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This study’s aim was to determine whether the inclusion of superficial perineal
structures in a finite-element simulation of vaginal delivery impacts the pub-
ovisceral muscle and perineal body, two common sites of birth-related
injury. The hypothesis, inferred from prevailing literature, was that these struc-
tures would have minimal influence (differences less than +10%).
Two models were made using the Visible Human Project’s female cadaver
to create a rigid, fixed pelvis, musculature held by spring attachments to
that pelvis, and a rigid, ellipsoidal fetal head prescribed with an inferior dis-
placement to simulate delivery. Injury site stretch ratios and fetal head and
perineal body displacements and angles of progression were compared
between the Omitted Model (which excluded the superficial perineal struc-
tures as is common practice) and the Included Model (which included
them). Included Model stretch ratios were +107%, —9.84% and —14.6% com-
pared to Omitted Model perineal body and right and left pubovisceral
muscles, respectively. Included Model peak perineal body inferior displace-
ment was +72.5% greater while similar anterior—posterior displacements
took longer to reach. These results refute our hypothesis, suggesting super-
ficial perineal structures impact simulations of vaginal delivery by inhibiting
perineal body anterior—posterior displacement, which stretches and inferiorly
displaces the perineal body.

1. Introduction

Injury to the soft tissues that provide pelvic organ support during vaginal deliv-
ery can lead to the development of pelvic floor disorders decades later [1,2].
Previous finite-element simulations predicted pubovisceral muscle enthesis
injury during vaginal delivery, an injury which has been identified with medical
imaging in 18% of parous women after delivery [3,4]. Meanwhile, other studies
have found that 65.8% of parous women experience perineal body disruption
during vaginal delivery [5]. In existing finite-element models of childbirth, how-
ever, the maximum stretch values at the pubovisceral muscle are approximately
10% larger than those at the perineal body [3]. If stretch positively correlates with
injury, then these numbers do not coincide with the relative prevalence of these
injuries observed clinically. Thus, a clear understanding of stretching during
vaginal delivery is critical to simulating mechanisms of injury.

Finite-element models of vaginal delivery commonly include only the levator
ani muscles, the major components of pelvic organ support that maintain the gen-
ital hiatus, which may be adequate for certain research questions [6—9]. However,
they generally exclude superficial perineal structures—such as the bulbocaverno-
sus, ischiocavernosus and deep and superficial transverse perinei—striated
muscles with high connective tissue content that are superficial to the levator
ani and intersect at the perineal body [2,10] (figure 1). These structures are
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Figure 1. An illustration of (a) the female pelvis from the midsagittal plane
with the region where the superficial perineal structures are located empha-
sized in red and (b) the superficial perineal structures (the bulbocavernosus
(BQ), ischiocavernosus (IS), deep transverse perinei (DTP) and superficial
transverse perinei (STP)) in detail. Shown for reference are the inferior
pubic rami (IPR), urethra (U), vagina (V), ischial tuberosities (IT) and the peri-
neal body (PB). (Online version in colour.)

commonly omitted from simulations as they are difficult to
segment from imaging, and, based on visual inspection,
seem to be mechanically insignificant compared to the levator
ani [11]. Anatomically, superficial perineal structures resist
caudal motion of the perineal body, meaning their exclusion
may allow non-physiological movement of maternal soft tis-
sues [10,11]. Our objective was to determine the impact of
these superficial perineal structures on the stretch ratios
measured in the pubovisceral muscle and perineal body
during a simulation of vaginal delivery. The hypothesis,
based on the assumptions of previous literature, was that
they would have minimal impact (differences less than +10%).

