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Abstract

During vaginal delivery, the delivery requires the fetal head to mold to ac-
commodate the geometric constraints of the birth canal. Excessive molding can
produce brain injuries and long-term sequelae. Understanding the loading of the
fetal brain during the second stage of labour (fully dilated cervix, active push-
ing, and expulsion of fetus) could thus help predict the safety of the newborn
during vaginal delivery. To this end, this study proposes a finite element model
of the fetal head and maternal canal environment that is capable of predicting
the stresses experienced by the fetal brain at the onset of the second phase of
labour. Both fetal and maternal models were adapted from existing studies to
represent the geometry of full-term pregnancy. Two fetal positions were com-
pared: left-occiput-anterior and left-occiput-posterior. The results demonstrate
that left-occiput-anterior position reduces the maternal tissue deformation, at
the cost of higher stress in the fetal brain. In both cases, stress is concentrated
underneath the sutures, though the location varies depending on the presenta-
tion. In summary, this study provides a patient-specific simulation platform for
the study of vaginal delivery and its effect on both the fetal brain and maternal
anatomy. Finally, it is suggested that such an approach has the potential to be

used by obstetricians to support their decision-making processes through the
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simulation of various delivery scenarios.
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1. Introduction

The fetal skull is comprised of plates of cranial bone separated by mem-
branous connective tissues called sutures and fontanelles [I]. During vaginal
delivery, the fetal head deforms, accommodated by the movements of these cra-
nial bones, to adapt to the geometry of the maternal birth canal [2, [3]. This is
commonly referred to as fetal head molding. Typically, the frontal and occipital
bones are compressed inwards and the parietal bones are displaced up and out-
wards, reducing the suboccipitobregmatic diameter, the diameter of the head
that passes through the canal, by about 1 em [4]. This also causes a change in
shape of the brain [5].

During birth, the fetus can sustain injury or birth trauma. The prevalence of
birth trauma in spontaneous vaginal birth is 1.42% [6] [7]. The majority of these
birth traumas occur during transit through the birth canal and most stem from
excessive molding of the fetal skull [4} [6l [7 8, [0]. Excessive molding can occur if
the fetus is malpositioned, labour is prolonged, or if contractions are strong [g].
This can cause extra- and intracranial lesions, which can lead to hemorrhages,
which in turn can cause long-term sequelae, such as hydrocephalus, seizure
disorders or intellectual/developmental disorders [4, [9]. Although the majority
of these birth traumas occur during transit through the birth canal, cesarean
delivery does not necessarily alleviate all delivery risks. Indeed, cesarean itself
is a non-straightforward operation with a higher incidence of morbidity and
mortality, especially if vaginal delivery has already begun [10, [[T]. The fetus
being often removed head first, it is not either a load-free procedure for the
head[I0, IT]. Understanding the factors that influence fetal head molding and
the compression of the brain during vaginal delivery is thus still required to

understand and prevent fetal brain injury.
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Occiput anterior is the most common and safest fetal position during labour.
The second most common presentation is occiput posterior [I2]. Persistent
occiput posterior, when the fetal head does not rotate before or during labour
to the anterior position, is associated with worse fetal and maternal outcomes
[13, 14, 15]. Investigating the mechanics and loading of the fetal head would
help elucidate why one position has less favorable outcomes.

Due to the practical constraints of studying birthing mechanics in vivo, com-
putational approaches have provided key insights into the mechanics of fetal
head molding. In 1980, McPherson and Kriewall [16] used finite element (FE)
modeling to investigate the deformation of the pre-term and term parietal bones
during birth. They established pre-term parietal bones deform two to four times
more than at term, thus suggesting increased deformation of the pre-term skull
could be why premature birth is the one most significant risk factors in neonatal
death. In 2001, Lapeer and Prager [I7] used FE modeling to propose a non-
linear static model of a fetal skull subjected to intrauterine and head-to-cervix
pressures during the first stage of labour, when involuntary uterus contractions
and cervix dilating to full dilation is evident [6]. The deformation of their
model showed good agreement with clinical experiments. Pu et al. [I8] also
investigated the effect of intrauterine and head-to-cervix pressures during the
first stage of labour. They found that, as labour forces increased, so did the
degree of fetal head molding. More recently, Moura et al. and Borges et al.
have investigated the effect of fetal head molding on the pelvic floor during the
second stage of labour [19] 20} 21]. Their models consisted of the key pelvic floor
muscles and ligaments, pelvis, and fetal head (skull, suture, cerebrospinal fluid
(CSF), brain). It was found that fetal head molding reduces the stretch on the
pelvic floor, maternal position and fetal position both affect pelvic floor damage
and fetal head molding, and higher labour pressure and longer duration increase
fetal head molding. These studies provide good insight into the potential use
of FE analysis for investigating the effect of labour on the fetal head, though
their main focus was primarily on the maternal pelvic floor. Although studies

have looked at how the brain deforms due to head moulding and investigated
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changes in intracranial pressure and other metrics during labour, no FE studies
have been reported investigating the effect of fetal skull moulding on the stress
experienced by the fetal brain [5], 22].

