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Abstract

The human foetus needs to rotate when passing through the tight birth canal because of the complex
shape of the pelvis. In most women the upper part, or inlet, of the birth canal has a round or
mediolaterally oval shape, which is considered ideal for parturition, but it is unknown why the lower part,
or outlet, of the birth canal has a pronounced anteroposteriorly oval shape. Here we show that the shape
of the lower birth canal affects the ability of the pelvic floor to resist pressure exerted by the abdominal
organs and the foetus. Based on a series of finite element analyses, we found that the highest
deformation, stress and strain occur in pelvic floors with a circular or mediolaterally oval shape, whereas
an anteroposterior elongation increases pelvic floor stability. This suggests that the anteroposterior oval
outlet shape is an evolutionary adaptation for pelvic floor support. For the pelvic inlet, by contrast, it has
long been assumed that the mediolateral dimension is constrained by the efficiency of upright
locomotion. But we argue that upright stance limits the anteroposterior dimension of the inlet. A deeper
inlet requires greater pelvic tilt and lumbar lordosis, which compromises spine health and the stability of
upright posture. These different requirements on the pelvic inlet and outlet have led to the complex shape
of the human pelvic canal and to the evolution of rotational birth.

Introduction

The tight fit between the human birth canal and the foetus results in relatively high rates of birth-related
morbidities and, in the absence of medical interventions, maternal and foetal mortality 1.2 Moreover,
human childbirth is characterized by a complex rotational motion of the neonate as it passes through the
birth canal (Fig 1a). Rotational birth is necessary as the human birth canal is not a uniform structure: its
largest dimensions are oriented in different directions in the three planes of the pelvis, the inlet, the
midplane, and the outlet (Fig. 1). In most women, the pelvic inlet has its longest diameter in the
mediolateral (ML) direction and the midplane is approximately round, but the longest diameter in the
outlet is in anteroposterior (AP) direction. This shape difference between the upper and lower birth canal
mainly owes to the medially protruding ischial spines in the midplane and the ischial tuberosities as well
as the outward projecting sacrum in the outlet. In physiological vaginal birth, the foetus presents by the
head and aligns the largest dimension of its head (the sagittal direction) with the longest diameters of the
maternal birth canal in the three planes by rotating through the birth canal (Fig. 1) 3°. This raises the
question as to why midplane and outlet differ in shape from the inlet, thus enforcing the complicated and
risky rotational birth process. Presumably, childbirth would be easier if all pelvic planes had the same
shape.

Evolutionarily, human pelvic morphology has been the target of many, partly antagonistic selection
pressures. The size of the birth canal presumably evolved by trading off the advantage of a large birth
canal for childbirth against the disadvantage for bipedal locomotion, thermoregulation, and particularly
for pelvic floor support #6715 Up to 45% of women experience some degree of incontinence or pelvic
organ prolapse in their life, especially postpartum, but pelvic floor disorders can also affect young and
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nulliparous women '671°_Clinical and biomechanical studies 20724 confirmed that a larger birth canal
increases the risk of pelvic floor disorders.

We propose that not only the size but also the shape of the birth canal is subject to functional and
evolutionary trade-offs between parturition, pelvic floor stability and locomotion. These selective factors,
however, differentially affect different parts of the pelvis. The size and shape of the pelvic inlet is
particularly decisive for successful parturition. Locomotion efficiency is assumed to be affected by the
distance between the acetabula 1225, which are located close to the inlet and might thus impose an
indirect selection pressure on inlet form. Selection for pelvic floor function acts on the lower birth canal
(midplane and outlet), which provides the attachment points for the pelvic floor tissues 62°. A circular or
slightly mediolaterally oval inlet (“gynecoid” pelvis) seems to be advantageous for parturition and is most
frequent in females 2772°. For instance, Betti and Manica 3° reported that the mean AP/ML ratio of the
pelvic inlet ranges from 0.78 to 0.94 across 20 human populations, whereas the ratio of AP diameter in
the outlet to ML diameter in the midplane (which best represents the dimensions of the pelvic floor)
ranges from 1.10 to 1.28. Why is the longest dimension of the outlet not aligned with the longest
dimension of the inlet, thus requiring the foetus to perform a complex rotation to pass the birth canal?
What is the advantage of a ‘twisted’ birth canal?