2. Material and methods

2.1. Geometry processing and meshing

The geometry of the finite-element model developed in this study
was composed of six parts: the maternal bony pelvis (right and
left pelvic bones, sacrum, and coccyx), the maternal musculature
(which includes the levator ani and superficial perineal muscles),
and the fetal head (figure 2). The muscles and bony pelvis were
manually segmented from frozen cryosection images (with a
0.33 mm slice thickness) of the female cadaver (parous, deceased
at age 59 from a heart attack) from the Visible Human Project
(US National Library of Medicine, Bethesda, MD, USA), the use
of which required a licence but not consent or IRB approval.
This anatomy was chosen as the unusually thin slice thickness
allowed for visualization and segmentation of the difficult to ident-
ify superficial perineal structures in greater detail than magnetic
resonance imaging or computed tomography is currently capable
of. These geometries were then manually smoothed in 3D-Coat
v.4.1.16 (Pilgway, Kiev, Ukraine) to remove aliasing, the step-like
formations created around the edges of shapes due to discrete

image slices, by filling the gaps and smoothing the peaks between
slices. This biased smoothing approach was chosen as global
smoothing techniques led to the decimation of relatively thinner
regions of these complex geometries.

The fetal head was represented as an ellipsoid created within
PreView v1.19.0 (University of Utah, Salt Lake City, UT, USA)
and therefore did not require smoothing. The dimensions of the
fetal head were approximated based on clinical averages, but the
width was limited by the shape of the maternal bony pelvis—in
particular, the interspinous distance (the distance between the
ischial spines). This resulted in a fetal head circumference of
254.6 mm, which is more representative of a term fetus at 27-29
weeks or a preterm fetus at 25.5-31.5 weeks rather than a term
fetus at 40 weeks [12—-14]. This was the largest fetal head possible
given the material properties and boundary conditions of this
first-generation model (described in the following section).

Triangle surface meshes were created for all maternal geome-
tries using Instant Meshes (Interactive Geometry Lab ETH
Zurich, Zurich, Switzerland), as forming a surface of triangular
elements is computationally easier for complex geometries.
These meshes were then imported into PreView where volume
meshes composed of tetrahedral elements, which are made of
four triangular faces, were generated for the deformable maternal
geometries (the coccyx and musculature) using the TetGen func-
tion. The hexahedral volume mesh of the fetal head was also
generated within PreView. In total, the pelvic bones and sacrum
consisted of 43190 triangular elements, the coccyx had 1042
four-noded tetrahedral elements, the fetal head had 27 648 eight-
noded hexahedral elements, and the muscle had 518542
four-noded tetrahedral elements which were determined as a
sufficient mesh density by a mesh convergence study (figure 3).
The mesh was considered converged once increasing the density
consistently resulted in corresponding strain value measure-
ments with differences of less than 5%, which is where the mesh
convergence curve plateaus.

2.2. Material properties and boundary conditions

The pelvic bones and sacrum were assigned as rigid bodies and
fixed in all degrees of freedom, so they could not translate or
rotate. The coccyx was deformable only to achieve the desired
boundary conditions (sagittal rotation about a single point) but
was given a stiffness 10 times greater than that of the muscle so
that it essentially behaved as a rigid body. All maternal muscles
were modelled as a single, isotropic, homogeneous, nearly incom-
pressible, neo-Hookean, three-dimensional continuum. Since
representative values of the material parameters for many of the
involved tissues are unknown, especially at the time of delivery,
material properties were selected to be the same for all muscles.
The perineal body was represented as the medial region between
the ends of the bulbocavernosus and superficial transverse perinei
muscles, while the pubovisceral muscle was the medial portion of
the levator ani near the attachment sites to the superior pelvic rami.
The fetal head was a rigid body; free to translate in any direction
during a prescribed downward (z) displacement of 60 mm, but
fetal head crowning for both models was reached long before
this displacement was achieved. All fetal head rotations were
fixed with an initial orientation chosen to maximize the overall
size of the fetal head but minimize the circumference passing
through the maternal bony pelvis.

