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Maternal trauma is the leading non-obstetric cause of maternal and fetal death.
Because the anatomy of a pregnancy is distinct, and highly transient, the pregnant woman
and her fetus are both susceptible to injuries which are not seen in the typical trauma
patient. The pregnant uterus, the placenta, and the fetus are all relatively poorly
supported, as compared with non-transient abdominal or thoracic organs, which can lead
to injuries such as uterine rupture, placental abruption, and fetal trauma or death.

The leading cause of maternal trauma is automotive collision, and other common
causes include violence, falls, and other accidents. Automotive collision is often
researched with more traditional physical experiments such as post-mortem crash testing,
but this form of study is exceedingly difficult with the pregnant subject due to ethical and
logistical issues. Computational simulations of automotive collisions have received much
attention as a method of performing experiments without the use of physical specimens,
and have been successful in modeling trauma. These simulations benefit from
constitutive relationships which effectively describe the biomechanical and structural

behaviors of biological tissues. Internal state variable models driven by microstructural
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data offer the potential for capturing a myriad of material behaviors intrinsic to many
biological tissues.

The studies presented include many advances in the existing research of maternal
trauma. These studies include advanced biomechanical and microstructural
characterization of the placenta, the organ commonly injured in maternal trauma, to
capture stress state and strain rate dependencies, as well as microstructural evolution
across stress states. The studies also describe the construction of a finite element mesh of
a near-term pregnant woman and fetus from medical images. This finite element mesh
was implemented in a simulation of maternal trauma based on one of the only post
mortem studies of pregnant cadavers ever reported in the literature. The results are a

significant advancement for trauma simulation research.
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CHAPTER I

INTRODUCTION

Overview

Maternal trauma is a serious source of mortality and morbidity for both pregnant
mothers, and their fetuses. Maternal trauma occurs through several modes: accidents such
as falls, violence, and most frequently automotive. The most common pathologies are
placental abruption, where the placenta is prematurely separated from the uterus, fetal
skeletal injuries, which can include fractures of the neck and skull, and fetal organ
injuries, such as brain damage and injury to abdominal organs. Maternal trauma is
relatively difficult to study due to ethical and logistical issues inherent to obtaining
samples and performing experiments. Computational methods, such as finite element
simulations, are very promising for simulating maternal trauma. Such computational tools
require certain major components to perform: geometry to represent the simulated
system, material data for the simulated materials, and loading conditions to drive the
simulation. The goal for this study was to contribute to the state of the art in each of these
major areas. There is a need for study of mechanical data concerning tissues of
pregnancy, including placenta which is highly related to abruption. Placenta had
previously only been evaluated in tension, and there was a clear need for study of the
stress state dependency of placenta to add understanding of shear and compressive

mechanical responses in this tissue. Furthermore, internal state variable modeling
1
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techniques, particularly those driven by damage correlated structure property
relationships, have shown great promise in modeling properties such as stress state and
strain rate sensitivities, damage, and other complex phenomena. There has been great
success in implementing realistic geometries in human modeling by translating medical
images to anatomically accurate models. To our knowledge, there has not been a publish
model of maternal trauma which uses an anatomically derived model. Our model was
derived from an MRI scan of a 36 week pregnancy, and includes the majority of relevant
anatomy. Our simulation is based on acceleration profiles from a post mortem crash
experiment where 3 pregnant post mortem subjects were evaluated under 20 kilometer
per hour crashes and acceleration data for fetal and maternal anatomical features was
recorded. This data was used to derive velocity boundary conditions for implementation
in our chosen finite element software, Abaqus 6.10-2. Abaqus simulations were carried
out by applying an initial predefined velocity field of 20 kilometers per hour, followed by
our derived velocity boundary condition, which slowed and reversed our model as though
the body was coming to rest and recoiling. Our simulations showed the viability of two
different implementations of the derived velocities, and a mesh refinement study for 3

different levels of element size.

Specific Aim 1- Stress State and Strain Rate Dependence of the Human Placenta

The first aim of this study is to characterize material properties of human placenta
more thoroughly than the current available literature. The goals for the biomechanical
study of placenta will include the understanding of failure mechanics, structure-property
relationships, stress state dependency, strain rate dependency, and sub-failure mechanical

performance. Experiments will include mechanical tests in uniaxial tension, uniaxial
2
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compression, and simple shear to fully understand the effects of multi-axial loading in
placenta. These three testing modes will each be evaluated at three different strain-rates
to simultaneously evaluate the stress-state dependency and strain-rate dependency of
human placenta. There will be 9 separate loading protocols with a minimum of n=4
samples per protocol. Furthermore, we will analyze the structure property relationships
related to the microstructural evolution due to external loading by conducting interruption
tests of at two loading levels per stress state, as well as under no load, to fix and observe
the tissue microstructure under load. These samples were be prepared through traditional
histological methods including paraffin embedding, sectioning, and stained using H&E,
and then observed by light microscopy. The data from mechanical tests and image
analysis of micrographs will form the basis for material models to be used in

computational simulations.

Specific Aim 2 — Stress-State Dependent Structure Property Relationships in
Human Placenta

The second aim of this study is to evaluate the structure property relationships of
human placenta based on the micrographs of interruption tests collected in Specific Aim
1, as this data can be very valuable in the creation of advanced material models. The
micrographs of interrupted mechanical tests will be processed and analyzed for relevant
morphological details and quantification of structure property evolution through the use
of image analysis tools. Values to be quantified will target particle morphology or
spacing under various loading states and will include: area, perimeter, area fraction,
nearest neighbor distance, aspect ratio, major/minor axis orientation, circularity,

roundness and solidity. These values will be examined, in conjunction with stress-strain
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curves, to identify correlating trends and the hardening rules for microstructural features.
Values which correlate well to stress-strain trends will be identified and selected for
future incorporation to internal state variable (ISV) models based on structure property
data. Constitutive relationships based on these structure-property relationships will have
the potential to include damage, failure, strain rate and stress state dependencies. Similar
approaches to material modeling have been successful in several metal alloy studies, and
recently liver and brain have been modeled using an ISV template. The ultimate goal of
this study will be the use of its data in this modeling template, to create a powerful and

valuable tool for use in simulation.

Specific Aim 3 — Anatomically Derived Simulation of Maternal Trauma in Motor
Vehicle Accident

The third aim of this study was to create and evaluate a computational simulation
for the study of maternal trauma. This simulation was based on finite element analysis of
an Maternal trauma is a serious source of mortality and morbidity for both pregnant
mothers, and their fetuses. Maternal trauma occurs through several modes: accidents such
as falls, violence, and most frequently automotive. The most common pathologies are
placental abruption, where the placenta is prematurely separated from the uterus, fetal
skeletal injuries, which can include fractures of the neck and skull, and fetal organ
injuries, such as brain damage and injury to abdominal organs. Maternal trauma is
relatively difficult to study due to ethical and logistical issues inherent to obtaining
samples and performing experiments. Computational methods, such as finite element
simulations, are very promising for simulating maternal trauma. Such computational tools

require certain major components to perform: geometry to represent the simulated

4
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system, material data for the simulated materials, and loading conditions to drive the
simulation. The goal for this study was to contribute to the state of the art in each of these
major areas. There is a need for study of mechanical data concerning tissues of
pregnancy, including placenta which is highly related to abruption. Placenta had
previously only been evaluated in tension, and there was a clear need for study of the
stress state dependency of placenta to add understanding of shear and compressive
mechanical responses in this tissue. Furthermore, internal state variable modeling
techniques, particularly those driven by damage correlated structure property
relationships, have shown great promise in modeling properties such as stress state and
strain rate sensitivities, damage, and other complex phenomena. There has been great
success in implementing realistic geometries in human modeling by translating medical
images to anatomically accurate models. To our knowledge, there has not been a publish
model of maternal trauma which uses an anatomically derived model. Our model was
derived from an MRI scan of a 36 week pregnancy, and includes the majority of relevant
anatomy. Our simulation is based on acceleration profiles from a post mortem crash
experiment where 3 pregnant post mortem subjects were evaluated under 20 kilometer
per hour crashes and acceleration data for fetal and maternal anatomical features was
recorded. This data was used to derive velocity boundary conditions for implementation
in our chosen finite element software, Abaqus 6.10-2. Abaqus simulations were carried
out by applying an initial predefined velocity field of 20 kilometers per hour, followed by
our derived velocity boundary condition, which slowed and reversed our model as though

the body was coming to rest and recoiling. Our simulations showed the viability of two
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different implementations of the derived velocities, and a mesh refinement study for 3

different levels of element size.

Background

Maternal trauma in car crash is a significant source of injury, morbidity, and
mortality for both mothers and fetuses. Motor vehicle related mortality in pregnant
women is highest in USA and account annually for about 93,000 cases [1]. Additionally,
the number of fetal deaths since four decades has increased as much as seven time the
mortality of infant deaths [2]. The primary maternal pathology associated with maternal
trauma is placental abruption where the placenta detaches, partially or completely, from
the uterus. This results in serious complications such as hemorrhaging and termination of
pregnancy. The stability of the pregnancy and the successful transfer of nutrients from the
mother to the fetus can also be affected, even under minor levels of abruption. Beyond
the placental aspects of trauma, the fetus can also be directly injured. These injuries
frequently result in death, and have been associated with cognitive and developmental
deficits in surviving individuals.

Maternal trauma is difficult to study with traditional experiments, because of
many logistical and ethical issues. A very small number of studies have succeeded in
using post mortem subjects to create some very valuable data sets, but the availability of
pregnant human cadaveric subjects or tissues is very low or negligible. There is also not a
suitable animal surrogate for use in these studies as only primates are even remotely
similar for crash testing, and chimpanzee research in automotive collisions was ceased
during the 1970s due to ethical concerns balanced against the relatively poor scientific

value caused by anatomical differences.
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Computational simulations have shown great promise in recreating biological
experiments in silico without physical specimens, through the use of finite element
simulations. Finite element simulations of trauma has been studied in various tissues and
organ systems, including brain, liver, and pregnancy. These simulations are based on
constitutive relationships which must capture the mechanical properties of these
biological materials. The material properties can display very complex mechanical
behavior, include simultaneous occurrence of complex phenomena such as
hyperelasticity, viscoelasticity, stress state dependency, damage accumulation,
anisotropy, and other ultrastructural effects, all while sustaining extremely large
deformations. The creation of material models capable of capturing such trends requires
appropriate experimental data and analysis, before mathematical incorporation in the
constitutive relationships. In addition to material properties, finite element analysis
requires three-dimensional geometric meshes which are deformed during simulations.
These geometries can be created using traditional tools for three-dimensional design such
as computer aided design tools, which are essentially basic approximations. It has
recently become more common to use meshes derived from real anatomy, through the use
of meshing tools which convert scans from medical imaging technologies such as MRI or
CT scanning into three-dimensional meshes for direct use in finite element software
packages. The final major component required for a finite element simulation is the set of
loading conditions which will drive the simulation. This study will endeavor to create a
computational simulation of maternal trauma based on medical image derived anatomical