In this study, a FE model of a complete fetal head and select maternal organs
are used to investigate the influence of fetal head position on the compression
of the fetal brain during the onset of the second stage of labour, with active
pushing during contractions and a fully dilated cervix [6]. Both the fetal and
maternal models are presented, along with the boundary conditions of the FE

models. Finally, the results for two fetal presentations are shown and discussed.

2. Methods and Materials

2.1. Finite element models

2.1.1. Fetal head model

A simplified fetal head model was created to reduce computational time, the
pipeline for which is shown in Figure The simplified fetal head model was
created by fitting four ellipsoids to one half of the surface of a high-fidelity fetal
head model, and then mirrored to create a symmetric model. The high-fidelity
fetal head model was built from segmenting a post-mortem high-resolution com-
puter tomography scan data set of a 10 day-old infant head [23] 24]. The fetal
head does not increase in size significantly 10-day post-partum but the fetal
head model’s biparietal diameter was compared to WHQ'’s fetal growth charts
and found to be within the range of a 37-40 week gestation fetus [25, [26]. The
fitted ellipsoids (excluding the jaw) were intersected and smoothed together,
and the sutures were then added by mapping the sutures positions from the
high-fidelity model onto this surface geometry. The resulting simplified geom-
etry was then meshed in ICEM CFD (version 2020 R2, ANSYS, Pennsylvania,
USA), and extruded to the average thickness of the original skull, and both
CSF layer and brain were meshed in the remaining intracranial space. The

resulting fetal head mesh consisted of linear triangular prism and tetrahedral
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elements and had significantly fewer elements (44,060), compared to the high-
fidelity model (317,121). The simplified fetal head model was then compared
to the original reference fetal head model in MeshLab (version 2022.02, Visual
Computing Lab, ISTI-CNR, Pisa, Italy) by computing the Hausdorff distances
between each vertex on the simplified model to the reference high-fidelity model,
shown in Figure 2] [27, 28]. The model shows good agreement with the high-
est disparities around where the jaw extends from the rest of the skull, as the

simplified model does not have a jaw.

High-fidelity model Simplified model

Figure 1: Pipeline for the creation of the simplified fetal head model, from the high-fidelity

head model. Green — cranial bones, pink — suture, blue — CSF, and orange — brain.
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Figure 2: Lateral view of the simplified head and quality histogram, for the distance between

the simplified head model and high-fidelity head model. Distance in mm.

2.1.2. Maternal model

The parametric “soft” maternal anatomy, excluding pelvis, was built from a
series of ultrasound measurements using a simplistic Boolean geometry method
[29]. The original model was intended for pregnancy simulation and adapted
for labour for this study . At the onset of labour, the fetal membrane breaks,
the amniotic fluid is released, and no longer serves any mechanical purpose
[30]. The cervix also softens significantly, progressively dilating from 1 cm to
10 c¢m in diameter, and shortens, being incorporated into the lower section of
uterus [31],[6]. Accordingly, the fetal membrane was removed from the maternal
model and the cervix artificially dilated and shortened. In our work, the vaginal
canal was reconstructed to provide a more realistic morphology from baseline
measurements [32] [33]. To save on computational run time, the upper section
of the uterus and abdomen of the original model were discarded. Furthermore,
both bladder and bowel are compressed during labour and provide additional

softening mechanisms for the enlargement of the vaginal canal. Accordingly,
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cavities were included in the model to account for those, thus facilitating the
descent and minimising the number of distorted elements. This was done using
standard shapes and curves in ICEM CFD to approximate the size of the organs
in late gestation females from MRI data.

The maternal pelvis was built from segmenting MRI data of a pregnant
female, and consisted of sacrum, coccyx and hip bones. This was further devel-
oped by extending the profile of the sacral promontory to create the “lumbar
vertebrae” and the inclusion of the symphysis pubis and other cartilaginous
joints of the pelvis, using baseline measurements, for more realistic boundary
conditions [34]. The pelvis was then positioned inside the abdomen of the para-
metric maternal anatomy. The geometry was then meshed in ICEM CFD, using
tetrahedral volume elements. A mesh convergence test was conducted and the
final maternal mesh contained a total of 214,122 linear tetrahedral hybrid ele-

ments and 40,352 nodes (see Figure [3)).
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Figure 3: Sagittal view of the FE maternal model.