Connective tissues were simulated as springs defined by
force—displacement curves with a stiffness of 0 N mm ™! in com-
pression, meaning they did not resist compressive loads. The
connective tissues of the superficial perineal structures simulated
included the attachments from the ischiocavernosus and bulboca-
vernosus muscles to the inferior pubic rami, from the superficial
transverse perinei muscles to the ischial tuberosities, and from
the deep transverse perinei muscles to the inferior pubic rami
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Figure 2. (q) A sagittal view and (b) coronal view of the six separate geometries included in these finite-element simulations. The maternal bony pelvis is shown in
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white, the maternal musculature in pink, and the fetal head in red. (Online version in colour.)
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Figure 3. The results of our mesh convergence study demonstrating that convergence was reached for the strain outputs at all three anatomical regions of interest when
the maternal musculature was composed of approximately 519 000 tetrahedral elements. PVM, pubovisceral muscle; PB, perineal body. (Online version in colour.)

(figure 4a,). Other connective tissues simulated were the
attachments from the sacrum to the coccyx (representing the sacro-
coccygeal ligaments), from the posterior levator ani to the sacrum
(representing the anococcygeal raphe/levator plate), from the pos-
terior levator ani to the tip of the coccyx (representing the
anococcygeal raphe/levator plate and anococcygeal ligament),
from the levator ani to the superior pubic rami (representing the
origin of the arcus tendinous fascia pelvis and anterior portion of
the arcus tendinous levator ani), and from the levator ani to the
ischial spines (representing the insertion of the arcus tendinous
fascia pelvis [15] (figure 4b,d). Initially, all connective tissue stiff-
ness values in tension were equal and then altered iteratively,
where the final values selected restricted non-physiological move-
ment (figure 4e). Assuming material properties are roughly
equivalent across these connective tissues, using structural proper-
ties (i.e. stiffness) ensures that thicker tissues, represented with
more spring attachments, will provide more resistance to stretch.

As resulting stresses were not the focus of this study, neither press-
ures nor forces were prescribed, and the mechanical behaviour
of these tissues remains undefined for women at term, relative
stiffness and material parameter values were assigned to recreate
the gross mechanical behaviour of delivery while avoiding
additional computational complexities (such as element locking)
and non-physiological motion.

2.3. Finite-element model description

To allow appropriate movement of the muscles and fetal head,
contact conditions were created between the fetal head and
maternal musculature, fetal head and maternal bony pelvis, and
bony pelvis and musculature where their surfaces were expected
or found to meet. Contact between all bodies was assumed to be
frictionless sliding and was enforced with a penalty parameter
determined by trial and error and then adjusted as part of the
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Figure 4. Images highlighting the (a) superficial connective tissues from an inferior, anterior view, (b) posterior connective tissues from a left, sagittal view,
(c) remaining superficial tissues from a posterior, coronal view, (d) superior connective tissues from a superior view and (e) stiffness values colour coded with
their corresponding attachment site outlines. Shown explicitly are the connective tissue components of the bulbocavernosus (light blue), ischiocavernosus (light
green), superficial transverse perinei (purple) and deep transverse perinei (dark blue) muscles and the following connective tissues: sacrococcygeal ligaments
(pink), anococcygeal raphe/levator plate (red and yellow), anococcygeal ligament (orange), origin of the arcus tendinous fascia pelvis and anterior portion of
the arcus tendinous levator ani (maroon), and insertion of the arcus tendinous fascia pelvis (teal) [15]. (Online version in colour.)

mesh convergence study (as penalty is mesh-dependent). The fetal
head displacement occurred linearly over 10000s (2.78 h)
with automatically adjusted time steps ranging from 1 x 10~ to
1000s. The analysis was dynamic so that temporal evolution
could be studied, and all tissues were given the same density
value. Numerical damping was employed to eliminate elastic
wave propagation/amplification by adjusting the Newmark time
integration parameters 8 and vy to 1 and 2, respectively. Although
density can influence dynamic simulations, mass-scaling by five
orders of magnitude in preliminary trials resulted in stretch ratio
differences of less than 1% in corresponding anatomical regions.
This indicated that these simulations were slow enough that den-
sity was not meaningfully influencing results of interest. All
simulations were performed using FEBio v.2.5 (University of
Utah, Salt Lake City, UT, USA).