Stansfield et al. 2* demonstrated that the deformation of the pelvic floor in response to pressure increases
with the average radius of the pelvic floor, making women with a larger birth canal more susceptible to
pelvic floor dysfunction. When idealizing the pelvic floor as an elliptically shaped elastic membrane that
varies in eccentricity, a circular pelvic floor has a larger minimal diameter than an oval pelvic floor of the
same area. In other words, an elliptical shape of the pelvic floor keeps some of the fibres (those along the
minor axis of the ellipse) shorter compared to a circular shape of the same area. This, in turn, may reduce
pelvic floor deformation under pressure. Hence, we propose that even though a round inlet is
advantageous for childbirth, an oval outlet is advantageous for pelvic floor support.

We tested this hypothesis by a series of finite element analyses (FEA) of idealized pelvic floor models that
vary from oval to round, while keeping the area and thickness constant. Loaded with an increased
physiological intra-abdominal pressure (typical of Valsalva manoeuvre), we observed the magnitude of
deformation (maximal displacement), stress and strain in the pelvic floor for the differently shaped pelvic
floor models. To disentangle the biomechanical effects of pelvic floor geometry from those of the
material properties, we study three different geometric idealizations of the pelvic floor: a flat membrane, a
regular 3D oval-shaped hammock, and an anatomically more realistic shape (referred to as ‘flat’,
‘ellipsoid’, ‘anatomical’ models; Fig. 2).

Results

For the flat and ellipsoid models, the highest values of displacement, stress and strain were found in
models with a circular shape (Fig. 3). Overall, the flat models displaced about three times as much as the
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ellipsoid models and experienced higher stresses and strains (Fig. 3). Introduction of gravity to the finite
element analyses increased displacement, stress and strain by a small amount only.

In the anatomical model, most of the deformation occurred in two separate centres, which correspond to
the anterior (between the pubis and the boundary between the anterior and posterior walls of vagina) and
posterior (the posterior wall of vagina, rectum and post-rectum area) pelvic floor compartments (Fig. 2a).
Total displacement was higher in the anterior compartment than in the posterior compartment (Fig. 3),
whereas strains and stresses were higher in the posterior compartment. In contrast to the flat and
ellipsoid models, the highest displacement of the anatomical model occurred at an AP/ML ratio of 0.83,
while models with AP/ML=0.71 experienced the highest stresses and strains (Fig. 3). The introduction of
gravity slightly increased displacement, stress, and strain.

For all three geometries, the material properties followed the same trajectory of the stress-strain
relationship (SI Fig. 1a). The material stiffness was linear for the experimental pressure of 4kPa and
slightly nonlinear for a pressure of 20kPa. Nonetheless, also for the higher pressure all three model types
showed the same stress-strain relationship (SI Fig. 1b). This indicates that the biomechanical differences
between anatomical, flat and ellipsoid geometries are due to their differences in shape, rather than due to
the non-linear effect of the numerical model of the material (see Methods).