2.2. Fetal head material properties

2.2.1. Fetal cranial sutures

Few studies exist on the mechanical properties of fetal cranial sutures. Coats
and Margulies [35] carried out three-point bending and tension tests, at high
strain rates, on samples cut from infant cadavers, of an age range of 21 weeks
gestation to one year-old. This is the only study carried out on human neonatal
cadavers, therefore this study’s data was used as a first approximation. The
sutures were modeled as a hyperelastic, nearly incompressible material, using a
first order Ogden model, with parameters adapted from the Ogden model used
by Li et al. [36], scaling 1o down to the modulus of neonatal sutures [35].
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2.2.2. Fetal cranial bones

Fetal cranial bone was modeled as orthotropic linear elastic. Pediatric cranial
bone is a highly curved and very thin structure, with a visible fiber orientation
pattern as spines of bone grow outward from the cranial bones’ ossification
centers towards the sutures [37] [38].

Young’s moduli parallel and perpendicular to the fibers of fetal frontal and
parietal cranial bone were taken from McPherson and Kriewall’s 1980 and 1981
studies [37, B9], with values calculated from averaging term data (37 - 42 weeks
gestation). Only frontal and parietal bones have been tested at the slow strain
rates appropriate for birth loading scenarios. Therefore, the Young’s modulus
for occipital bone was estimated from the ratio of Young’s modulus for occipital
to parietal bones at high strain rates (2.015:1) [35].

Fiber directions of the FE head model were defined by spherical material
orientations, at the ossification centers. The fiber orientations are shown in
Figure 4] and material properties are given in Table

Note that the lower frontal bones and base of the skull (in lieu of the jaw)
were modeled as a rigid body, as shown in blue in Figure [d as the pushing
boundary condition down the vaginal canal was applied by driving the jaw
along a chosen direction. This large group of elements was selected to prevent
sudden loading of a small number of elements in the fetal head. Additionally,
note that this region of the skull is not expected to significantly deform during

labour when compared to other tissues.

2.2.3. Brain and CSF

Whilst a large body of literature on the viscoelasticity of the brain exists [40]
47], there is significantly less on the fetal/infant brain. Additionally, within the
limited literature, there is significant discrepancy between the levels of accuracy
of i) the model and ii) the experiments from which they are calibrated [42]
43, [44]. Here, as a first approximation the brain was modeled as a nearly
incompressible isotropic hyperelastic Ogden material, with parameters from the

literature [43]. The CSF was modeled as a nearly incompressible isotropic linear
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Figure 4: Superior and lateral views of the bone fiber direction on the fetal head model as
prescribed by spherical orientations at the bone ossification centers. Green — cranial bones,
pink — sutures, blue — rigid part of the fetal jaw and skull base, and black lines — bony fiber

directions.

elastic material, as adopted by several FE pediatric head simulations [45] [36], [46].

The material properties are given in Table

2.8. Maternal material properties

2.8.1. Abdomen

The maternal abdomen was modeled as a nearly incompressible isotropic
hyperelastic ne-Hookean material. This is a homogenized model that represents
all the tissues and organs that surround the vaginal canal and uterus, as well

as the added cavities, with parameters typically used in pregnancy and labour

simulations [29, 47] (Table [2).

2.3.2. Uterus and cerviz

The uterus and cervix were modelled as one continuous isotropic nearly in-
compressible hyperelastic material. The material properties of the pregnant
uterus were adapted from Manoogian et al. who conducted dynamic uniaxial
tension tests on pregnant human uterus specimens [48]. For this present study,
an Ogden hyperelastic model was fitted to the average true stress-strain curve
extracted from uniaxial tensile tests in this reference, see Figure This was
performed with the MATLAB’s (version R2019a, The MathWorks Inc., Mas-

sachusetts, USA) least-square fit function; the resulting parameters are shown

10
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Table 1: Fetal head material properties used in the birth simulation. E, Co, oy, p have units

MPa, D; has units of MPa—!, p has units kg/m37 and v and « are dimensionless.