To answer the research question motivating this study, in
addition to the Included Model generated using the above
methods, an Omitted Model was created with the same geometry,
material properties and boundary conditions, but the influence of
the superficial perineal structures (the bulbocavernosus, ischioca-
vernosus, and deep and superficial transverse perinei muscles,
and their connective tissues) was removed. This only required
the removal of all contact conditions assigned to these structures
and the springs connected to them, so none of the geometries or
meshes were altered, allowing for a direct comparison between
models. The fetal head and maternal musculature behaved as if
these superficial structures, although visible, were not physically
there. This ensured that the contribution of these structures specifi-
cally was the only difference between the two models, allowing us
to determine where the superficial perineal structures alone nota-
bly influence the outcomes of this childbirth simulation. As 5% is
the approximate error associated with the mesh density used,

differences of 10% (twice that error) or greater between models
were considered meaningful. The Omitted Model is meant to rep-
resent the majority of existing childbirth models as in these models
the levator ani are the only maternal muscles resisting fetal head
motion during simulated vaginal delivery [11,16—19].

2.4. Data analysis

First principal Lagrangian strain versus time data were generated
for both models using PostView v1.9.1 (University of Utah,
Salt Lake City, UT, USA) to find the peak strain for the perineal
body and right and left pubovisceral muscle entheses individually,
only considering time points before any non-physiological motion
of the coccyx or musculature occurred due to elastic recoil after
fetal head crowning. Because the mesh was not altered to create
the Omitted Model, the exact same elements could be sampled
from both models to obtain strain values of identical anatomical
regions. These strains were converted to stretch ratio values and
per cent differences calculated to directly compare the Included
and Omitted models.

The positions of the fetal head vertex (the leading portion
of the head during delivery) and perineal body centroid were
measured in PostView and analysed in Wolfram Mathematica
Student Edition v11.0.0 (Wolfram Research, Inc., Champaign, IL,
USA) using a custom code which allowed for the generation of dis-
placement versus time plots. Using these displacements, the angle
of progression was calculated at each available time point for both
models from the onset of the second stage of labour (t = 0 in these
simulations) to fetal head crowning (defined as the instant of
maximum perineal body strain). Angle of progression is a two-
dimensional angle between the midsagittal, long (or semi-major)
axis of the ellipse-shaped pubic symphysis and a line connecting

11006107 6 S0y oo sisyeumnolSioSunsiqndiaaposieir [



Table 1. The maximum average stretch ratio value at each anatomical site of interest and the corresponding per cent differences when looking from the i

Omitted Model to the Included Model.

anatomical location Omitted Model stretch values

perineal body 1.98
right pubovisceral muscle 1.93
left pubovisceral muscle 2.20

the inferior end of this axis to the vertex of the fetal skull measured
at approximately the midsagittal plane [20,21]. This has been
shown to be a more reliable, robust method for measuring fetal
head progression during vaginal delivery and easier to define
within a finite-element model than fetal head stations [20,21].
In this study, the concept of the angle of progression was
also applied to the perineal body, where the first line is still the
long axis of the pubic symphysis but the second extends to
the centroid of the perineal body instead of the fetal head. This
served as a repeatable measure to describe and compare perineal
body movement within the midsagittal plane during simulations
of vaginal delivery.

3. Results

In the Included Model, which incorporates the superficial peri-
neal structures, the perineal body experienced higher and the
pubovisceral muscle entheses lower stretch values in compari-
son to those in the Omitted Model. The fetal head paths in both
models were identical until the point of maximum perineal
body strain; however, in the Included Model, the path is
longer as crowning occurred at a later time point due to
the longer delivery time. The path of the perineal body in the
two models differed after the fetal head made initial contact
with the levator hiatus. Specifically, the perineal body of the
Included Model reached a larger peak inferior displacement
and a larger peak and final angle of progression, accounting
for the increased stretch values in that region.

From the Omitted to the Included Model, the changes in
stretch were+107% in the perineal body, —9.84% in the right
pubovisceral muscle and —14.6% in the left pubovisceral
muscle (table 1). The Omitted Model had maximum stretch
values of 1.98, 1.93 and 2.20 in the perineal body, left pubovisc-
eral muscle and right pubovisceral muscle, respectively, while
corresponding maximal stretch values were 4.10, 1.74 and 1.88
in the Included Model (table 1). The differences in the stretch
values in the perineal body and left pubovisceral muscle
exceed our +10% threshold while the difference between the
right pubovisceral muscles nearly reaches it.