meshes, and material models based on advanced mechanical testing.
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Maternal Trauma (MT) affects 5-8% of all pregnancies and is the leading non-
obstetric cause of maternal death in the United States [3-7]. It is also a source of serious
injury and mortality for the unborn fetus with many life-long consequences caused by
both explicit trauma and emergency preterm delivery.[4, 8-11] The most common cause
of trauma is automotive collisions, with other major causes including violence and falls
[4, 10, 12, 13]. Pregnant drivers involved in vehicular collision can suffer from abruptio
placentae [14-19], placental separation [20], uterine contraction[21], uterine rupture [16,
22, 23], abdominal pain or injuries [18, 24, 25], preterm labor [15, 18, 26], pelvic fracture
[27], fetomaternal hemorrhage [16, 28, 29], vaginal bleeding, maternal tachycardia [18],
“seat belt” injury [29], chest injury, head injury [18], extremity injury, etc. Other
complications include preterm delivery [14, 18], increased risk of fetal hypoxia [30],
fetal skull fracture [31], fetal prematurity [15, 30], abnormal fetal heart beat or rate [18,
21], lower fetal weight [7, 30], fetal growth restriction [15] etc. Risk factors such as
improper restraints or no seat belt use [7, 14, 32-38], vehicular speed of more than 30
mph [14, 21] and absence of airbags [1, 35, 39, 40], are few of the several reasons for the
cause the pathologies mentioned above. The most commonly associated pathology is
abruptio placentae (AP), detachment of the placenta from uterus.[7, 41, 42] AP affects
approximately 1% of all pregnancies, and leads to hemorrhaging and reduction of blood
flow to the fetus, as well as maternal complications including disseminated intravascular
coagulation and renal failure.[4, 41, 43, 44] automotive collisions during pregnancy are
particularly troubling to the clinician, because it is difficult to predict the outcome for the
mother and fetus, and therefore are difficult to effectively treat.[4, 6, 10, 11, 45]
automotive collisions can also cause additional less common pathologies not associated

8

www.manaraa.com



with AP such as amniotic fluid embolism, uterine rupture, maternal or fetal fractures, and
other traumatic fetal injuries.[4, 9, 31, 46-48] Despite these issues, there has been
relatively little research conduted to investigate maternal trauma in automotive collisions
or other traumatic events. Some groups have evaluated the epidemiological side of
maternal trauma, elucidating many interesting trends and increasing our awareness of this
problem [4, 10, 12]. Recently, groups have used computational simulations to study
trauma, including maternal trauma [49, 50]. Research has included experimental studies

to evaluate real-world loading conditions and evaluation of tissue material properties [51-

56].

Anatomy of Maternal Trauma

The placenta is a transient vascular organ that develops during pregnancy [41, 43,
44]. It attaches by microvilli to the uterine decidua and acts, along with the umbilicus, as
a nutritional and respiratory conduit between the mother and fetus. During pregnancy the
uterus increases greatly in size and the placenta and membranes form to protect and

nourish the fetus.
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Mormal placenta Placental abruption

Figure |  Anatomical diagram of placental abruption

The placenta is attached to the inner surface uterus and does not receive direct
support from any boney or ligamentous tissues. This presents an interesting anatomical
situation when it comes to trauma. The transient organs of pregnancy, in particular the
utero-placental junction is not well supported or protected particularly susceptible to
separation, or placental abruption[46, 52]. Figure 1 shows the pregnant uterus and
indicates a common type of placental abruption. This separation can occur due to
physiological complications such as chemical or molecular induced changes in
cardiovascular tissues, or it can occur due to traumatic loading with tears the placenta
away from the uterus[41, 43]. In either event, the damage is not repaired, and there is at
least some loss of blood flow between the mother and fetus. Figure 2 indicates a large

10

www.manharaa.com



clotted area in the placenta. This would not contribute blood flow to the fetus and would
most likely result in fetal morbidity. If the damage is large enough this can result in

termination of the pregnancy and life-threatening maternal hemorrhaging [4, 43].

Figure 2 Placenta showing infarct regions due to abruption

In addition to placental abruption, much other pathology has been reported in the
literature. These include fetal fractures, such as skull and craniofacial damage [31, 57].
There is also the possibility associated traumatic brain injury and potential for central
nervous system damage [48, 58, 59]. Because the fetus, similar to the placenta, is not
directly supported with respect to the bones and other maternal structures, these injuries

can occur even with relatively few maternal symptoms and minor trauma, often causing
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delays in proper clinical interventions due to a lack of indications of fetal morbidities [58,
59].

The head and brain associated trauma is believed to be influenced by the tight fit
of the head in the pelvis during the advanced stages of pregnancy, where the proximity to
bony structures in the pelvis allows the skull to impact with potentially deleterious
results. Even when these traumatic events do not result in fetal death, there is still a risk
for lifelong complications including developmental and cognitive deficits indicative of

traumatic brain injuries.

Issues Facing this Field of Research

MT is difficult to study since in vitro or in vivo testing of physical specimens
carries many logistical and ethical issues. There is not a suitable animal surrogate for
human trauma in automotive collision, because there is not another animal with
sufficiently similar anatomy. Even apes such as chimpanzees are not believed to provide
enough scientific value to this area of research to offset the ethical issues related to
primate research. The availability of suitable pregnant human specimens, including tissue
samples or cadavers obtained through surgeries or post-mortem subjects, is extremely
limited. Despite these difficulties, it is important to have methods for understanding
maternal trauma to provide clinicians and scientists with better information about how
these pathologies occur, and to allow manufacturers of automotive safety equipment to
create safer restraints for pregnant passengers [8, 52]. Computational simulations have
been used with great promise in traumatic injury prediction, especially in traumatic brain
injury which is a potentially serious outcome in almost all automotive collisions, as well

as sports and other common trauma modalities such as accident and violence [60-66].
12
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Previous finite element simulations of pregnant patients has shown promise in helping to
understand the complex injury mechanisms involved in maternal injuries (Figure 3)
including a validation of the advice that pregnant women and their unborn fetus are safer
while wearing a seat belt, which is often disputed among the lay community due to a

belief that the seatbelt poses a greater danger to the fetus [49-51, 67, 68].
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Figure 3 ~ Simulation of maternal vehicular collision by Moorcroft et al. (2003)

Finite element simulations such as these generally require three major
components: a three-dimensional mesh representing the system to be simulated, the
constitutive relationships which describe the material behaviors which occur within the
simulation, and a means of recreating real world loading conditions within the simulation.
The goal of this study is to advance the current state of pregnant trauma simulation by

advancing the research in these simulation components. The ultimate outcome will be the
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creation of a new simulation that is not only and advancement of the current standard, but
also includes the framework and experimental material property data necessary for future
improvements and refinements, especially as simulation and modeling technologies and

techniques continue to rapidly improve.

Major Components of Study
Mechanical and Structural Characterization of Placenta

The first major area of this study was the evaluation of the biomechanical and
microstructural properties of human placenta. This is a vital part in the modeling process,
as the biomechanical experiments provide the data necessary to create the constitutive
relationships which describe material behavior and allow finite element simulations to
operate. Previous MT simulations have used material models based on tensile loading,
and have accounted for the rate dependency of human placenta [49, 53, 54, 56, 68]. It has
been shown in non-biological materials that the loading state and strain rate can affect the
material properties, but relatively little has been done in the biological world to examine
this phenomenon [66, 69-71]. Previous efforts in maternal trauma have not considered
the stress-state dependence of tissue components, which can be a limiting factor in the
accuracy of these simulations since loading is usually complicated and multi-axial [49,
53, 54, 56, 68]. Our studies into the biomechanics of human placenta included evaluation
in tension, compression, and shear, each at three strain rates to simultaneously assess the
rate dependency and stress state dependency of the mechanical response. The
microstructural characteristics of placenta were also investigated through an interrupted
mechanical testing approach, where tissue samples were chemically fixed under load to

capture the changes in morphology due to load. These interrupted samples were then
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processed by sectioning and histological staining for light microscopy. Light micrographs
were further analyzed for qualitative trends.

Modern modeling techniques allow for many complex material properties to be
simultaneously recreated, allowing for realistic modeling and simulation of biological
tissues at an unprecedented level of accuracy. These models have the potential to account
for anisotropy, multi-axial loading, stress-state and strain-rate dependency,
viscoelasticity, and other complex loading scenarios through internal state variables
based on structure properties. These models offer many useful and powerful advantages
over more traditional modeling approaches such as polynomial equations. These structure
property models require information about way in which the microstructure of the
material responds to loading. Microstructure features change under deformation and their
morphology can be, and is often directly, related to the stress-strain status of the material.
With regards to this sort of morphological evolution, placenta has a particularly
interesting microstructure. Since it is comprised primarily of blood vessels of varying
sizes, blood, and connective tissue supporting the blood vessel network, there is a
considerable amount of ultra-structural detail to consider. The blood vessels are
inherently random in orientation, size, and distribution. In general, larger vessels feed
individual lobes, and the entire system of vessels connects to three large vessels in the
umbilicus. This network of vessels accommodates a large volume of blood which shifts
around by cardiovascular pumping under normal circumstances, but is highly susceptible
to traumatic loading.

The micrographs obtained during our mechanical and microstructural

characterization were measured with image particle analysis tools for quantitative
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changes in tissue morphology. These particle derived parameters are known structure
property relationships and will be used with the stress state dependent mechanical
analysis to develop advanced constitutive models of placenta material behaviors. Our
interruption tests showed the microstructure of placenta behaved in different ways under
each of the different stress states. Compressive loading was characterized by a long
shallow toe-in region, during which blood vessels compacted and fluid was pushed out of
collapsing vessels. As loading increased there was an abrupt transition to stiffer material
response, at which point the blood vessels had mostly collapsed and the loading was
dominated by compression of compacted vascular tissue. Further studies will be
necessary to determine the degree of recoverability of this type of loading, as well as the
prospects of complete failure of compressive samples. In contrast, tensile loading
behaved in a manner similar to many well described collagenous tissues, where a toe-in
region characterized by microstructural uncrimping transitions to a linear region of
tension and potential damage. There was a noticeable, but not extremely shallow toe-in
region, during which the blood vessels were stretched and recruited into alignment and
tension followed by a steeper linear region. The linear region was characterized by some
vessel recruitment, with a shift towards smaller particles and increased void space
indicative of a damaged material due to excessive tension. Shear loading was
characterized by a shifting and collapse of vessels along the direction of shear followed
by a load state that resembled diagonal tension at higher strains. These observations are
useful in understanding the tissue behavior under load, and provide valuable insight into

the material phenomena occurring in placental deformation.
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Beyond qualitative observations, modern image management and analysis
techniques allowed quantification of many different values with important implications
for mechanical modeling [62, 66]. Blood vessel elongation and tearing, or collapse and
compaction were measured from interrupted mechanical test specimens through a variety
of morphological parameters derived from the grouping of pixels within an image. These
parameters were then evaluated for correlations to stress-strain phenomenon and
ultimately incorporated into ISV based models to effectively capture real-world material
behavior. Parameters of interest included those related to spacing and distribution such as
Area Fraction and Nearest Neighbor Distance, as these have been correlated to damage
and weakening in liver and brain, as well as non-biological materials[62, 66, 69, 70, 72].
Other important parameters were those describing particle shape and alignment such as
include aspect ratio, major axis orientation, circularity, and roundness. Parameter whose
trends were correlated with mechanical data will be selected as a candidate for ISV
modeling. Essentially, the phenomenological trends of one or more structure property
parameters is used as a variable in one or more driving terms in a constitutive
relationship. This can be advantageous over other sorts of phenomenological models
because the structure properties are capable of better capturing the general internal state
of a material under complex loading, while many other phenomenological models can
only capture uniaxial loading. These models have been used in metal alloy research and
FEA engineering studies to optimize automotive parts and other applications [70, 73-75].