Discussion

In agreement with our hypothesis, we found that the ability to resist pressure is indeed affected by the
shape of the female pelvic floor, as delimited by the lower birth canal. For flat and ellipsoid models, a
circular shape led to the highest displacements. Deviation from circularity in either the anteroposterior
(AP) or mediolateral (ML) direction equally reduced deformation, stress and strain. This symmetrical
behaviour results from the geometrical symmetry of the flat and ellipsoid models as well as from the
isotropic material properties adopted here (see Methods). The curvature of the ellipsoid model also
resulted in considerably less displacement, stress and strain. For the more realistic anatomical model, by
contrast, the AP cross-section was not symmetrically shaped, with the maximum curvature located at the
area of the anal sphincter. As a result, the highest deformation was not observed for a circular model but
for a mediolaterally elongated shape with AP/ML=0.83. The highest values of strain and stress occurred
in models with AP/ML=0.71. An even more extreme ML oval shape only weakly reduced displacement,
stress, and strain. However, increasing the AP/ML ratio towards a more AP oval shape of the anatomical
model led to a rapid decrease in all three measures. As our anatomical model still is an idealization of the
real pelvic floor, the actual pelvic floor shape leading to the greatest deformation may deviate from our
estimate but is likely to have an AP/ML ratio smaller than 1 (see Validation in the Methods).

These findings suggest that a mediolaterally elongated shape of the pelvic midplane and outlet is
particularly disadvantageous for pelvic floor support. The more anteroposteriorly oval the lower birth
canal is, the more resistant is the pelvic floor in response to pressure. This is in agreement with clinical

literature reporting that a mediolaterally wide pelvic outlet predisposes to pelvic floor dysfunction 203133,

Page 4/18



Based on these findings, we suggest that the length and orientation of the ischial spines and the sacrum
specifically evolved to decouple the shape of the lower birth canal from that of the upper canal in order to
ensure a pelvic floor shape that increases the mechanical stability of the pelvic floor.

The stability of the pelvic floor does not only depend on its size and shape. Parity, mode of delivery, age,
obesity, and weakness or injuries of pelvic floor tissue are important risk factors for pelvic floor disorders
2234-36 However, all these factors presumably are uncorrelated with pelvic canal shape and thus are able
to evolve independently. In other words, the presence of other, clinically more relevant factors does not
rule out that the shape of the lower birth canal has an effect on pelvic floor stability. In turn, this implies
that pelvic floor stability imposes a selective pressure on the shape of the pelvic canal. Although pelvic
form is influenced by nutrition during childhood and adolescence, age of menarche, and maternal age at
birth, it has a relatively high heritability 3/ and thus is expected to respond to the selection imposed by
pelvic floor stability.

Our findings explain why the lower birth canal evolved an AP oval shape. But why did the inlet not evolve
a similar AP oval shape? After all, a uniformly shaped birth canal would ease parturition as it would make
rotational birth obsolete. In humans, a balanced upright stance requires a curved spine, particularly a
pronounced lumbar lordosis, which brings the centre of mass of the upper body above the line connecting
the two hip joints. In this way, the body is pivoted at the hip joints and balanced antero-posteriorly. An
increase in AP length of the pelvis requires re-balancing this system by forward rotating the sacrum and
increasing lumbar lordosis (Fig. 4) 38741. The amount of lordosis, however, is limited by the size, strength
and wedging of the vertebral bodies as well as by necessary adaptations within the spinal musculature. A
large lordotic angle increases anterior shearing strain in the vertebrae and intervertebral disks, and it
brings the centre of mass anterior to the sacral endplate, both of which are associated with back pain,
spondylolisthesis and disk herniation #274¢. In late pregnancy, lumbar lordosis is further increased to
balance the additional abdominal weight /. We therefore suggest that an evolutionary increase in AP
length of the pelvic inlet has been constrained by the adverse effects it would have on spine health and
structural stability of upright posture. Since Washburn's seminal article on the “obstetrical dilemma” 48,
researchers have been asking why humans did not evolve a ML wider pelvic inlet to ease birth. Washburn
and many later researchers assumed that the energetics of efficient upright walking constrain the
evolution of a ML wider pelvis (but see #°). However, the fact that most women do have a ML oval inlet
implies that the constraint on the ML dimension of the inlet is less severe than that on the AP dimension.
Indeed, recent studies found little or no energetic disadvantage associated with a mediolaterally wide
pelvis 134750 Gjven this tight biomechanical constraint on the AP diameter of the inlet, a further ML
elongation may simply contribute little to ease childbirth. As expected under this hypothesis, the
particularly AP narrow pelvis of the bipedal australopithecines was associated with a lower lordotic angle
(41° versus an average of 51° in humans °'). Chimpanzees, on the contrary, can biomechanically ‘afford’
a pronounced AP oval inlet because they are mostly quadrupedal and do not need to balance their weight
above the hip joints.
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These spinopelvic relationships also shed light on the human sex differences in lumbar lordosis and
vertebral wedging, which tend to be greater in females than in males #7°253 Whitcome et al. 4/ proposed
that this dimorphism, which was already present in early Homo and partly even in Australopithecus,
evolved as an adaptation to mitigate the shearing forces generated by foetal load. However, we suggest
that the increased female lordosis and vertebral wedging are, at least partly, a direct consequence of the
larger pelvic canal (including the inlet AP diameter) in females °*. Only if the average female lordosis
exceeds the degree of lordosis expected for female pelvic dimensions, would an adaption for foetal load
be a plausible explanation. But this remains to be shown.