Because the superior—inferior displacement of the fetal
head was a prescribed boundary condition, the fetal head
paths were the same until the Omitted Model reached the
time of maximum perineal body strain despite the freedom
given in the anterior—posterior and mediolateral directions
(figure 5a,b). This time point arrived notably sooner in the
Omitted Model (at t ~ 4844 s with an angle of progression of
192.3°) compared to the Included Model (at f =~ 6146 s with
an angle of 203.3°), but that was the only notable difference
(figure 5c). Adding the superficial perineal structures resulted
in an 11.0°, or+5.71%, increase in the final fetal head angle of
progression in the Included Model (figure 5d). Although
these fetal head angle of progression differences were not

Included Model stretch values per cent difference (%)

410 —+107
1.74 —9.84
1.88 —146

significant, the +26.9% difference in the final fetal head
superior—inferior displacement was significant. Mediolateral
(x) displacements, which represent a deviation from the midsa-
gittal plane, were minimal (for both the fetal head and the
perineal body) and fetal head superior—inferior displacements
were prescribed; therefore, these specific results are not shown.

As expected, until the fetal head engaged the levator hiatus,
the displacement and angle of progression curves for the peri-
neal bodies were almost identical. Following this contact, the
perineal body paths diverged. The anterior—posterior displace-
ments only differed in timing as the slopes and magnitudes
were otherwise quite similar (figure 6a). Although the fetal
head path was not significantly altered, the perineal body
was forced to inferiorly displace 7.8 mm, or+72.5% (greater
than our +10% threshold), further at its peak in the Included
Model due to the presence of the superficial perineal structures
(figure 6b). This corresponds with an angle of progression 14.6°,
or+8.00%, larger in the Included Model (figure 6c). The peak
superior—inferior displacement and maximum angle of pro-
gression of the Included Model were 18.5 mm and 196.9°,
respectively, while those of the Omitted Model were 10.7 mm
and 182.3°. For the perineal body in each model to reach the
same final anterior—posterior and superior—inferior displace-
ment, the perineal body in the Included Model had to deform
more in the inferior direction (figure 6d). This resulted in the
higher stretch ratio, superior—inferior displacement and angle
of progression values observed in the Included Model.

4. Discussion

These results refute the stated hypothesis, suggesting that
superficial perineal structures play a critical role in maternal
birth injury pathophysiology and should be included in
future computational models. This work also supports that
the perineal body is more vulnerable to injury than pre-
viously appreciated, which is consistent with the relatively
large quantity of perineal tears observed clinically [5,22].
Inclusion of the superficial perineal structures resulted in
higher stretch values in the perineal body and lower values in
the pubovisceral muscle, indicating that the Omitted Model,
and those with geometries like it, underestimate perineal
body and overestimate pubovisceral muscle stretch. The per
cent differences imply that this perineal body underestima-
tion is much more severe than the pubovisceral muscle
overestimation. When maternal musculature is modelled as
a simple, sling-like shape, the levator ani—specifically the
pubovisceral muscle entheses—take on a higher proportion
of the load. By contrast, when the superficial perineal struc-
tures are present to decrease urogenital hiatus size and
restrict the perineal body, as demonstrated in the Included
Model, the perineal body can no longer move as easily and
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Figure 5. (a) Screenshots from both the Omitted and Included models at the onset of the second stage of labour (far left column), when the fetal head engages
the levator hiatus (second column), average time point between maximum right and left pubovisceral muscle (PVYM) strains (third column), and maximum perineal
body (PB) strain (far right column). (b) A plot of fetal head anterior—posterior displacements with labelled arrows pointing to the instances shown in (a). () A
labelled plot of the angle of progression values for the fetal head. (d) A visualization of those angles in the midsagittal plane. The arrows are guides pointing away
from the onset of labour towards the moment of maximum PB strain, 6 represents the initial angle of progression, and the green line emphasizes the long axis of

the pubic symphysis. (Online version in colour.)
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must stretch instead. This is more similar to what is observed
in vivo as the perineum stretches drastically while its motion
is restricted during fetal head crowning.