As previously stated, maternal trauma is exceedingly difficult to study through
direct experimentation because of logistical and ethical issues. While accurate

understanding is important, there is no appropriate in vitro surrogate which can address
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all of the important research questions. Human cadavers are difficult to obtain and will
have significantly altered material properties due to post mortem effects. The use of
animal surrogates is unlikely to be feasible. The anatomy of placentation differs greatly
among species, perhaps more than any other organ [76]. Humans have a discoid
hematochorial placenta which is found primarily in primates, and only the large primate
species have anatomy that could even theoretically accommodate an automobile. Since
primate research is arguably more difficult and costly than human research, this is
unreasonable pursue. Other species available for research simply do not have enough
anatomical similarity to warrant involvement in an automotive trauma experiment.
Because of these difficulties, the prospects of computational simulation of trauma are
especially promising for maternal trauma research. With relatively few physical
specimens required, a plethora of questions regarding maternal and fetal injuries and
susceptibility can be addressed. Previous groups have studied maternal trauma using
finite element simulations. Moorcroft showed that pregnant passengers are safer and less
likely to experience placental abruption while wearing a safety belt, as compared to not
wearing a safety belt [49]. This study used a simplified geometry and linear elastic
material properties. They also did not include a fetus, assuming the hydrodynamic forces
of the amniotic fluid dominated placental loading during trauma. While the study does
make considerable simplifications, it effectively validates the safety belt for pregnant
occupants. Our goal was to continue this research approach using anatomically derived
meshes based on medical images, and to include the fetus in our simulation to allow

study of both maternal and fetal trauma.
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Creation of Mesh for Finite Element Simulation

The next major aspect of this study was the creation of an advanced finite element
mesh for use in simulation. The primary goal with creating this geometry was to include
as much relevant anatomy as possible, and to do so in such a way that more complex
anatomy or improvements to the geometry can be made in future iterations of this
simulation. The ScanIP software package facilitates this by allowing for selection of
desired anatomy and progressive increase of additional layers of detail and refinement. In
order to ensure anatomical accuracy of our model, we obtained MRI images of a 36 week
pregnancy from University of Cape Town Medical School (UCT). Images were obtained
in accordance with the UCT Human Ethics and Rights Committee, which is substantially
similar to our IRB. Existing image data from pregnant MRIs were reviewed by
gynecological clinicians, and images from late-term pregnancies with little or no
pathologies were sanitized of all identifying information. Images were then transferred to
MSU facilities to be processed and incorporated into an FEA mesh. Scans consisted of 38
slices obtained at 4mm spacing. These scans (see Figure 4 for select slices) included all

major abdominal anatomy from navel to spine and from the lower ribcage to the pelvis.
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Figure 4  MRI images from 36 week pregnancy

Once obtained, meshes were assembled using the ScanIP software suite
(SimpleWare, UK). ScanIP allows the user to select relevant anatomical features from 2-
dimensional images obtained in a serial stack, and then project those images into a 3-
dimensional mask which can be imported into different CAD programs, or meshed and
imported into FEA programs. MRIs were reviewed and processed to indicate important
anatomical features including skin, muscle, uterus, placenta, umbilicus, fetus, bones, and
spinal cord. Each image slice was manually traced for these anatomical features forming
a set of masters from which further processing necessary for mesh refinement could be
completed. Three dimensional representations of these two dimensional tracings are

shown in Figure 5.
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Figure 5  Mask geometry of pregnant woman created by ScanlP software suite

In order to form a mesh, ScanIP must resample available images in order to be
mesh to a given approximate element size. Resampled images are again manually edited
to address any artifacts related to the resampling process. ScanlP creates a mesh for

export to FEA software packages. Examples of exported meshes are shown in Figure 6.
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Figure 6  Finite element results from simple gravitational loading

Implementation of Post-Mortem Crash Test Subject Data

The final major component necessary for simulation was a set of loading
conditions suitable for recreating trauma. A previous study used post-mortem pregnant
test subjects to evaluate accelerations during a 20 kilometer per hour crash [51]. This
study obtained 3 post-mortem subjects in the 3™ trimester of pregnancy. Preparation for
crash testing included removal of the uterus and creation of a mold, which was then used
to make a ballistics gel cast of the uterus. The uterus cast was loaded with a baby doll and
water to simulate amniotic fluid and fetus. The baby doll was seeded with accelerometers
at the vertex, top of the head, and the buttocks. The wing of the maternal iliac was also
seeded with an accelerometer. The prepared test subject was then placed in a mid-sized
automobile and crashed on a test rail at 20 km/h. The recorded acceleration profiles from
these tests were published and, they form the basis for our finite element boundary

conditions. Acceleration profiles from the fetal vertex and buttocks were digitized using
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the DigiData profile digitization software (Thunderhead Engineering, Manhattan KS).
These acceleration profiles were then kinematically integrated to their corresponding
velocity profiles. These velocity profiles were normed, allowing for easy implementation

in Abaqus simulations as a boundary condition with adjustable amplitude.

Finite Element Simulation Using Collected Data

The anatomically derived mesh created through Scan IP was imported into
Abaqus 6.10 FEA software. The model was assigned basic material properties of linear
elasticity, Poisson’s Ratio, and density, and the interfaces between anatomical features
were joined with a Tie Constraint, which effectively matches the interface between the
surfaces so no movement or friction occurs. A predefined velocity field of twenty
kilometers per hour was applied to the entire model, so as to simulate the beginning of
the published crash profiles at full speed. Two sets of nodes along the front side of the
abdomen were used to approximate seat belts for the implementation of velocity
boundary conditions to serve as the loading criteria for these simulations. The velocity
profiles previously created were applied to the seat belt regions with initial amplitude of
twenty kilometers per hour. The restriction of these nodes along the front of the abdomen
to a crash profile effectively recreated a front impact crash. Two different sets of velocity
profiles were applied to three different levels of mesh refinement to validate the level of
meshing detail in our geometry. Data was mined using a custom Python script for
exporting kinematic and stress-strain data from Abaqus output databases, and then
analyzed using Microsoft Excel to understand the dominant trends in material response
under load, and to verify the level of detail and refinement. This analysis completed the

verification that our meshing and loading conditions approach can simulate a pregnant
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automotive collision. This simulation can now serve as a valuable template for studying
maternal trauma, and retains the potential for improvement and additional layering of
anatomical and material complexity. .

The studies that follow represent a strong basis for a computational simulation of
maternal trauma in motor vehicle accident. The mechanical tests performed evaluate new
and relevant material properties and provide insight not otherwise available in the
literature. The stress-state dependency and microstructural information will aid future
researchers in understanding the complex issue of placental abruption. The MRI derived
mesh and Abaqus implementation are an excellent beginning to an extremely flexible and
powerful tool for studying an otherwise inaccessible research topic. While the current
implementations use simpler material properties, the model can accommodate future
material models based on the structure-property data paired to the mechanical tests. This
project provides the foundation for the implementation of a modern in silico experiment

of realistic geometries, loading conditions, and material properties.
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CHAPTER 11
BIOMECHANICAL AND MICROSTRUCTURAL ANALYSIS OF HUMAN

PLACENTA

Overview of Mechanical Testing in Maternal Trauma

To fully understand and simulate AP from MT, the mechanical properties of the
pregnant uterus, the placenta, and the interface between the two need to be known. The
easiest of these tissues to study, primarily for reasons related to the procurement of the
tissues, is placenta. Pregnant uterus is difficult to get, and non-pregnant uteruses available
following most hysterectomies are extremely different in size and morphology.
Understanding the mechanical properties of the utero-placental junction may prove to be
the most difficult part to understand since intact human samples are not ethically
plausible. Non-human primates have similar placentation, but carry their own significant
ethical barriers. Rodents may represent the best animal model for studying the utero-
placental junction since they share a discoid hematochorial placenta, but they do have
different physiology and bear litters which may introduce complications. Our studies
focused on human placentas, which are readily available and obtained from the
Oktibbeha County Hospital (Starkville, MS) in accordance with the Mississippi State
University Institutional Review Board (IRB) and Institutional Biosafety Committee
(IBC) policies and approvals. Previously published experimental biomechanics studies

have investigated the material properties of human placentas.[53, 54, 56, 77, 78] These
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studies have used tensile testing to evaluate and describe complex biomechanical
properties of placentas including hyperelasticity, strain rate dependence, and
viscoelasticity. To our knowledge, no study has directly investigated the effects of
different loading states (tension, compression, and shear) on a human placenta although
studies have shown that the mechanical behavior of biological materials might vary under
different loading modes [66, 71, 79-81]. Furthermore, we do not know of any studies
which evaluate the microstructure of placenta as it relates to loading or mechanical
response. Our mechanical studies are supplemented with extensive histological and
morphological data including histology of interrupted mechanical tests and scanning
electron microscopy (SEM). This data is important in elucidating the mechanisms
underlying tissue response, and can be incorporated into structure property derived
constitutive relationships which offer many advantages over other phenomenological
modeling methods [60, 66, 69, 70, 72, 73, 82].

In this study, we specifically investigated the mechanical behavior of human
placentas under various stress states and strain rates. The stress state dependence of
human placentas was evaluated by mechanical testing in the tensile, shear, and
compressive loading states. Interrupted mechanical tests were also conducted and
placenta microstructures were analyzed to reveal the intrinsic mechanisms of tissue
behavior under different stress states. The data presented in this study will be used to
develop stress-state dependent constitutive models for use in finite element simulations of
pregnant females in automotive collision or other situations of interest (e.g., pregnant

woman falling). A computational simulation built on thorough and accurate
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microstructure characterizations will yield better predictions, provide in-depth

understanding of injury mechanisms, and assist in corresponding safety designs.

Methods
Mechanical Testing
Sample Preparation

Human placentas from eleven donors were used in this study. All samples were
obtained from uncomplicated singleton vaginal deliveries at Oktibbeha County Hospital
in accordance with the Mississippi State University (MSU) Institutional Review Board
(#08-275). Donating patients were screened for the presence of sexually transmitted
diseases (including HIV, HBV, and HCV) and unclear perinatal history. Samples were
placed in 4 °C Ringers lactate buffered saline (LBS) immediately after delivery and were
transported immediately to MSU Biological Engineering facilities where all tests were
performed in a BSL2 certified laboratory. All tests were performed within 24 hours of
delivery. Note that vaginally delivered placentas were used because placentas obtained by
caesarean delivery are pulled from the uterine wall and are usually already mechanically
damaged by this process. Due to the size limit of the placenta tissue, we were not able to
perform tests for each strain-rate and stress-state condition within a single donor.
However, donor placentas were randomly assigned to loading modalities (tension,
compression, and shear). Within a loading modality, there were between three and four
donors, each donor placenta contributed at least one test to each strain rate.