Cranial Bones Orthotropic linear elastic

p = 1,896 E; Eo V12 v13 V23
Frontal 3057 1700 0.190 0.110 0.220
Occipital 2839 472 0.190 0.045 0.220
Parietal 3705 951  0.190 0.045 0.220

Cranial Sutures Ogden

p = 1,025 I o D,

0.0294 6.9 7.0373

CSF Linear elastic

p = 1,000 E v

0.00120 0.45

Brain Ogden

p =997 I o D,

0.0002957 0.0323 836.65

in Table @

2.3.3. Peluis
The bony pelvis was modeled as a compressible isotropic linear elastic mate-
rial, and the symphysis pubis, sacroiliac, and intervertebral joints were modeled

as nearly incompressible isotropic linear elastic materials, with parameters taken

from the literature [49, [50], see Table

2.4. Head model validation
To validate the fetal head FE model, a series of head compression simulations

were carried out, and compared against the head compression tests conducted

11



190

191

192

193

194

195

196

197

198

199

0.7

O Data b
— Ogden u =0.0467 a =11.99 7/

06 [

04 3

03 B

True stress, MPa

0.1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
True strain

Figure 5: Uterus material model fitted to material test data from Manoogian et al. [48], units

in MPa.

by Loyd et al. [51I]. In this work, fetal head cadavers were compressed in the di-
rection of the biparietal diameter (BPD) and fronto-occipital diameter (FOD),
at several strain-rates. Nodes were kept fixed after contact to avoid rotation
of the head during compression. The quasi-static compressions were simulated
in ABAQUS/Standard (version 6.14-5, Dassault Systems, Paris, France) using
a quasi-static implicit dynamic step. The force-displacement curves from both
compressions are shown in Figure [} As can be seen, the head model shows an
excellent agreement in both curve shape and magnitude with those measured
by Loyd et al. [51], without the need for any further calibration. The discrep-

ancy in force-displacement evolution in the FOD direction could be explained

12
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Table 2: Maternal tissue material properties used in the birth simulation. E and p have units

of MPa, D1 has units of MPa~!, p has units kg/m37 and v and « are dimensionless.

Abdomen Neo-Hookean
p = 1,000 C; = 0.005 D; = 20.69

Uterus & cervix  Ogden

p =950 w=0.0467 «o=11.99 D; =4.27
Bone Linear Elastic

p = 1,890 E=1100 v=0.3

Cartilage Linear Elastic

p = 1,200 E=5 v =045

by the boundary conditions that Loyd et al. used. Indeed, they allowed for
the intracranial content to freely flow out of the cranium during compression,
whereas, in our model, the CSF is modelled using solid elements, and as such,
cannot flow out of the cranium as a fluid would [5I]. This leads to a stiffening

of the overall head as compression increases.

2.5. Vaginal delivery simulations

The boundary conditions for the second stage of labour simulation are shown
in Figure The cut surface of the maternal model was constrained in all
directions and the back surface constrained in the downwards direction. This
allowed the mother’s abdomen and the vaginal opening to move freely.

The contact between the fetal head and the internal surfaces of the uterus
and vaginal canal was defined using a slave-master contact algorithm. The
maternal surface was the slave and the fetal surface was the master as driven
by the difference in mesh density. During pregnancy, the baby is coated in a
protective layer called the vernix caseosa, which acts as a lubricant during labour
[52]. Therefore, tangential contact was defined as frictionless and normal contact
was defined as hard.

Two labour scenarios were simulated, the fetus positioned left occiput ante-

13
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Figure 6: Compression head validation results compared with experimental results [51], top:

biparietal compression and bottom: fronto-occipital compression.

rior (LOA) and left occiput posterior (LOP), both presenting vertex. In LOA,
see Figure [7h, the fetus is longitudinal, head first, facing the mother’s spine,
head turned towards the mother’s right side, chin tucked into the neck, and
with the suboccipitobregmatic diameter to pass through the vaginal canal. In
LOP, see Figure [7p, the same as above applies except that the fetus is facing
away from the mothers spine head turned towards the mother’s right side. Of
all the potential positions of the fetus, LOA is the most common and deemed
the safest [6].

The simulations were carried out in ABAQUS/Standard, using a dynamic

14
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implicit step used under quasi-static loading conditions. To simulate labour,
a large group of elements in the fetus’ skull base was made rigid and dis-
placed along the axis of the vaginal canal, with translations allowed in maternal
anterior-posterior direction.

The following results were extracted and compared between the two fetal
head positions: fetal progression, fetal station, moulding index, von Mises stress
and pressure in the fetal brain, change in fetal brain shape, force required to

displace the fetal head, and stretch and strain of the maternal tissues.

LOA LOP

Figure 7: Anterior view of the FE fetal head model positioned LOA (the fetus is longitudinal,
head first, facing the mother’s spine, head turned towards the mother’s right side, and chin
tucked into the neck) and LOP (the fetus is facing away from the mothers spine and head

turned towards the mother’s right side) in the FE maternal pelvis model.