These stretch values are reasonable compared to previous
studies (with models similar to the Omitted Model) as values
range from 1.6 to 3.5 in the levator ani [15]. The perineal body
in the Included Model surpasses this range, which could
potentially be explained by the variation in perineal body
location across childbirth models. The perineal body is com-
monly described as the fibromuscular structure between the
anus and vagina and superficial to the pelvic diaphragm,
but its exact boundary and composition are widely debated
[2,23]. Studies have determined that it is comprised of
three layers but do not agree on the location and makeup
of each layer [23,24]. When childbirth models only include
structures at the same depth as the levator ani, they are
only including the deepest layer of the perineal body, if any
true layer at all [23,24]. The Included Model contains the
thickness of more, if not all three, layers as well as corre-
sponding connective tissue attachments. This could explain
the increased perineal body stretching as, in addition to the
levator ani, the superficial perineal structures were also
pulling it in opposing directions.

The fetal head in both models started at an angle of pro-
gression of 100°, but at the moment of fetal head crowning—
defined here as the point of maximum perineal body strain,
as in previous studies—the Included Model had a larger
value [20,21,25]. The superficial perineal structures increased
the final fetal head angle of progression, indicating that the
soft tissues in the Included Model were pushed further to
reach an analogous moment of fetal head crowning. This is
corroborated by the perineal body data.

The perineal body in the Included Model was forced to
stretch and inferiorly displace further to reach a similar final
anterior—posterior and superior—inferior displacement as
the Omitted Model (figure 7). Although both models reach
similar final displacements, the Included Model took longer

to do so. This acts as a form of validation as the anatomical
function of the superficial perineal structures in vivo is to
restrict caudal, or anterior—posterior, motion of the perineal
body [10]. These structures forced the perineal body to stretch
further by creating tension that restricted its anterior—
posterior motion as it was being pushed posteriorly by the
fetal head. When the superficial perineal structures were not
present, it was easy for that tissue to be pushed out of the
way (as demonstrated by the smaller perineal body angle of
progression values in the Omitted Model). Although the
angle of progression is typically used to assess fetal head
progression, it was employed here as a robust method for
measuring and a basis for a more quantitative evaluation of
midsagittal perineal body movement during the second
stage of labour that could be used in future computational
and experimental studies.

As a first attempt to quantify the importance of superficial
perineal structures in finite-element models of vaginal delivery,
this study has several limitations. The maternal geometry was
from an older, parous, female cadaver, which likely does not
appropriately represent a woman at full-term. All maternal
muscles were continuous, hyper-elastic, passive, lacked fibre
directions and assigned the same, simplified material properties
meant to serve as initial estimates for future experiments. While
many of these muscles are continuous anatomically, there are
identifiable boundaries, varying fibre orientations, and possibly
varying material properties in women at full-term, making it
unclear how stresses are transferred in vivo during delivery.
The fetal head was small, rigid and rotation was restricted,
although the small size was not considered a substantial limit-
ation as the fetal head moulds during vaginal delivery in vivo in
order to fit through the birth canal by reducing the fetal head
circumference. This model does not incorporate fetal head
moulding, so using measurements of a fetal head at term
would have resulted in an overestimation of stretch ratio
values throughout the simulated delivery. Work is currently
being done to overcome these limitations, but, as they affect
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both models equally, it is assumed that the direct comparisons
reported here are minimally affected.

5. Conclusion

After thorough observation and analysis, it is believed that
the Included Model in this study provides a better gross
impression of the maternal geometry and biomechanics in
response to the passage of the fetal head during the second
stage of labour. These results suggest that the superficial
perineal structures likely warrant more focus in future
computational and experimental studies of childbirth
biomechanics than given previously.
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