Specimens were rinsed in LBS and dissected in preparation for mechanical
testing. All samples were prepared such that each specimen was dissected from within a

single placental lobe as previously described.[56, 78] This prevents issues with
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underestimation of placental strength due to the thinner or weaker regions between lobes.
Specimens were dissected to their appropriate shape by scalpel dissection using a guiding
stencil to allow consistent shape. No specimens were frozen prior to testing since we
found that the placenta tissue properties changed greatly after freezing and thaw
procedures. Furthermore, it was observed that specimens quickly degraded after more
than 24 hours so all tests needed to be performed as early as possible. Specimens were
mechanically tested using the Mach 1 Micromechanical Testing System (Biomomentum,
Laval, Quebec, Canada) shown in Figure 7A. Tension, compression, and shear
mechanical tests were performed under three different strain rates to investigate the stress
state dependence of placenta tissue. Each donor was tested in a single stress-state and
contributed at least one test to each strain-rate. All mechanical tests were conducted in a
water bath containing LBS. All tensile and compression tests included a preloading of 1
gram, preconditioning of 10 cycles, and a re-preload of 1 gram upon completion of

preconditioning.
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Figure 7  Mechanical Testing Configuration

Tensile Testing

Dogbone shaped samples (Figure 7B) were prepared with a grip-to-grip length of
40 mm, a width of 10 mm at the center of the dogbone, and a thickness of 5 mm.
Dogbone samples were found to be necessary in achieving appropriate sample failure;
rectangular samples tended to fail at the clamps. Samples were preloaded to 1 gram,
subjected to 10 cycles of 5 grams preconditioning, preloaded to 1 gram, and then pulled

to failure. The majority of the ends of the dogbone specimens were within the grips to
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minimize distortion of strain uniformity, and all tensile specimens failed in the middle
region of the dogbone indicating that the specimen shape served its intended purpose.
The small amount of dogbone shape outside the clamp does limit our uniform strain state
assumption, but was necessary to achieve our desired failure results. Local deformation
tracking could be used to mitigate this issue in future studies. The tensile failure tests
were conducted at rates of 40, 400, and 4000 pm/s (N = 4+ for each rate). In tensile
testing, the displacement rates of 40, 400, and 4000 pm/s correspond to strain rates of

0.001, 0.01, and 0.1 /s, respectively.

Unconfined Compression Testing

Cylindrical samples (Figure 7C) were prepared with a grip-to-grip length of 16
mm and a radius of 19 mm. Specimens were mounted and secured with a small dot of
PermaBond cyanoacrylate ester adhesive (Permabond, Pottstown PA) to prevent slipping
from the compression head. The very small amount of glue did not prevent the specimens
from deforming as unconfined compression. Specimens were preloaded to 1 gram,
preconditioned to 15 grams for 10 cycles, re-preloaded to 1 gram, and then loaded to
3000 grams. Tests were conducted at rates of 40, 400, 4000 pm/s (N = 5+ for each rate).
In compression testing, the displacement rates of 40, 400, and 4000 pum/s correspond to

strain rates of 0.0025, 0.025, and 0.25 /s, respectively.

Shear Testing

Rectangular samples (Fig. 7D) were prepared to have a width of 20 mm, length of
50 mm, and thickness of 10 mm. All samples were prepared such that the shear loading

aligned parallel to the uterine wall. These samples were glued to the shear test setup (two
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parallel tissue mounting plates) using a minimal amount of PermaBond adhesive.
Compressive load between the parallel shear loading surfaces was limited to the
minimum necessary to secure the samples with glue. Samples were sheared to 100 grams
in the positive and negative directions for 10 cycles. The data from the final cycles were
used for analysis, as that data represents the tissue behavior after preconditioning. Tests
were conducted at rates of 40, 400, 4000 um/s (N=5+ for each rate). In shear testing, the
displacement rates of 40, 400, and 4000 um/s correspond to strain rates of 0.004, 0.04,
and 0.4 /s, respectively. Data was recorded at sampling rate of 100 /s. All data was

processed for further comparison using a custom software tool [66, 71].

Mechanical Data Analyses

Raw data were first analyzed by engineering stress and engineering strain in each
stress state at each displacement rate. For tension and compression, the engineering stress
was calculated as the loading force over the undeformed cross-sectional area, and the
engineering strain was calculated as the displacement divided by the initial grip-to-grip
distance (gauge length at 1 gram preload after preconditioning). The engineering stress
and engineering strain were then converted to true stress and true strain using the

following formulas:

Otrue = Ueng(l + seng) (1)
Etrue = ln(l + geng) (2)
Where 0,p4 and &.,4 are the engineering stress and strain, and 0y, and ;¢ are the

true stress and strain, respectively. For these formulas, tensile strain is positive, and

compressive strain is negative. These formulas also assume material incompressibility.
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The incompressibility assumption is limiting because our test setup allows for fluid to
flow in and out of the tissue, which will have major implications for compressibility.
Further investigation of Poisson’s ratio is necessary to better understand this property of
placenta.

For shear testing, engineering shear stress was defined as the shear load over the
area of contact surface, and engineering shear strain was defined as the change in shear
angle (the shear plate displacement over the thickness of sample). In order to accurately
compare shear data to compression and tension, an effective stress conversion, based on

classical Von Mises stress definitions, was applied to shear stress and strain as follows:

Otrue—shear = O12V3, 4)
Etrue—shear = €123 (5)
This modification to shear can be directly compared to principle stresses such

compression and tension, as their converted Von Mises stress is unchanged.Similar to
other types of soft tissues,[83, 84] the stress-strain curve of placenta tissues consists of a
nonlinear region and a linear region. For each mechanical test, a linear fit was applied in
the linear region of the stress-strain curve to determine the slope and x-intercept of the
fitted line. The slope of this fitted line represents the tissue’s tensile, compressive, or
shear modulus in the linear region (large strain elastic modulus) and the x-intercept

represents the tissue’s extensibility.[84, 85]

Mechanical Data Results

The experimental data were organized by the stress state to assess the strain rate
sensitivity of human placenta tissue (Fig. 8). We found that placenta exhibited a strain
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rate sensitivity in all three loading states (tension: 0.001, 0.01, and 0.1 /s, Fig. 8A;
compression: 0.0025, 0.025, and 0.25 /s, Fig. 8B; shear: 0.004, 0.04, and 0.4 /s, Fig. 8C).

The larger applied strain rates incurred stiffer (higher stress) tissue responses.
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Figure 8§  Strain Rate Comparison

To better assess the stress-state dependence of human placenta tissue, the
experimental data were further organized by the strain rate domains. Significant stress
state dependences were exhibited in the placenta for all the examined strain rate domains,
i.e., the strain rate domains of 0.001 /s - 0.004 /s (Fig. 9A), 0.01 /s - 0.04 /s (Fig. 9B), and

0.1 /s - 0.4 /s (Fig. 9C).
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Figure 9  Stress State Comparison
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The large strain modulus and extensibility of the placenta tissue were compared
among different stress states at various strain rates (Fig. 10). For all three strain rates, the
large strain modulus showed an increasing trend in the order of shear, compression, and
tension (Fig. 10A), and the extensibility showed a decreasing trend in the order of shear,
compression, and tension (Fig. 10B). It is important to note that, while total deformation
of tissues was quite large in compression and shear, failures were not always observed.

Because of this, the reported large strain moduli of compression and shear were possibly

underestimated.
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Figure 10  Stress-State and Rate Dependence of Maximum Tensile Elastic Modulus and
Extensibility

Statistical Analysis

All experimental data were presented as mean + standard deviation. One Way
Analysis of Variances (ANOVA) was applied for statistical analysis (SigmaStat 3.0,

SPSS Inc., Chicago, IL). Comparison among groups was considered significantly

different at p < 0.05.
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Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was performed to visualize the
microstructure of placentas. Samples were prepared by common SEM preparation
methods. Briefly, specimens were fixed in Karnovsky’s Fixative (2% paraformaldehyde,
2.5% glutaraldehyde, in 0.1M Phosphate Buffer). Samples were further fixed in 1%
osmium tetroxide and then dehydrated in a critical point dryer (Polaron E 3000 CPD).
Dried samples were sputter coated with gold-palladium and observed using a Zeiss EVO

50 SEM (Zeiss, Thornwood NY) equipped with a LaB6 electron gun and secondary

electron detector.
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Figure 11 Scanning Electron Microscopy of Human Placenta

SEM micrographs (Fig. 11) of the human placenta showed a highly randomized size and
distribution of small blood vessels. These vessels varied greatly in alignment leading to a
very tortuous (Fig. 11A, B) and entangled (Fig. 11C, D) network.

Interruption Mechanical Testing and Histology

Interruption mechanical tests were performed to reveal the microstructure
evolution of the placenta tissue as the applied load increased. Samples were prepared, as
described earlier, for each stress state. After being mounted in the appropriate
configuration for their stress state, each sample was deformed to a desired engineering
strain value and held at that strain; the water bath was replaced with 10% neutral buffered
formalin and the sample was allowed to fix for 24 hours. The interrupted mechanical tests

were performed at two strain levels for each stress state, the first near the transitional
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region (heel region) of the nonlinear stress-strain curve (22.3%, 35.7%, 39% true strain
for tension, compression, and shear, respectively), and the second in the linear region of
the stress-strain curve (40.5%, 91.6%, 79% true strain for tension, compression, and
shear, respectively).

After fixation, samples were prepared for histology analysis. Samples were
embedded in paraffin and cut into 5 pm sections. Samples were then stained with
Haematoxylin & Eosin (H&E) and examined by light microscopy (Nikon EC600) to
assess internal microstructure changes in response to the external loading, especially the

alteration of blood vessel alignment and morphology.

Figure 12 Histology of Interrupted Tension Tests

37

www.manharaa.com




The interruption mechanical tests (Fig. 12, 13 and 14) showed that the human
placenta tissue exhibited various microstructure behaviors in response to different loading
states. The undeformed placenta consists of a relatively disordered network of blood
vessels of different sizes with little or no preferred direction and the surrounding blood
cells (Fig. 12A, 12B). Under tension, as the deformation increased to 22.3% true strain,
the blood vessels, especially the larger vessels, were kinematically recruited into tension
and align along the primary loading axis (Fig. 12C, 12D) much like texture in synthetic
polymers. This motion from an initially isotropic orientation to a preferred orientation is
the so-called texture effect in which the kinematics from the loading direction reorients
the material (blood vessels). An increase in the appearance of intervascular spaces has
also been shown (Fig. 12C, 12D). As the tensile strain neared failure at 40.5% true strain,
only the largest vessels were still aligned to the direction of loading, while the smaller
vessels appeared to have failed, allowing them to return to a recoiled configuration (Fig.
12E, 12F). At 40.5% true strain, the intervascular spaces further increased (Fig. 12E,

12F).
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Figure 13  Histology of Interrupted Compression Tests

Placenta microstructure also showed blood vessels to have a relatively circular
cross-section in the undeformed state (Fig. 13A, 13B). As the compressive strain
increased to 35.7% true strain, the vessels began to collapse, with the vessel cross-
sections deformed into elliptical (or elongated) shapes, and the long axes of elliptical
(elongated) shapes aligned perpendicular to the loading direction (Fig. 13C, 13D), again
following kinematic constraints similar to texture evolution in polymers. At 91.6%
compressive true strain, the vessels were highly collapsed and elongated, as well as
compacted to the point of having almost no space within or between vessels (Fig. 13E,

13F). The intervascular space was tremendously reduced at 91.6% compressive true

strain.
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Figure 14 Histology of Interrupted Shear Testing

Microstructure evolution under shear showed a diagonal vessel alignment towards
the shearing direction driven by the kinematics, as well as the presence of vessel
morphologies similar to that of tensile and compressive microstructure in local regions
(Fig. 14). As the shear loading increased to 39% strain, regions of vessel collapse and
intervascular space growth were observed (Fig. 14C, 14D). At 79% shear strain, vessels
were highly aligned along the diagonal direction of load with significantly larger

intervascular spaces (Fig. 14E, 14F).