15
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Figure 8: Sagittal view of the boundary (blue and red) and loading (orange) conditions for

the birth simulation.

25 2.0. Molding Index

236 To quantify the molding in the fetal head models, a molding index (MI) [g],

237 defined in Equation , was calculated at multiple points of fetal progression.

MaVD?

M= £FD % SOBD

(1)
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where MaVD, BPD, and SOBD are the maxillovertical, biparietal, suboccipi-
tobregmatic diameters, respectively, see Figure [Op. An increase in MI indicates
molding in a sugar-loaf shape [§]. These diameters were calculated by measuring
the distance between nodes on the fetal head and tracking their displacements
during fetal descent. The MaVD, the distance between the maxilla on the jaw
to the vertex of the skull, had to be measured from a node on the model and ar-
tificially extended during post processing to the diameter on the original model,
as the simplified fetal head model does not have a jaw. This artificial extension

is also shown in Figure [Op.

FOD

Moulding Index, MI

0 5 10 15 20 25 30
Displacement along vaginal canal, mm
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3
3

105.8

105.6

105.4

105.2

Fronto-Occipital Diameter, mm

=]
2

104.8

104.6
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Displacement along vaginal canal, mm Displacement along vaginal canal, mm

(c) (d)

Figure 9: (a) Fetal diameters used to calculate the MI, (b) Evolution of the MI, (c) FOD, and
(d) BPD with fetal descent for the LOA and LOP position simulations.
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3. Results

Both simulations were able to progress up to around 34.4 mm into the canal.
The simulations stopped due to the distortion of suture elements from the fetal
head molding and suture folding. The displacement of the fetal head into the
canal for the LOA model is shown in an overlay plot in Figure The dis-
placement along the canal was also calculated in terms of fetal station using the
ischial planes, see Figure both descents began at -4 station and stopped at

-2 station.
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Figure 10: Overlay of the sagittal view of the LOA positioned fetus simulation at 0 mm and

34.4 mm fetal decent, green: maternal model and orange: fetal model.
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Figure 11: Sagittal view of the station of the LOA positioned fetal head before and at the end
of the simulation, calculated from the ischial planes, here shown blue solid and dashed lines

for station -5 to 0.

255 Progression of the fetus is described by fetal descent and defined here as
»6  displacement along the vaginal canal central axis. In addition to MI, BPD and
»7  FOD were also calculated, also shown in Figure [Dh.

258 The initial and final MI, BPD, and FOD are listed in Table [3] and their
» change with fetal descent shown in Figure Pp-d.

Table 3: Initial and final fetal head MI and diameters.

Initial Final
LOA LOP
MI 1.61 1.74 1.55
BPD 91.06 mm  90.23 mm  89.93 mm
FOD 106.57 mm 105.99 mm 105.34 mm

260 To compare the compression of the brain during the two cases, stress in the
s brain was measured at multiple points of fetal progression. The maximum von

x%2  Mises stress and pressure were extracted from the brain elements, see Figures

263 m and m

20



264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

The maximum von Mises stress and absolute pressure experienced by each
fetal brain increased with progression, and reached maximum value at the end
of the simulation (34.4 mm of fetal descent): peak maximum von Mises stresses
of 0.7845 kPa and 0.5928 kPa, for the LOA and LOP simulations, respectively,
and peak maximum pressures of 0.5194 kPa and 0.4387 kPa, for the LOA and
LOP simulations, respectively.

In both models, the stress in the brain is concentrated around the areas of
the brain underneath the sutures (Figure , with the highest values under the
right coronal and sagittal sutures in both cases, and the anterior fontanelle and
occipitomastoid suture in the LOA positioned fetus.

The overlap of the sutures was evaluated through visualization of the fetal
head deformation. In the LOA positioned fetus, the beginning of overlap was
observed along both coronal, the occipitomastoid, and the lambdoid sutures
near the posterior fontanelle. The parietal bones encroached on each other and
had very slight overlap near the posterior fontanelle. The anterior fontanelle
also deformed inwards. In the LOP positioned fetus, the beginning of overlap
was observed along the coronal, right squamous, sagittal, and left lambdoid

suture with the anterior fontanelle bulging.
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Figure 12: Evolution of maximum von Mises stress in the brain.
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Figure 15: Sagittal cross-sectional, (a) and (b), and superior (c¢) and (d), view of the change

in shape of the fetal brain for the LOA and LOP cases, at 34.4 mm descent. Green: initial

brain shape before labour, Orange: brain shape during labour.
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-1.538e+00

Figure 18: View, along the displacement axis, of the logarithmic strain of the maternal soft

tissues at 34.4 mm descent.