The size of the pelvic canal is certainly more important for parturition and pelvic floor support than its
shape. For instance, the increase in pelvic floor displacement resulting from 1 SD (standard deviation)
increase in pelvic floor size (reported by Stansfield et al. 24) is about 2.8 times as large as the
displacement resulting from 1 SD increase in pelvic floor shape (AP/ML). Nonetheless, our results
suggest that the shape of the lower birth canal is subject to an evolutionary trade-off between childbirth,
pelvic floor support and upright posture, similar to that for the size of the canal: An even more
anteroposteriorly oval-shaped lower birth canal would be advantageous for pelvic floor stability but
disadvantageous for childbirth; an AP oval inlet would ease parturition by avoiding rotation of the foetus
but would compromise structural stability of upright posture and locomotion. However, the relative
strengths and actual trade-off dynamics of these antagonistic selective forces depend on biological,
environmental and sociocultural factors that have changed during human history and partly differ among
populations today (“shifting trade-off model”) °°. For instance, pelvic size as well as neonatal weight and
head circumference differ considerably across populations, leading to variable magnitudes of obstetric
selection on pelvic form %6758 Prevalence of pelvic organ prolapse and incontinence vary across
countries as well as by ethnicity and sociocultural background °°~¢7, imposing different strengths of
selection for pelvic floor support. Physical activities and diet differ among populations and cultures, thus

eg. 59

exerting different physical stresses on the pelvis and the pelvic floor and providing different

metabolic capacities during pregnancy #°. Transitions in environmental and socioeconomic conditions
can also affect the relationship between foetal and maternal size, which influences the difficulty of labour

6263 Hence, it is likely that the observed population differences in pelvic shape 39 partly resulted from
local differences in selective pressures.
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Methods

We assessed how changes in the ratio of anteroposterior to mediolateral diameters of the pelvic floor
affect the amount of displacement under physiological pressure conditions. We used three different
idealizations of the pelvic floor geometry: a flat membrane, a regular 3D oval-shaped hammock, and a 3D
membrane that resembles the real pelvic floor geometry as it is suspended in the midplane and outlet of
the birth canal. We refer to the first model as ‘flat’, the second model as ‘ellipsoid’, and the third model as
‘anatomical’ (Fig.2). The shape of the transverse outline of each of the three models was then varied from
the mediolaterally wide to the anteroposteriorly long and loaded with pressure from above.

3D geometry

Computer-aided design (CAD) models of the pelvic floor were created as shells in SOLIDWORKS (© 1995-
2019 Dassault Systémes). Their mediolateral (ML) diameter corresponded to the distance between the
ischial bones at the points of muscle insertion on the ischial spines and was thus equal to the width of
the midplane of the birth canal (Fig.1c). The anteroposterior (AP) diameter of each model corresponded
to the distance from the inferior point at the pubic symphysis to the apex of the fifth sacral vertebra,
which was equal to the length of the outlet of the birth canal in the sagittal view (Fig. 1b).