Conclusions

The data reported here indicates that the mechanical response of placenta is very
different among stress states. Placenta is much stiffer in tension than in compression, and

compression is much stiffer than shear. Furthermore, the strain rate dependent stiffening
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of placenta was shown for all three stress states, and this behavior had only been shown
in tension. These differences in mechanical response are motivated by differences in the
microstructural evolution, and this manner of phenomenon had never been captured in
placenta. This extends the state-of-the-art in placenta biomechanics to include the level of
experimental investigation necessary for capturing certain complex effects in constitutive

modeling and finite element simulation.
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CHAPTER III
IMAGE DERIVED STRUCTURE PROPERTY RELATIONSHIPS

OF HUMAN PLACENTA

Background

Finite element analysis is the best option for performing economical experimental
analyses for many systems [86-90]. Biological systems such as disease or trauma can take
extreme advantage of finite element analysis because of the cost of computation versus
the cost of physical experiments which use human tissues or cadavers. This is particularly
true in the case of maternal trauma, where the pregnant mother and her fetus are
susceptible to injuries not possible in normal human trauma such as fetal trauma,
placental abruption, and maternal hemorrhaging [91, 92], are extremely difficult to
recreate or study even in physical specimens. Motor vehicle collisions accounts for
almost 80% of all maternal trauma cases where the mother is susceptible to all traumas
normally associated with motor vehicle collisions, as well pregnancy specific injuries.
Motor vehicle collision is also the foremost reason for non-obstetric fetal death [20, 27,
93-102] with injuries potentially involving gastrointestinal, cardiovascular, pulmonary,
and neurological systems [39, 92, 103]. An unfortunate fact regarding diagnosis of
trauma in pregnancy is that the extent of maternal injury is not a strong indicator of fetal
injury; serious fetal injuries may not be identified quickly or appropriately due to an

apparent lack of maternal issues [92, 104, 105]. Further understanding of this complex
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pathology is important for improving the safety of pregnant passengers, as well as the
diagnosis and treatment of injuries following traumatic events in pregnancy. There is
very little availability of ethically obtained late term pregnant cadavers for research, and
making computational models for understanding and preventing such injuries the most
promising option for studying these injuries or developing safety equipment specific to
these situations.

These types of computational simulations are still relatively nascent, having many
extremely complex behaviors to understand and recreate. Loading conditions in
biological systems can be very complex with many multi-axial components [106-124].
Development of constitutive relationships which are capable of capturing the large
number of mechanical behaviors seen in biological materials is a major area of research
[125-130]. Biological materials display behaviors such as viscoelasticity and rate
dependency, which are thought to be dominated by the combination of viscous fluid and
elastic solid structural components [131-142]. These biphasic components lead to internal
friction and stiffness which varies with strain rate [143-149]. They also display
phenomena such as anisotropy and stress-state dependence related to alignment of
ultrastructural features such as collagen or elastin fibers, blood vessels, fluids, and other
tissue features [150-153]. The native alignment of structural fibers can be highly
anisotropic [114, 119, 128, 133, 152, 154-159], which is particularly important given the
frequency of multi-axial loading seen in biological systems. Beyond the native alignment,
the microstructural response to loading can manifest in many interesting ways such as
uncrimping or alignment of disordered fibers in tension, or as compaction and collapse in
[112, 119, 145-149]. Beyond the sub-failure behaviors, microstructural and
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macrostructural damage are also important to study. All of these behaviors are
challenging to describe and require innovative models to recreate.

Interrupted mechanical testing can be used to capture the microstructural behavior
of materials under deformation. This method consists of the interrupting of a material
under deformation on a mechanical testing machine, and then fixing the microstructure of
the material under that deformation (chemically fixed in case of biological tissues) [145-
147]. In the case of metals or plastics this is frequently achieved by loading the material
into the “plastic region”, and then the deformed region is viewed under a desired
microscopy method, such as scanning electron microscopy or transmission electron
microscopy. In biological materials the material, a specimen of human placenta in this
study, is deformed to a desired level and the crosshead on the machine is stopped and
held at the same position until removed from the setup. The solution of phosphate
buffered saline is removed from the water bath and replaced with a solution of fixative, in
our case a 10% formalin mixture, and the tissue is allowed to fix under deformation
overnight. The tissue specimen is then removed from the testing apparatus and prepared
for microscopy. The type of microscopy preparation is important because different
methods reveal different aspect of tissue morphology. Scanning electron micrographs can
offer interesting insight into the microstructure, but because the observer sees an exposed
face many features end up in somewhat different focal planes. This perspective changes
in size which might cause issues in particle analysis. Even when the specimen face is
exposed by cryosectioning, the exposed face may not be perfectly perpendicular to the
microscope objective. These facts make SEM exceptional for observing microstructure

qualitatively, but make quantitative analyses questionable. Transmission electron
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microscopy in biological tissues is questionable because of the relative size of the region
of interest; individual cells are approximately 10 microns in diameter while relevant
structural features such as extracellular matrix fibers can be much larger. Traditional
histological sectioning and staining methods are another option for observing
microstructure.

We have already established the qualitative microstructural details (qualitative)
and stress state dependency of the human placenta tissue in tension, compression and
shear in our previous study [146]. As a follow up, in this study, we present the correlation
of the obtained mechanical data with morphological and particle spacing quantification

via interrupted testing method.

(Area)
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Table 1 Formulations for ImageJ Shape
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The particle analysis tools in such software packages as ImageJ (National
Insititute of Health, Bethesda MD) allow for micrographs to be mined for valuable data
reflecting microstructure changes, especially the microstructure evolution under
mechanical loading. These tools measure the distribution of grouped pixels, which are
recognized as particles, and provide important numerical parameters related to the shape
and alignment, as well as the spacing, of these particles.

Important parameters will include those which describe shape including aspect
ratio, solidity, circularity, and roundness. The mathematical formulations for these shape
descriptor parameters are summarized in Table 1. Solidity indicates the amount of
concavity in a particle. Aspect ratio, circularity, and roundness all indicate describe a
particle’s elongation by relating it to such particle measurements as major and minor axis
lengths, area, and perimeter. Both roundness and circularity are formulated so that a
perfect circle will have a value of 1.0 and as the object is more elongated or has more
tortuous features the value decreases, essentially scoring the closeness of a particle to a
circle. Aspect ratio is a simple comparison of the long and short axes of an ellipse drawn
around a particle and gives an idea of how elongated a particle is. Because external loads
can cause particles to collapse and compact under compression or extend stretch out in
tension, each of these descriptors can provide important insight into a particle’s shape.
Beyond the particles’ shapes, alignment of microstructural features can change
dramatically with external loading. The angle of a particle’s major and minor axes can be
measured to offer insight into the shifts in features, and the deviation of this across
particles can indicate how completely recruited the particles have become. This has

interesting potential in biological materials, where a net tissue response is actually the
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results of millions features at different ultrastructural levels. In the relatively simple
example of tendon, individual microscopic collagen fibers are recruited as the entire
tissue structure comes into tension. In the tendon example this fiber recruitment is
believed to simultaneously include uncrimping of the least recruited fibers, alignment
shifts of the more recruited fibers and the stretch with possibility of failure for the most
recruited fibers. We believe a similar, albeit less organized, phenomenon is occurring in
placenta and can be quantified through angle measurements taken during particle
analysis.

Another aspect of microstructure that is important to consider deals with the
spacing of particles, and the change in that spacing due to external loading. This one of
the primary approaches for assessing damage in more traditional materials science when
particle analysis techniques are used to characterize the microstructure. A customized
tool built by our materials science collaborators will be employed for this portion of the
particle analysis. Spacing parameters chosen for use in this study will be Number of
Objects, Solid Area Fraction, and Nearest Neighbor Distance. Number of objects simply
counts the distinct particles in the region of interest and returns the total, which is useful
for understanding change in structure but cannot account for size of the particles
involved. Solid Area Fraction is the total amount of particle area divided by the total
amount of image area, and is often useful for indicating an increase in voids due to
tension and shear, or a collapse of voids and cavity structures due to compression.
Nearest Neighbor Distance gives the shortest straight-line distance to the centroid of

another particle in the image, directly relating to the spacing of particles. Nearest
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Neighbor Distance is usually expected to increase with tension and decrease with
compression.

The data generated through this process is most valuable for use in constitutive
modeling. Traditional constitutive relationships are not suitable for capturing many
complex phenomena seen in biological materials, such as viscoelasticity, plasticity,
hyperelasticity, strain rate dependency, stress state dependency, and other behaviors
driven by the hierarchical ultrastructure of these tissues [160]. Internal state variable
(ISV) based models have shown success in modeling many complex material behaviors
through a powerful mathematical process which uses partial differential equations to
simplify the behaviors to a minimum number of terms by describe behavior through a set
of inputs and outputs using state variables, rather than through a large and complex
system of equations based solely on inputs and outputs [149, 161]. These models can be
configured such that a desired behavior is assigned a vector-based state space and can be
considered to move along a corresponding axis in this state space. This vector term is
driven by inputs and outputs and allows for related but mathematically non-compatible
terms to be combined in order to describe one of these complex material behaviors.
Recently, ISV models have been successfully used in the modeling of biological tissues
such as artery, heart valve, skin, and growing tissues [138, 152, 162-166]. Several of
these studies have incorporated data derived from micrograph studies as ISV terms in
their models. The data gathered in this study will be highly valuable in developing these

types of models for human placenta.
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Methods
Interruption testing

Interrupted mechanical tests (tension, compression and shear) were performed as
described in our previous studies [145-147]. Testing was carried out in water bath using
Ix phosphate buffered saline (Sigma-Aldrich Co., St. Louis, MO) at 37 °C. Specimens
were preloaded to 1 gram, preconditioning of 10 cycles at 10% strain, and a re-preload of
1 gram. Briefly, specimens were loaded to, and held at, desired levels of engineering
strain (see Table 2 for details) at a constant deformation rate , using the a 10 kg load cell
(with accuracy up to £0.00005 kg) on the Mach-1™Micromechanical uniaxial testing

machine (Biomomentum, Laval, Quebec, Canada).

Tension 25%  22.3%
50%  40.5%

Compression 30%  35.7%
60% 91.6%

Shear 50%  86.6%
100% 173.2%

Table 2 Strain levels for Interruption Tests

Interrupted mechanical testing of human placenta samples were carried out as per

the mentioned strain levels. Samples were fixed using 10% neutral buffered formalin at
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the various strain levels and microstructural analysis was performed to calculate various
morphological characterizations.