282 To quantify the “effort” required by the mother to expel the fetal head, the
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reaction force required to displace the fetal head was measured at several points
of fetal progression (Figure. For both positions, the reaction force increased
with descent with the LOA positioned fetus experiencing higher reaction force.
Peak reaction forces of 136.94 N and 111.64 N were reached at the end of the
simulation for the LOA and LOP cases, respectively.

Our maternal model does not contain pelvic floor muscles, the stretch of
which are typically analysed to determine damage. Instead, to measure maternal
stretch, the displacement of a ring of nodes at the external os (or ostium of
uterus) of the cervix, see Figure[[7, was measured and then used to calculate the
stretch of the maternal tissues. The distribution of maternal soft tissue strain
was also evaluated through visualization, shown at the end of fetal descent in
Figure Uterine opening stretch increased with fetal descent with higher
stretch occurring in the LOP simulation, see Figure Peak stretches of 1.37
and 1.40 were reached at the point the simulation stopped, for the LOA and
LOP cases, respectively.

Finally, peak stress and strain in the uterus were compared to and found to

be within the physiological range measured by Manoogian et al. [48].

4. Discussion

While computational models aimed at simulating birth have already been
proposed [19] 63| 54, 55, 56, [47], few have investigated specifically the forces
and deformations experienced by the fetal head during labour [19] [I7, 18] 53].
This is due to both the difficulty in obtaining pediatric head geometry data
and the paucity of corresponding material response data at appropriate strain
rates. Previous models have used other pediatric soft tissue material property
data (e.g., dura for suture) and built models from skull replicas [I7, [I8]. These
have focused on the deformation and stress experienced by the skull and either
excluded the brain completely or did not investigate the loading of the brain.
The present study, however, proposes a comprehensive in silico model including

a maternal model and fetal head with brain and CSF to investigate the stresses
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experienced by the fetal brain during the onset of the second phase of labour.
Two numerical simulations with a deformable fetal head were performed, with
the fetus in the left occiput anterior (LOA) and left occiput posterior (LOP)
position.

The simulations only progressed to 34.4 mm along the canal (~ 28 mm
vertically). This is less than the level of progression that peak stretches of the
pelvic floor have been simulated to occur (Z 60 mm vertically) [19} 20 21, 53]
57). Therefore, all peak values reported here are for the onset of the second
stage and may not be peak values for the complete second stage of labour.

Fetal station was calculated by plotting the ischial planes as described in
Obstetric Interventions [58]. The fetus starts quite high up in the pelvis (station
-4) which is higher than Moura et el.’s simulation but not unusual for a primipara
labour [I9]. The pelvis was positioned within the maternal soft tissues using late
gestation MRIs as a reference. At the end of the third trimester, as the body
prepares itself for labour, the fetus settles, or drops lower, into the mother’s
pelvis. The MRIs used are from late gestation females but not immediately
before labour, this would explain the higher station in our models as the fetus
could maybe drop further before labour.

Counterintuitively, the MI initially decreases, as shown in Figure 9] This
means the fetal head is molding in the opposite direction to that described by
Sorbe and Dahlgren [§]. After further progression of both fetal heads, the MIs
increase. After 34.4 mm of descent, only the LOA head has a higher MI than
initially; it is therefore deforming, as observed in Ref. [§], into the sugar loaf
shape. However, the LOP head has a lower MI at 34.4 mm than the head
pre-second stage of labour, driven by the lack of decrease in the SOBD. This
is most likely due to the SOBD not being the presenting diameter in the LOP
head as opposed to the LOA head. Sorbe and Dahlgren compared the change in
fetal head shape during labour by calculating the MI immediately post-partum
(molded/after labour) and 3-day post-partum (unmolded/before labour). In
OA-positioned fetuses, they reported a mean MI before labour of 1.61 (S.D
0.12) and after labour of 1.70 (S.D 0.16), and in OP-positioned fetuses, 1.47
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(S.D 0.15) and 1.55 (S.D 0.06). We observed MIs before labour of 1.61 in both
heads and after labour 1.74 and 1.55 for the LOA and LOP positioned head,
respectively. These show strong agreement with the results reported by Sorbe
and Dahlgren, including that fetuses positioned OP experience less molding (in
the sugar-loaf shape). The approach of Sorbe and Dahlgren to use 3-day post-
partum as the unmolded head before labour should be considered carefully as
the resolution of molding after labour may not be “back” to the unmolded head
shape in-utero before labour. Moura et al. also saw an increase in MI for both
fetal positions with LOP experiencing a slightly lower MI [I9]. Of note, our
simulations were stopped relatively in labour, but those results might indicate
that most of the deformation might have thus already happened at that stage.

