behave remarkably similar while the LAMs are clearly
distinct with transverse strain values that were roughly 2
to 3 times greater than those of the SPMs. The SPMs also
exhibited a remarkably linear response in comparison to
the LA’s nonlinear average stress—transverse strain curve.
When evaluating the discrete data, it is clear that the LAM
demonstrated the greatest variability in transverse strains
within the small stress region (Fig. 9). This trend continued
in the large stress region until the LA group fell below an n
of 3 at 0.08 MPa.

Discussion

This study is one of very few to evaluate the passive mechan-
ical behavior of female human SPMs via ex vivo mechanical
testing and to compare that to the still understudied LAMs;
building upon a small amount of existing work focused on
ex vivo mechanical testing of female human LAMs [12, 13].
Supporting our hypothesis, the LA on average demonstrated
a response distinct from that of the SPMs. For example, at
0.06 MPa, LA axial and transverse strains were roughly 1.6X
and 2.1x larger than average SPM strains. This suggests it
is likely inappropriate to use LAM material properties and
mechanical testing data to approximate and model the SPMs.
This is particularly true when considering transverse strains,
where the LA exhibited the most distinct behavior. It seems
that utilizing muscle-specific mechanical data may even be
important to consider within the SPMs, as stress—axial strain
curves across the SPMs were distinct from one another. This
further supports the need for appropriate, muscle-specific
mechanical properties and more extensive data for these
muscles.

While this is one of the first studies to evaluate the ex vivo
passive mechanical behavior of female human SPMs, oth-
ers have evaluated the LAMs. Burnett et al. evaluated the
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Fig. 7 Discrete stress vs axial strain data. Boxplots depicting axial
strain by muscle group at discrete small and large stress values.
The sample size of each group decreases with increasing stress as
specimens failed or slipped, and is indicated next to each muscle
group’s data at each stress value. Outliers are shown as empty circles.
Bulbocavernosus (BC), ischiocavernosus (IS), levator ani (LA), and
transverse perinei (TP).
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A Stress vs Transverse Strain
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Fig.8 Stress vs transverse strain data. A Line plots grouped by
muscle containing the continuous stress—transverse strain curves for
each individual specimen. B The average stress—transverse strain data

passive mechanics of individual components of the LAMs
and coccygeus muscles at the fiber bundle level. This study
found that these pelvic floor muscles had similar stiffnesses
to one another, but larger stiffnesses than those of the non-
pelvic muscles tested [12]. Given that the specimens tested
were at the bundle level, data cannot be directly compared
to the present study. Although stress and strain are size inde-
pendent, muscle fiber bundles and our muscle specimens
represent different materials. For example, fiber bundles
likely have a lower relative extracellular matrix content as
they do not include the muscle’s epimysium. Others have
found that data must be scaled non-linearly to be able to
compare muscle-scale and bundle-scale passive mechan-
ics data [23]. The differences in axial LA stiffness between
this study and previous studies could also be explained by
the strain measurement method used. While existing stud-
ies estimated strain from clamp displacement, we utilized
DIC to measure local strain fields across the surface of each
specimen, noting that the strains varied heterogeneously
(indicative of local variations in muscle composition).

In terms of size, LA specimens tested by Nagle et al.
are more similar to those tested in this study; however, all
donors in that study were postmenopausal and the average
donor age was greater than that of our study (82.9 vs 64.8
years). Their average load—displacement curve demonstrates
that specimens failed around 11 or 12 mm of displacement,
while our study seemed to have many more specimens reach
greater displacements before failing (Fig. 5). Additionally,
at 12 mm of displacement our average load was less than
2 N while theirs was around 5 N, despite our study having
larger LA specimens on average (specifically, a larger aver-
age width by 9.96 mm, larger average thickness by 0.86 mm,
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for each muscle group only including specimens that reached a stress
of 0.06 MPa. Bulbocavernosus (BC), ischiocavernosus (IS), levator
ani (LA), and transverse perinei (TP).

and larger average length by 38.24 mm) [13]. The greater
compliance observed in the LA specimens in the present
study may be the result of the younger average donor age. An
increase in age (and weight) have previously been associated
with an increase in stiffness in the LAMs, coccygeus mus-
cles, and other pelvic tissues [12, 24]. Furthermore, weight
and age have been identified as risk factors for the develop-
ment of pelvic floor disorders [25, 26]. As donor medical
history did not include whether any pelvic floor disorder
symptoms were present before death, it is unknown whether
any of the muscle specimens in this study were associated
with pelvic floor dysfunction in vivo. Despite these differ-
ences between existing studies and the present study, each
of the muscle groups tested exhibited nonlinear mechani-
cal behavior and meaningful variability from specimen to
specimen. These observations were also noted in the other
human LAM ex vivo mechanical testing studies [12, 13].
Furthermore, stresses achieved by the LA during testing rea-
sonably match those from these previous studies, with the
muscle withstanding axial stresses up to tens to hundreds of
kilopascals [12, 13].