The transverse diameters of our models were based on the means and standard deviations (SD) of
modern Europeans as reported by DelPrete (2019). The base model was assigned the average values of
the ML and AP diameters. To create further models, we varied ML diameter in steps of 0.5 or 1.0 standard
deviations (SD), while surface area was kept constant by a corresponding change of the AP diameter. In
total, 23 models whose ML diameter ranged from -4.5 to +8 SD from the mean, were created for each of
the three experiments (i.e., flat, ellipsoid, or anatomical; SI Tab. 1). This range extends well beyond the
variation observable in modern humans, allowing us to assess how extreme pelvic shapes, which may
have been selected against in the past, would perform. The ellipsoid and anatomical models were

assigned a constant depth of 2.9 mm. The depth was determined as an average value of the
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perpendicular distance between the pubo-coccygeal axis and the position of the anal sphincter in sagittal
CT scans of 10 female individuals from New Mexico Decedent Image Database collection '. The depth of
the ellipsoid model was taken perpendicular to the anteroposterior and mediolateral axes at the centroid
point. The 3D geometry of the anatomical base model was built following the protocol of Stansfield et al.
2 Figure 1 demonstrates the fit of the three models in the female birth canal. Details of all models are
given in Sl Table 1.

Finite element model

FE model

We assigned a uniform thickness of 6 mm and a density of 1.0597 g/cm? to each of the models %2. The
geometry was discretized using more than 3,000 HEX 8 elements with an average element size of 2 mm.
An implicit solution scheme using ANSYS Mechanical (© 2008-2021 ANSYS, Inc.) was adopted to solve
the quasi-static loading problem. The boundary conditions were identical across models and involved
setting the mobility of the rim to zero in all three directions, while allowing for rotation. A constant
pressure of 4kPa was applied from above as an equivalent normal force to the entire superior surface of
the mesh. The pressure of 4kPa is an average intra-abdominal pressure produced by a Valsalva
(straining) manoeuvre, a technique used in medical diagnostics, where patients make a forceful exhale
motion while keeping airways closed. This increases the intra-abdominal pressure in a controlled way
without contraction of the pelvic floor muscles 4. Across all experiments, material properties were kept
constant to understand how displacement, stresses, and strains of the pelvic floor changed as a
consequence of pelvic floor geometry.

Material properties and model validation

We adopted an isotropic Mooney-Rivlin constitutive law to represent pelvic floor tissues with the following
parameters: ¢;=26 kPa, c,=14 kPa °, and the bulk modulus,

K =1000 kPa . These material properties have been sourced from published literature ® and previously
used for validation of our ‘anatomical’ model with the base ML and AP diameters 2.

Experiments and measurements

Separately for the flat, ellipsoid and anatomical geometries and the different AP/ML ratios (Sl Table 1),
we quantified the mechanical response to the applied pressure of 4kPa. We kept the surface area
constant in all experiments. In the ellipsoid and anatomical models, we also kept the depth constant. In
addition, we assessed the effect of non-linear material properties by comparing the relationship between
stresses and strains in the flat, ellipsoid and ‘anatomical’ base models when applying experimental
pressures of 4kPa and 20kPa.

We measured three variables at the location of maximum displacement to assess the performance of the
pelvic floor model: the maximum of the total displacement magnitude (in mm), the maximum Von Mises
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strain and the maximum Von Mises stress (in MPa). The engineering term ‘strain’ describes the amount of
extension the material experiences per unit length, while ‘stress’ denotes the amount of force experienced
by the material per unit of its surface. A large strain magnitude implies that the material was stretched,
compressed or sheared to a high degree. At the same time, a large stress signifies a high amount of
energy that the material absorbed in order to achieve its deformation. Von Mises stress and strain
represent stress and strain components that are used to determine the maximum possible distortion of a
material /. We ignored stresses and strains at the edges of the models because of our boundary
conditions. All experiments were performed both with and without the effect of gravity.