Our model displayed an initial increase in BPD before a reduction in BPD
to below the initial value, in both LOA and LOP, and an initial decrease in
FOD before an increase (still below initial value) for both LOA and LOP. We
anticipated either a decrease in BPD and FOD, as observed by Ami et al., or
no change, as observed by Sorbe and Dahlgren [5 8. Ami et al. recorded
the second stage of labour in open MRI and created 3D vector reconstructions
of the fetal head from said MRI images [5]. This allowed for the study of
the movement of the bony plates, change in brain shape, and change in head
diameters during labour. They observed a median reduction in BPD and FOD
of 2.28 and 11.64 mm, at higher values of reduction than in our FE models
but they only measured fetal head molding at a single point of fetal progression
and at a further descent into the canal; thus further progression of the model
would be required for a proper comparison [5]. However, the change of BPD at
this stage agrees with the trend in results of Moura et al.’s findings where an
initial increase in BPD and then a sharp decrease to a diameter smaller than
the initial BPD were observed. They also observed an initial decrease in FOD,
eventually almost recovering its initial diameter [19]. This initial reduction in
MI and increases in BPD and FOD are most likely due to the fact that, before
the fetal head enters the vaginal canal, it is pushing on the entrance to the

canal. This leads to the compacting of the head before it progresses further into
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the canal where it experiences more circumferential compressive forces and can
then elongate before finally being expelled.

During the simulated second phase of labour, maximum von Mises stress
and absolute pressure in the fetal brain are higher in the fetus positioned LOA.
The nonlinear nature of the curves arises from the maximum von Mises be-
ing calculated from an envelope of the elements in the fetal brain, for which
the location of maximum stress may change with each time step. This higher
von Mises stress in the brain is also evident when observing the distribution of
stress in the brain in Figures There is a larger area of brain under stress
in the LOA brain. The type of loading sustained in LOA is causing a wider
distribution and larger stresses in the brain. Stress is concentrated in areas of
the brain under the sutures in both presentations, as expected as the sutures
are deforming significantly. Notably, the stress is not concentrated in the ar-
eas of the brain underneath where the skull is in contact with the maternal
soft tissues or where the jaw is pushing (occiput and frontal). This suggests
that the deformable nature of the fetal skull with its sutures and the CSF layer
are collabouratively redistributing the loading on the fetal brain, in particular
sparing the heavily vascularized occipital region. The difference in brain defor-
mation between the two presentations is observable in Figure The brain in
the LOA-presenting fetus is compressed in the MaVD direction with inversion
of the anterior fontanelle, while being compressed in the FOD direction with a
bulge in the anterior fontanelle for the LOP case. The LOA also experiences
more left side compression compared to LOP which has more right side com-
pression. These observations demonstrate that the fetal presentation (LOA vs.
LOP) significantly affect the type of fetal head deformation that occurs during
labour.

For both heads, there was very little displacement and movement of the
frontal bones and, as a result, no change or overlap in the frontal suture. This
differs from Ami et. al. who observed closing of the frontal suture in most cases
and overlap in 2/7 cases. However, both LOA and LOP fetal heads demon-

strated large movement of the parietal and occipital bones with the beginning
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of an overlap at the coronal and lambdoid, along with the occipitomastoid and
squamous sutures, and closing of the sagittal suture. This agrees with Ami et.
al. who observed overlap of the coronal suture in 6/7 and in all cases for the
lambdoid sutures. They also saw less overlap of the sagittal suture (2/7) agree-
ing with our observations. In both models, the posterior fontanelle decreased in
size agreeing with Ami et. al.’s observation whereas the anterior fontanelle did
not decrease significantly in size, disagreeing with their observations. Overall
this molding and movement mostly agreed with Ami et. al.’s observations across
their seven participants: the LOA and LOP positioned fetal heads underwent
different molding with overlap of sutures in different locations and different cra-
nial bone relative displacements, which is most likely due to the different area
of the pelvis and vaginal canal that each cranial bone is interacting with in each
position.

Peak reactions for LOA and LOP positioned fetuses were 136.94 N and
111.64 N, respectively, which shows good agreement with the estimated expul-
sion force of ~120 N calculated by Ashton-Miller and DeLancey [59]. It was
anticipated that the LOP presenting fetus would have higher expulsion force as
Moura et. al. found that occiput posterior presentation is more favorable for
the fetus and causes higher stress in the pelvic floor than anterior presenting,
but the opposite was found in terms of maternal effort. A possible explanation
for this could be the narrower canal opening is causing more expulsive effort to
displace the head as more molding is required and this is more favorable to the
mother as there is, still at this stage, less stretch of the lower uterus and vaginal
canal. Other considerations explaining the potential discrepancy include the
contributions of lateral forces vs. longitudinal forces.