After reaching the desired strain level, the test was stopped and the saline was
removed from the water bath. The sample remained intact in the clamps and on the
testing machine during this process. The water bath was then refilled with10% neutral
buffered formalin (Sigma-Aldrich Co., St. Louis, MO) to fix tissues structures.
Specimens were then allowed to fix for twelve hours, and removed from the mechanical
testing system and further prepared for histological examination. Specimens were
embedded in paraffin, sectioned to 5 pm, and routine Hematoxylin and Eosin staining

was performed.

Light Microscopy

As previously described, the sectioned and stained slides were observed using
light microscopy [146]. Micrographs were captured at 100x as 12-bit RGB tagged image
file (TIF) at a resolution of 2592x1944. Images were then selected based on area of

interest, fiber alignment and other characteristic features.

Qualitative Particle Analysis

Images were analyzed qualitatively do identify potential trends in microstructural
evolution, which could then be used to identify the best parameters for further
quantitative analysis. The primary analysis involves identifying the key tissue features
(such as fiber alignment, area fraction etc.) and any aspect of their morphology (e.g.
shape change or elongation) which could adversely affect quantitative analysis [167]. In

particular, we were interested in the differences in the blood and blood cells as compared
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to the blood vessels of the placenta. This is because biphasic (elastic and viscous) nature
of human placenta likely plays a major role in its biomechanical properties [146],
contributing such phenomena as viscoelasticity [53, 168-170] and stress-state
dependence.

The trends being for which we analyzed include, but are not necessarily limited
to, changes in the shape, elongation, and alignment of the tissue features, as well as
changes in the spacing, compaction, and area fractions of the tissue features. These types
of morphology changes are often useful in understanding microstructural evolution.
Correlation of these morphological parameters, along the mechanical data will help
constitute a leap towards constituting a structure-property relationship, and overall

understanding of the internal mechanics of human placenta tissue.

Quantitative analysis of Histological Micrographs

ImagelJ software (National Institute of Health, MD) was used for morphological
quantitative assessment of the histological images. A custom image analysis tool, CAVS
ImageAnalyzer (Center for Advanced Vehicular Systems, Mississippi State University),
developed by our collaborators was used for spacing and area fraction analysis. In order
to quantify or process the microstructural features of these obtained images, they must be
prepared or formatted in a specific and tailored way. The tools used in this study require
that images are converted from 8 or 12 bit format to a binary format, which allows the
tools to recognize and analyze particles. This is accomplished by thresholding the image
so that any pixels above a desired saturation value are converted to white, and all pixels
below the desired saturation value are converted to black. If the threshold level is

appropriate, this approach highlights the desired tissue features as white on a black
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background or black on a white background as is desired. When attempting to highlight
and separate particles, a simple threshold may not best capture all the features. One issue
with simply thresholding an image is the connection of particles which should not be
considered connected for the purposes of image analysis; adjacent particles maybe
detected as one, and thus will be analyzed incorrectly in further analysis. Another
common issue occurs when the thresholding fails to convert all or some portion of a
desired feature to a binary particle. This often happens at the edge of particles where the
intensity values transitions into the voids. Similarly, features which are not desired may
be converted into particles, such as red blood cells in vascular tissue. While blood cells
do contribute to viscosity and other fluid mechanics aspects of blood, they are not a major
part of the solid phase mechanics but are likely to be identified as solid in a simple
thresholding. To address the artifacts created by applying a threshold to the entire image,
we have decided to trace the key features so that only the relevant morphology is
converted to particle data.

To accomplish this, the Gnome Image Manipulation Program (GIMP Project,
Groton MA) was used. 12-bit RGB TIF files of the previously obtained light microscopy
micrographs were imported to GIMP and converted to .XCF file format, the native image
format for GIMP, and a new image layer with a transparent background was created
above the original image layer. The desirable morphological features were traced in fully
saturated black (0,0,0 in the RGB channels) using the circle brush tool. To aid in the
accuracy and feasibility of this tracing, a Wacom Cintiq 22HD Pen Display tablet

monitor was used. This tablet monitor greatly increases the accuracy and speed with
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which a researcher can trace morphological features, when compared to a conventional
mouse or trackball input device.

For the human placenta, the primary morphological features of interest are the
blood vessels and connective tissues which comprise the solid portion of this biological
material. The features we wished to exclude from selection were the red blood cells and
unstained voids, which represent the liquid portion of the tissue. Blood vessels and
connective tissue were traced as described above, so that individual blood vessel
structures would be separate particles under image analysis, even if those particles were
essentially adjacent despite being distinct features. Once all particles in a given
micrograph had been traced, the traced layer was isolated and exported again as a TIF.
The result of this process is a TIF image file with all the relevant morphology appearing
as black objects on a white background. This process was repeated for all light

micrographs previously discussed.

Morphological Measurements

The image files created during the preparation for analysis were imported Imagel
software (National Institute of Health, Bethesda MD) for particle measurement and
analysis. As previously stated, the Analyze Particles function in ImageJ requires binary
images, and the TIFs imported are in 8-bit RGB format. Imported images were converted
to 8-bit gray scale, and then the Threshold tool was used to complete the process of
conversion to binary. The exact value of thresholding is not relevant because, while the
imported images are in an 8-bit format, the actual pixel values are either 255 or 0 as a
result of the tracing settings; any threshold value between 1 and 254 will yield an

identical binary image for analysis. After conversion the Set Measurements tool was used
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to select the following measurement options: Area, Perimeter, Aspect Ratio, Solidity,
Circularity, Roundness, and Corrected Angle. The Analyze Particles tool was used, and

the results data were copied into Microsoft Excel for processing and data analysis.

Spacing Related Measurements

The CAVS ImageAnalyzer was used to analyze Number of Objects, Solid Area
Fraction, and Nearest Neighbor Distance. All traced micrographs used in the
morphological measurements were loaded into the CAVS Image analyzer. This software
kit features a scale bar tool for calibrating actual size to particles. A non-edited image
with an intact scale bar was used to calibrate our testing, and values of 200 um per 504
pixels were used. The desired measurements were selected and the software kit processed

and output the data to a Microsoft Excel compatible text file.

Data Processing and Analysis

The data from the ImageJ “Analyze Particles” tool was further analyzed in Excel
to observe quantifiable trends in morphological parameters. Data was analyzed by
averaging and taking the standard deviation of a desired parameter across the entire pool
of particles. This process was completed for each desired shape descriptor. Because
smaller particles may be features which are sectioned so they cannot be observed or
possibly damaged an no longer bearing load, a simple filter for minimum particle size
used. This filter process was repeated for each parameter in all images with levels of 0,
1000, 2000, 3000, and 4000 pm?. This allowed us to isolate the larger and more dominant

features in our images. Column charts were created to display data for shape parameters
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across three strain levels, and compare across all five filter levels, and then repeated for
each stress state.

The data from the CAVS ImageAnalyzer was also processed in Excel to better
understand the quantifiable aspects of the microstructural spacing. Data for Number of
Objects, Solid Area Fraction, and Nearest Neighbor Distance were organized so that each
parameter could be compared across strain levels within a stress state. Column charts

displaying this data were created.

Results

Light Microscopy

55

www.manharaa.com




Figure 15 shows light micrographs of interrupted tensile tests. Figure 15, panel A-
C shows undeformed specimens. Figure 15, panel D-F are specimens which were
interrupted at 25% engineering strain. Figure 15, panel G-I are specimens interrupted at
50% engineering strain. Figure 16 shows light micrographs of interrupted compressive
tests. Figure 16, panel A-C shows undeformed specimens. Figure 16, panel D-F are

specimens which were interrupted at 30% engineering strain. Figure 16, panel G-I are

specimens interrupted at 60% engineering strain.

Figure 16 Light Micrographs of Interrupted Compression Tests
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Figure 17 shows light micrographs of interrupted shear tests. Figure 17, panel A-
C shows undeformed specimens. Figure 17, panel D-F are specimens which were
interrupted at 50% shear strain. Figure 17, panel G-I are specimens interrupted at 100%

shear strain.

Figure 17 Light Micrographs of Interrupted Shear Tests

Qualitative Analysis

Our qualitative analysis yielded some morphological trends for each stress-state

being evaluated. Micrographs of interrupted compression tests showed a strong tendency
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for the blood vessels to compact and collapse. Vessels appear to align against the
direction of compression, with a noticeable decrease in the space between vessels. At the
lower level of compression there is a marked increase in vessel alignment against the
loading axis, and some but not all spaces between vessels have collapsed or been
reduced. At the higher level of compression, the alignment is even stronger and the space
between the vessels has almost completely collapsed across all images. These trends are
reasonable when considering how hollow structures can compact and flatten under
compressive loading. As it relates to quantification, the elongation of vessels can be
shown through parameters such as aspect ratio, roundness, and circularity. The alignment
of the vessels perpendicular to the loading direction is likely to manifest in corrected
angle of major axis and the recruitment of those vessels into the elongated morphology to
show a reduced standard deviation of corrected angle of major axis. The general
compaction may also be observed through an increase in the total area fraction of the
particles.

Micrographs of interrupted tensile tests showed a somewhat reversed trend to the
compressive samples. Tensile samples appear to show alignment of the vessel structures
parallel to the direction of loading. They extend and elongate with the loading axis, and
the spaces between vessels appear to increase. In the lower level of tension the large
vessels appear to have aligned with the loading axis, and the overall space between
vessels appeared larger. The smaller the vessels in this image series, the less aligned they
appeared to be. This trend may be indicative of damage events where vessels break and
can no longer remain aligned with the direction of tension. It may also simply be that

those smaller vessels were out of plane with the microtome during histological sectioning
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which could cause a vessel that is relatively well-aligned with the loading direction in
three-dimensional space to appear as a smaller and less aligned particle when captured in
a two-dimensional slice that is only five microns in thickness. In keeping with the
trending relationship to compressive loading, the elongation with the direction of loading
is likely to show as an increase in averaged aspect ratio and the aspect ratio driven
parameters circularity and roundness. The progressive recruitment of vessels through
tensile loading may be apparent through both the average and the standard deviation of
the corrected angle.

Interrupted shear specimens show a somewhat hybridized combination of tensile
and compressive trends. At lower levels of shear strain there appears to be some
compaction and alignment towards the loading direction, somewhat similar to
compressive loading conditions. As the loading increases to the higher level of shear
strain, there is a marked elongation and diagonal alignment of the larger vessels towards

the shearing direction, in a manner similar to higher levels of tension.