Validation

The geometry of the real human pelvic floor is more complex than our anatomical model as it is neither
homogeneous in thickness nor in tissue properties. Additionally, pelvic floor tissue properties vary due to
individual genetic differences and change with age, hormonal status, and pelvic floor training 814, They
also differ between women with and without urinary incontinence #1516 Our model, however, was
successfully validated by measuring displacement of the posterior compartment against published
dynamic Magnetic Resonance Imaging data 2 and captures the essence of the behaviour of the female
pelvic floor during Valsalva manoeuvre by revealing two main areas of displacement. The maximum
displacement of the anterior compartment in our model occurs at the anatomical location of the
urogenital hiatus, where fibres of the urogenital diaphragm and the anterior part of the levator ani insert
into the urethra and anterior vagina. The maximum displacement of the posterior compartment in our
model coincides with the location of the ‘bend’ created between the levator plate and the puborectalis
muscle (Fig. 2A). In clinical practice, displacements in these two areas are used for diagnosing pelvic
floor tissue health and prolapse 1772, indicating that our model successfully reproduces the anatomical
areas critical for pelvic floor health.
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Rotational birth in humans. (A) The foetal head engages in transverse direction and rotates about 90° to
align its maximum dimension with the largest dimension of each pelvic plane. (B) Pelvic inlet, midplane
and outlet in frontal view.
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Figure 2

Pelvic floor models for finite element analysis. (A) Anatomical model (cyan colour, superimposed on
muscles of the pelvic floor, sagittal view), oriented approximately along the pubococcygeal axis of an
upright person. (B) Flat, ellipsoid and anatomical models (sagittal views). In the left column the three
models are shown before loading, whereas the right column shows the displacement in response to 4kPa
pressure. The rainbow colour scheme indicates the magnitude of the maximum displacement of the
model elements. Blue corresponds to no displacement, red to high displacement.
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Figure 3

Results of loading experiments (total displacement, maximum Von Mises strain, maximum Von Mises
stress) for the three geometries. In each panel, the horizontal axis represents the shape of the pelvic floor
models, expressed by the natural logarithm (log) of the ratio AP/ML to guarantee that the same
mediolaterally (ML) and anteroposteriorly (AP) oval shapes are equally distant from circularity, i.e.,
log(AP/ML)=-log(ML/AP). Negative values correspond to ML elongated shapes; positive values to AP
elongated shapes (depicted by the grey ellipses). The value log(AP/ML)=0 corresponds to a circular
pelvic floor where AP=ML. The blue marks represent the results for an applied pressure of 4 kPa, and the
red marks the results for pressure and gravity applied together. In the anatomical model, most of the
deformation occurred in two separate centres, corresponding to the anterior and posterior pelvic floor
compartments, for which the results are shown separately here (blue/red for the anterior compartment;
light blue/light red for the posterior compartment).
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Figure 4

Relationship between pelvic depth and spinal curvature. (A) Schematization of normal spinopelvic
relationships, where the centre of mass (as indicated by the dashed line, the C7 plumbline) is positioned
sagittally above the hip joints and the superior endplate of the sacrum. (B) In an anteroposteriorly
elongated pelvis (as indicated by the red double arrow) without spinal adjustment, the centre of mass is
located behind the hip joints, which compromises the structural stability of upright posture. (C) To bring
the centre of mass back above the hip joints in this elongated pelvis, the sacrum needs to be anteverted
(tilted forward), which leads to an overall increased curvature of the spine, particularly an increased
lumbar lordosis, and a deviation of the centre of mass from the sacral endplate. These conditions are
associated with multiple orthopaedic disorders.
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