There was also a difference in stretch of the uterus/canal opening. In both
cases, the uterus opening widened as the fetus descended, as expected, but with
LOP causing a slightly higher stretch of the external os. In this study, the
maximum stretch reached around 1.4. Note that this value is not representative
of peak stretch for the full expulsion of the fetus (it is solely for the onset of the

second stage). With further progression of the fetal head in our model along
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with the consideration of the current trend observed in our results, maternal
tissue stretch would thus be anticipated to continue to increase for some time
before plateauing. This maximum stretch was similar to the 1.63 observed by
Moura et al. but they calculated this for the lower pelvic floor muscles and not
the external os [19]. This pattern of stretch in LOA and LOP is visible in Figure
with LOP having a more concentrated and higher strain in the maternal soft
tissue. The upper uterine segment is predominantly undergoing stretch in the
superior-inferior direction, the lower uterine segment thinning and compressing,
and the cervix experiencing circumferential stretch. The slightly higher stretch
and the low stresses in the fetal head agrees with Moura et al.’s findings that
the occiput posterior presentation is more favorable for the fetus [19]. This
indicates that labour is a balance between deformation and stress in mother
and baby, and that indeed something “has to give” on both sides. As typically
fetuses have little to no consequences from the labour process, maybe the fetal
anatomy and physiology is better developed to deal with deformation than the
maternal side while positions that reduce stress on the fetus, such as LOP, do
cause other issues such as overstretch of the pelvic floor or an obstructed labour.

There are limitations to our model: both the maternal and fetal models are
simplified FE models that aim to capture the key features and reduce compu-
tational cost but at the loss of detailed features. The focus of this study is
the deformation and stress on the fetal brain; this simplified fetal head model
has a smooth brain that does not distinguish between brainstem, ventricles,
grey and white matter, etc. This simplification allows for the investigation of
the overall and general locations of stress in the fetal brain during labour, not
previously reported in the literature, to the best of our knowledge, at a lower
computational cost. However, for further investigation into potential mecha-
nisms of injury, a more detailed brain is needed to explore how the difference in
mechanical properties of the regions of the brain interact with each other. One
issue encountered when creating the fetal head model was suture overlap, which
was the reason the simulation could not progress any further, i.e. the overlap

of cranial bones causes extreme distortion of elements. It was only possible to
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observe the beginning of this overlap before elements became distorted. Due to
the paucity of research into the mechanical behavior of neonatal tissues, sev-
eral approximations and assumptions were made. As further research appears,
these first approximations should be revised. Again, as the focus of this study
is on the fetal head, the simplified maternal model does not include pelvic floor
muscles, the tissues that most commonly sustain trauma and damage during
labour. For further investigations into maternal injury, these tissues will need
to be included in the model. The maternal pelvis is also from a different patient
than the simplified soft tissues and both unrelated to the fetal model. There-
fore, it is possible that these combination of patients does not pose a plausible
successful vaginal delivery scenario. However, combining these geometries al-
lows for a more realistic approximation of maternal labour and its boundary
conditions than without. The second stage of labour is a dynamic scenario with
contractions and relaxation of the uterus. This paper uses a static approach
due to the complexities of the problem and lack of research into the viscoelastic
properties of neonatal tissues. The next progression of these models would be

to incorporate these dynamic aspects.

5. Conclusion

This paper presents a FE model of fetal head and maternal anatomy for sim-
ulating the onset of the second stage of labour. Simulating two fetal positions,
left-occiput-anterior and left-occiput-posterior, enabled the comparison of two
cases of stress in the brain, which has not been previously investigated during
labour.

The results indicate that the highest levels of stress in the brain occur at the
sutures. This is where the most important deformation occurs in the skull and
where the forces on the skull (then transmitted on to the brain) are highest.
The results also indicate that position effects the level and location of stress
and deformation in the fetal brain. Posterior position causes lower stress in the

fetal brain but higher stretch in the maternal tissues, suggesting that posterior
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position is more favorable for the fetus and anterior position for the mother.
Further progression of the fetus is needed to validate this. It is worth emphasiz-
ing that, while clinical studies have already indicated what parameters influence
a successful birth for mother (gestational age, fetal position, gravidity, and ma-
ternal age), there is still a paucity of research on the fetal brain in this stage of
labour and the model could not be validated against clinical data. Future work
shall focus on the parametrization of the model to determine what factors most

greatly impact fetal brain stress during labour.
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