Quantitative Particle Analysis

Figure 18 shows tracings micrographs of interrupted tensile tests. Figure 18, panel
A-C shows undeformed specimens. Figure 18, panel D-F are specimens which were
interrupted at 25% engineering strain. Figure 18, panel G-I are specimens interrupted at

50% engineering strain.
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Figure 18 Tracings of Interrupted Tensile Test Micrographs

Figure 19 shows tracings of micrographs of interrupted compressive tests. Figure
19, panel A-C shows undeformed specimens. Figure 19, panel D-F are specimens which
were interrupted at 30% engineering strain. Figure 19, panel G-I are specimens

interrupted at 60% engineering strain.
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Figure 19 Tracings of Interrupted Compression Test Micrographs

Figure 20 shows tracings micrographs of interrupted shear tests. Figure 20, panel
A-C shows undeformed specimens. Figure 20, panel D-F are specimens which were
interrupted at 50% shear strain. Figure 20, panel G-I are specimens interrupted at 100%

shear strain.
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Figure 20 Tracings of Interrupted Shear Test Micrographs

These images represent the blood vessel portions of the placenta and are the final
preparations for image analysis. Each image was hand-traced by the same researcher to
ensure that, at least within this sample group, there is little to no variation in selection
methods and, therefore, these are the best available images for obtaining quantitative
particle analysis data. All twenty one images, undeformed images were the same for all

three groups, are represented in the subsequent quantitative data.
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Figure 21 Particle analysis results for spacing parameters

Quantitative Results

Figure 21 shows spacing parameters for each stress state organized with the
undeformed, strain level 1, and strain level 2 indicated by blue, red, and green;
respectively. This data is extremely compelling, especially since the analytical processes
used in spacing analysis are somewhat simpler than morphology and shape analysis, but
the trends appear to be stronger than some of the morphological trends described later.
Tension had interesting trends in all three shape descriptors, especially when each is
considered in the context of the other 2. Solid Area Fraction appears to decrease as
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tension increases, which is logical for tensile loading increases and the space between
microstructure features increases. Number of Objects shows a decrease from undeformed
to 25% engineering strain and an increase from 25% to 50% engineering strain. This is
interesting as the number of objects increases while the total space covered by objects
decreases. Figure 22 includes a particle size comparison for each tensile strain level, and
we can see that the average particle size is highest at 25% tensile strain, and actually
lowest at 50% strain. A larger number of smaller particles, as indicated by this data, may
be the result of large load bearing structures coming into alignment at lower strains, and
those same structures undergoing damage and fragmenting into smaller structures at
higher strain. Nearest Neighbor Distance also follows this logic with an increase in
neighbor distance caused by the relatively longer distance between larger particles at 25%
tensile strain being a symptom of the fact that Nearest Neighbor Distance does not
normalize for particle size. The large number of smaller scattered particles at 50% tensile
strain would be on average closer to their nearest neighbor once damage had fully
occurred. Overall, spacing descriptors across our tensile strain levels indicate a trend of
increasing of total void space and a fragmentation of larger particles consistent with

traditional understanding of accumulated tensile damage in material science research.
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Figure 22 Morphological Particle Analysis Results for Tension
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Spacing parameters for compression, shown in figure 21, are also compelling,
with a steady increase in the Number of Objects being the most profound trend
demonstrated. This fits extremely well with conventional understanding of compressive
loading where structures collapse and decrease in size while compacting, which
ultimately fits more structures in a given volume of material. Solid area fraction actually
decreases at 30% compression before returning to nearly the equivalent of undeformed at
60% compression. At first this is somewhat puzzling because of compression would most
likely show a steady increase in solid area fraction, but when taken in the context of
particle size shown in figure 23, we see that particle size has decreased to essentially
complete saturation by the point of 30% compressive loading. Nearest Neighbor Distance
consistently decreases with increasing compressive loading, consistent with a larger
number of smaller and closer objects at the highest levels of compaction and
compression. This trend of fully collapsed particles at 30% compression continuing to
compact on each other at 60% compression is reasonable and may account for the Solid
Area Fraction’s down and then back up behavior. Furthermore, there are some regions in
our 30% compression micrographs where nearby particles appear to have an almost
puzzle piece fit, but a gap which separates them. While difficult to confirm, this may be
an artifact of our testing protocol wherein some elastic recovery occurred between
structures, but was not recovered within the structural features themselves. Such behavior
would be consistent with drop in Solid Area Fraction and a simultaneous drop in Particle
Size. The steady drop in Nearest Neighbor Distance even with the counterintuitive drop
in Solid Area Fraction could be explained by the large number of smaller particles being

more evenly and therefore closely distributed. The combination of the spacing and the
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shape descriptor results indicates that compressive loading causes placental
microstructures to collapse and compact onto each other, as is seen in compressive

loading of other materials such as brain.
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Figure 23 Morphological Particle Analysis Results for Compression
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Shear loading trends for spacing parameters, shown in figure 21, indicate some
very interesting trends, especially when considered in the context of our compression and
tension analysis. As shear loading increases from undeformed to 50% shear, there is a
large increase in number of objects, a decrease in average particle size is seen in figure
3.24, a small decrease in Solid Area Fraction, and a larger decrease in nearest neighbor
distance. These trends are extremely similar to those shown for spacing descriptors in
compressive loading as compression increased from undeformed to 30% compression. It
is possible that a similar trend of vessel collapse at lower strain levels exists between
shear and compression. As shear loading increases from 50% to 100% strain there is a
decrease in the number of objects, a continued holding of the smaller particle size, a
relatively large decrease in Solid Area Fraction, and a slight increase in nearest neighbor
distance. The thing that is most interesting about this transition is that the values for shear
appear to be moving towards those seen in tension, where a shift from early
microstructural response transitions into the extension and ultimate failure of
microstructure features under larger strain levels. Overall this indicates that shear moves
through a compression like state where lower shearing mimics compressive
microstructure changes of vessel collapse, but as shear increases the loading begins to
mimic that of tensile loading response characterize by increase in voids and likely

accumulation damage.
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Figure 24 Morphological Particle Analysis Results for Shear
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For the morphological parameters displayed in column charts are aspect ratio,
solidity, circularity, roundness, corrected angle, and standard deviation of the corrected
angle. Aspect Ratio, Circularity, and Roundness all pertain to a particles elongation.
Corrected angle and the standard deviation of the corrected angle are closely related to
alignment of the particles. Solidity can be an indicator of compaction and elongation, as
either of these can affect the amount of convex space in a particle. The data are arranged
so that levels undeformed (blue columns), strain level 1 (red columns), and strain level 2
clustered (green columns). As the clusters increase from left to right, the minimum
particle size increases by 1000 square microns. This filtering process helps to show the
behavior of the largest particles which bear the most load.

Compression results in Figure 23 show apparent trends in the elongation
parameters particle area, aspect ratio, circularity, and roundness, as well as a less defined
but potential trend with alignment parameters corrected angle and standard deviation of
corrected angle. Particle area drops greatly from undeformed to 30% compression and
then remains relatively similar as compression increases. In terms of aspect ratio, there is
a trend of increasing aspect ratio as strain increases. This is consistent with the
observation of the elongation of the particles as they compact at higher compression.
Likewise circularity and roundness both decrease as strain increases, indicating particles
are less round and more elongated. Corrected angle measurements become lower and
more aligned as compression increases, but appear to be nearly saturated by 30%
engineering compression. The standard deviation of the corrected angle, in particular at
the higher filter levels, appear to have a strong decreasing trend, indicating that these

particles are more highly aligned, or recruited, against the loading direction. Solidity and
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perimeter did not appear to show strong changes across the different strain levels. Over
all these results are extremely promising, as they quantitatively reinforce our qualitative
assessment of the morphological microstructure evolution of placenta in compression.
The most likely candidates for structure properties to drive the compressive stress-state
portion of constitutive relationships will be aspect ratio, and roundness. Deviation of
corrected angle may also be a good candidate. All of these relate directly to the alignment
and elongation as placental vessels collapse and compact under compressive load.

Figure 24 shows shear quantitative results. Particle Area appears to drop slightly
at lower strain levels, and then hold steady through higher levels. Not unexpectedly, a
similar trend is observed in perimeter. Aspect Ratio has the strongest trend, increasing
with increasing shear, and is the best candidate for use in constitutive modeling.
Circularity and Roundness do not share this trend as strongly, decrease at 50% shear, but
little to no change as shear increases to 100%. Alignment parameters for the corrected
angle and deviation showed a reverse trend, perhaps indicating some shift from a
compression like state at low shear, to a tension like state at high shear.

Particle analysis results for tension are shown in Figure 22. For Particle Area,
Perimeter, and Aspect ratio there is a common trend of increase and then decrease,
especially when filtered for only the largest particles. This may indicate elongation at low
tension, with larger vessels being recruited under loading, and then a reverse of these
numerical trends at high tension may be related to damage as discussed earlier for
tension. Solidity did not offer a compelling trend. Circularity, especially for larger
particles, decreases with tension, but appears to reverse a bit towards the higher levels of

strain. This may mirror the damage like trends shown in aspect ratio, where particles
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become more elongated with load then break and return to a less stretched shape. A

similar but less profound trend is seen in roundness where there is a dip in the value at
25% tension and a return to nearly undeformed levels at 50% tension. Corrected angle
and the standard deviation thereof are interesting, as, there is an increase in angle with

tension, but an apparent saturation between 25% and 50% tension.

Discussion

Relationship to Mechanical Data

The mechanical testing results from our previous studies have been restated here
in terms of true strain (Figure 25); for convenience of discussion the conversions from the
engineering stress-strain levels discussed throughout this chapter, and the true/effective

stress-strain curves displayed are included in Chart 3.2.
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Figure 25 Strain Rate Comparison

It can be seen the each strain level was selected to correspond to approximately
the end of the toe-in region where uncrimping and recruitment have become somewhat
saturated, or the center of the linear region where load is very much resisted and damage

begins to accumulate. For Tension in particular, our level of strain was targeted at being

72

www.manaraa.com



relatively close to failure. This is why it was not surprising to see smaller particles and
reduced Solid Area Fraction at higher tensile strain. It is worth noting that while there
was not an extremely high level of resistance to loading near the end of the tensile toe-in
region, there was a much larger mechanical response in tension than the other 2 stress
states where the transition to linear region abruptly leads a profound mechanical
response. Compressive loading is interesting because the initial level of compressive
strain offers almost no mechanical resistance, but a very abrupt transition out of the toe-in
and an extremely steep linear region both mean that the higher level of compressive strain
is under and extremely high stress. This is consistent with our particle analysis which
showed that early compressive loading is dominated by particles collapsing which is not
likely to elicit a significant mechanical response in our case; blood vessels tend to have
very little resistance to collapse without internal pressure. The higher levels of
compression were shown to be dominated by compaction of the fully collapsed blood
vessels which is likely to produce a more profound response to compressive as the
spongy network has become a stack of collagenous connective tissue and vessel walls.
Shear loading has similar trend to compression with very little mechanical response
despite a relatively large amount of shear strain at the 50% shear strain level, but a much

more significant mechanical response near 100% shear strain.

Applications in Modeling

This data offers a strong foundation for the future development of constitutive
relationships based on structure property derived internal state variables. We have shown
morphological trends with quantitative results for each stress state. These trends are most

promising because they occur in the hypothesized parameters, indicating that the link
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between the conceptual understanding of the particles and their morphology is
quantifiable. Compression is arguably the most successful stress state in this study
because more of parameters show a steady increase or decrease with strain. Qualitative
analysis showed compression images to show particle compaction and alignment against
the loading direction as blood vessels collapse and pack in at high levels of compression.
All of the elongation and alignment parameters show enough trending, especially when
filtered for smaller particles, to be candidates for driving variables in constitutive models.
Tension and shear each had some interesting reversals for these parameters, which may
indicate a transition of trends which was not captured by our three data points. It is worth
noting that our strain levels are extremely large in a traditional mechanical engineering
context. It would be valuable to have not only a larger number of samples at our current
strain levels, but to have additional intermediate strain levels. I believe that for tension in
particular, there is going to be a period of extension, elongation, alignment and
recruitment with the loading direction, but once the toe-in region has been completed and
the majority of fibers has become uncrimped and recruited there will be a downturn in
these parameters as microstructural damage begins to accumulate. In compression |
believe there will be an initial collapse and then a compaction transition as the toe-in
region leads into the linear region. This study actually selected for the end of toe-in
region and the end of the linear region as its points of interest so the data points shown in
this document likely represented the near-saturation point for each region of the stress-
strain curve. The intermediate points would allow for more robust models when this data

becomes incorporated as such.
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Limitations in methods

Our methods have some inherent limitations. Among these are the fact that hand
tracing is a subjective process and will likely vary to some degree amongst different
investigators. While our study did use a single investigator for all hand tracing to control
within our own experiment, reproducibility will always be subject the human factor of
variability. An extension of this is the decision of what to include and exclude while
tracing. Our investigator sought to include vessels and supporting connective tissue but
exclude debris such as clots and red blood cells, but with those guidelines different
investigators may still select or exclude different particles.