Our study demonstrates that LAMs are consistently more
compliant than SPMs, which may be indicative of differ-
ences in LAM and SPM structure and composition. This
is supported to an extent by studies that have obtained his-
tological images of portions of female human LAMs and
SPMs that demonstrate differences between muscles [27,
28]; however, more robust and quantitative comparisons
are still necessary. Additionally, some have looked at vari-
ation across different regions of the LA. Greater variability
in muscle fiber size and larger connective tissue content
(described as fibrosis) observed via histology were noted
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Fig.9 Discrete stress vs transverse strain data. Boxplots depicting
transverse strain by muscle group at discrete small and large stress
values. The sample size of each group decreases with increasing
stress as specimens failed or slipped and is indicated next to each
muscle group’s data at each stress value. Outliers are shown as empty
circles. Bulbocavernosus (BC), ischiocavernosus (IS), levator ani
(LA), and transverse perinei (TP).

in ventral regions of the LAM compared to dorsal regions
[29]. These histomorphological features were even found
to vary between the right and left sides, suggesting asym-
metry in LA structure. These are examples of features of
muscle composition that could be contributing both to vari-
ation within a muscle group and differences between the
LAMs and SPMs. This likely difference in muscle struc-
ture is further supported by our own observations during
this study. Only in LA specimens did we observe pockets
of adipose tissue embedded between muscle fascicles and
then tearing of those pockets before any noticeable muscle
fiber tearing. This was not observed in any SPM specimen.
These pockets of adipose tissue do not contribute to the LA
specimen’s effort to resist external tensile loads, which leads
to compromised mechanical integrity and a more compli-
ant stress—strain response. This could also explain the much
larger transverse strains reached by the LA compared to the
SPMs. LA specimens would compress laterally in response
to tearing in those regions, eventually resulting in the col-
lapse of these pockets of adipose tissue.

This study provides novel data characterizing the passive
mechanical behavior of multiple female human SPMs and
adds to existing LAM data, although it has several limi-
tations. While a small sample size is common in human
cadaveric studies, it reduces our ability to perform mean-
ingful comparisons and draw conclusions representative of a
broader, more inclusive population of female humans. Given
that it was not always possible to obtain DIC strain data from
specimens that we could obtain force—displacement data
from, the stress—strain portion of our dataset in particular is
limited by this. Future studies should investigate the impact
of age, weight, other demographic variables, and pathology
(such as pelvic organ prolapse) on the mechanical properties
of the LAMs and SPMs. Additionally, we could not control
what happened to the cadavers before we received them.
It was not guaranteed that the obtained pelvises had only
undergone one freeze-thaw cycle. Once dissected, tissues
had to be frozen again until it was time for individual speci-
men dissection and mechanical testing. Thus, the time from
death to initial freezing and number of freeze-thaw cycles
may have influenced these data. However, studies have found
freezing and refreezing to have a minimal impact on the
passive stiffness of musculoskeletal tissues [30, 31]. Fur-
thermore, any influence is expected to have impacted all
donors and muscle specimens in this study similarly, thus
not influencing comparisons made. The LAMs are larger
than the SPMs, as such, there is inherently a greater abil-
ity to acquire testing specimens from different sub-regions
of those muscles. We suspect that this type of variability
impacted the LA data more than the SPM data; however,
histological analyses were not performed to verify whether
differences in mechanical properties correspond with differ-
ences in tissue structure and composition. We believe that
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evaluating region-specific variability in LAM mechanical
properties and correlating mechanical behavior with quan-
titative measures of tissue structure should be investigated
in future studies. Finally, given the lack of existing SPM
passive mechanics data, small amount of existing female
human LAM data, and the fact that our tissues had to be
frozen before mechanical testing, we decided on a simple
uniaxial extension to failure protocol. Future studies could
build upon this dataset by performing biaxial and viscoelas-
tic mechanical testing and investigating heterogeneity across
LAM subdivisions. That being said, this is still one of the
only studies to evaluate the passive mechanical behavior of
female human SPMs via ex vivo uniaixal mechanical testing
and provides valuable data that will expand our knowledge
of female pelvic floor biomechanics and advance the field
of female pelvic medicine.
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