The relatively small size of our data set may introduce some variability. While
this much data analysis for 21 images was certainly not a short process, more than 3
images per strain level may have offered more complete results. Additionally, strain
levels in all 3 stress states were selected to correspond to certain points along the stress
strain curve, but microstructure analysis at more points along the curve would be
extremely helpful for understanding the processes involved in the microstructural
evolution.

There is an issue concerning the formulation based simply on micrographs of
equivalent size, particularly when considering the spacing related parameters Number of
Objects and Solid Area Fraction. These parameters have direct relations to the amount of
area involved in the particle analysis, and by proxy the volume and mass of material or
tissue represented by that two dimensional image. When a tissue sample is deformed, the
representative volume is deformed as well. To wit, a compressive stress state in placenta
will add more vessels to the same microscope field than an undeformed specimen, and a
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tensile stress state will remove vessels from the microscope field. In addition to the
primary loading direction, Poisson’s ratio effects will also add or remove blood vessels in
an opposite manner. This means that future formulations based on the reported data may
need consider how the strain state of the tissue affected the represented particles, and
adjust or normalize accordingly. Corrections could be driven by adjusting the analyzed
region to a strain-matched size. When considering the effects of the reference frame on
the morphological particle data, the biggest issue lies in the fact that the data is based on
individual particles. This means that compressive stress states have much larger data sets
than tensile and shear. A larger number of tensile and shear strain micrographs would
need to be analyzed to reach a sample size of total particles that was equivalent to our
compressive values.

The previous state-of-the-art in this field involved phenomenological polynomial
models which could capture hyper elasticity, but did not capture more complex
phenomena [53, 170]. The availability of structure property data for use in ISV models is
a significant extension of the available experimental body to supplement future modeling

efforts.

Future Research

Future work for this research will include the translation of our current structure
property data into a constitutive relationship for use in finite element modeling. This
constitutive modeling will be able to include numerous structure property relationships,
as well as the stress state and strain rate dependency demonstrated in the mechanical
testing portion of our studies. As was discussed previously, there may be a need for

additional data for existing strain levels, as well as the addition of intermediate strain
76

www.manaraa.com



levels to further understand this microstructural evolution. It is worth noting that while
this study may not ultimately require such measures, future research with other biological
materials would benefit greatly from 5 or more points of microstructure analysis along
the stress strain curve. Despite this possible limitation, the data presented here is an
excellent basis for future modeling. Such a model will provide a powerful tool for
studying placental abruption and other placental pathologies via finite element method.
Ultimately, such simulations could contribute to the development and validation of injury
prediction or pregnancy specific safety gear for automotive use.

Moreover, this process can be applied to other tissues as there is much need for
mechanical testing in current biomedical research. The methods described in this section
are very nascent, but offer a promising area of research for biomechanical engineers.
Materials science has been extremely successful in improving our understanding and real
world implementation of complex materials such as metal alloys, polymers and
composites. With continued efforts towards extending such research into biological and

biomedical materials, there is hope to see similar advancement in these fields.
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CHAPTER IV
GENERATION OF ANATOMICALLY DERIVED MESH OF LATER TERM

PREGANCY FOR USE IN FINITE ELEMENT SIMULATIONS

Maternal trauma is exceedingly difficult to study through direct experimentation
because of logistical and ethical issues. While accurate understanding is important, there
is no appropriate in vitro surrogate which can address all of the important research
questions. Human cadavers are difficult to obtain and will have significantly altered
material properties due to post mortem effects. The use of animal surrogates is unlikely to
be feasible. The anatomy of placentation differs greatly among species, perhaps more
than any other organ[76]. Humans have a discoid hematochorial placenta which found
primarily in primates. Since primate research is arguably more difficult and costly than
human research, this is unreasonable pursue. Rodents have a form of discoid placentation
but it is histologically distinct and is also subject to altered morphology and mechanical
loading requirements due to litter versus single fetus pregnancy. Because of these
difficulties, the prospects of computational simulation of trauma are especially promising
for maternal trauma research. With relatively few physical specimens required, a plethora
of questions regarding maternal and fetal injuries and susceptibility ies can be addressed.
Previous groups have studied maternal trauma using finite element simulations.
Moorcroft showed that pregnant passengers are safer and less likely to experience

placental abruption while wearing a safety belt, as compared to not wearing a safety
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belt[49]. This study used a simplified geometry and linear elastic material properties.
They also did not include a fetus, assuming the hydrodynamic forces of the amniotic fluid
dominated placental loading during trauma. While the study does make considerable
simplifications, it effectively validates the safety belt for pregnant occupants. Our goal
was to continue this research approach using anatomically correct meshes based on more
realistic material models. The first step in creating our finite element mesh based on
realistic human anatomy was to obtain appropriate medical imaging scans of appropriate
pregnant individuals. Because the risk of injury to both mother and child increases in the
third trimester, and likely is most risky the later the pregnancy, scans from full or near
term pregnancies were indicated as a preference. Additionally, an absence of pathologies
which may change our modeling results was indicated as a preference for this study. Our
collaborators at University of Cape Town (Cape Town, South Africa) in both the
Cardiovascular Research Unit and the Obstetrics and Gynaecology Department assisted
in obtaining these images. Because the medical school’s radiology department maintains
a relatively large library of images from previous patients, a retrospective release of
images was proposed as an alternative creating a new scan and involving the risks, albeit
relatively low, of a currently pregnant patient. In the case of pregnant imaging, MRI is
almost always considered to be preferable to CT scanning, because the magnetic
resonance is believed to pose a less significant risk to the developing fetus than the
radiation associated with CT scans. CT scans are occasionally used in emergency cases,
such as trauma, when the additional time required to complete an MRI scan are
unacceptable. For these reasons, there were a larger number of potentially usable MRI

scans than CT and MRI was selected as the preferred image modality. A retrospective
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release of five sets of existing images was approved by the Human Ethics and Research
Committee at University of Cape Town, and was subsequently approved by the
Institutional Review Board at Mississippi State University. MRI scans from late term
pregnancies were reviewed and a set of scans were selected by the medical faculty of the
Radiology and Obstetrics and Gynaecology Departments as the initial candidate, because
of a lack of major maternal or fetal pathologies. Images were sanitized of any potentially
identifying information such as patient name or the date of collection for the scan. The
images were transferred University of Cape Town to the Mississippi State Biological
Engineering Department laboratories through a secure file transfer terminal, and no web

or cloud based versions of these images remain in existence.

Review of Images for Planning of Mesh Generation

Images were received in DICOM format, which is common for medical images
and includes certain data relevant to stacking of images, and were evaluated using the
MicroDicom Viewer (MicroDicom, Sofia Bulgaria) software package to confirm
suitability of the scans. A selection of images from each the scan is shown in Figures 26,

27, and 28.
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Figure 26 Transverse Plane MRI Scans of Human Pregnancy

The scan shown in Figure 26 is in the transverse plane, and includes an excellent
view of the placenta, uterus and fetus, but does not include a large portion of the

abdomen and has some symmetry issues due to patient positioning. Furthermore, Figure
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26 can be seen to have some artifacting near the edge of the image where there is still

relevant anatomy.

Figure 27 Sagittal Plane MRI Scans of Human Pregnancy
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The scan shown in figure 27 is in the sagittal plane and, like the transverse scan,
also offers a good indication of the major organs of pregnancy, but does not include a
large portion of the abdomen on the lateral ends of the sagittal plane. Notable features in
Figure 2 include a large amount of artifcating shown in Figure 27A, which was the first
image obtained in the scan and closes to the patient’s side. Another interesting feature is
seen in Figure 27D where the uterus protrudes into the space behind the navel, as though
the intrauterine pressure has pressed against this stress concentration and caused the
uterus to fill the void. The scan shown in Figure 28 was chosen for use in our mesh

construction, as it included the entirety of the pregnancy, and almost the entire abdomen.
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Figure 28 Frontal Plane MRI Scans of Human Pregnancy

Figure 28 is in the Frontal Plane and can be seen to include the entire abdomen,
uterus, and fetus. The selected scan is a 36 week pregnancy and is in normal presentation
with the fetal head locked into the pelvis. The image set is composed of thirty eight slices
at four millimeter spacing, and includes the entire abdominal region, plus the lower part

of the thoracic cavity and majority of the pelvic anatomy. A full body scan may
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eventually be needed for more advanced simulation efforts, but for our current needs, the
abdominal portion is more than sufficient. Images were further reviewed and compared
with anatomy texts to improve the quality of selection of anatomy during premask

tracing.

ScanIP

Images were imported to the ScanIP Software Package (SimpleWare, UK) for use
in mesh creation. This software package creates three-dimensional masks from two-
dimensional images in a Z-stack configuration, and then uses meshing tools to export this
mesh for CAD or Finite Element use. Our goal was to create masks for as much relevant
anatomy as possible, allowing us to create meshes with different levels of anatomical
sophistication and complexity. This process allows experiments to be scaled up for
increased accuracy, but allows for the availability of early results and progressive
improvement and refinement. The organs selected for mask processing were skin, pelvis,
spine including discs and vertebrae, uterus, placenta, and fetus. The space not occupied
by the listed anatomical components, essentially the background within the skin, was
assigned as muscle, but may include some sub-cutaneous fat or connective tissues such as
fascia. These organ and tissues represent the major structures involved in a maternal
trauma event, and should allow for a significant amount of useful simulation data to be
created. Notably missing structures include amniotic fluid, the bladder and gastro-
intestinal tract, and the detailed fetal anatomy. Fetal anatomy, especially fetal skull and
brain, could be a focus of future research efforts because of the frequency of reports of

fetal head trauma. Despite these specific anatomical features, our included anatomy is a
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significant improvement over the existing models that have been published, where the
current state of the art is CAD approximations of natural anatomy [49].

The desired anatomical were assigned their own respective masks and defined
with the appropriate priority relative to the other organs, so as to match features on
overlapped tracings. Each feature/organ was then traced within its own mask, using the
Wacom Cintiq 22HD tablet monitor described previously, for each of the image slices.
This process is extremely time consuming, but provides significantly better results than
some of the thresholding and flood filling tools built in to ScanIP, since the relative
intensities for MRI features are more subtle than these tools can capture. The completed
process included a series of progressively more sophisticated masks, which can be
continually improved and used in future research as needed, but can be scaled back to
meet the needs of earlier simulations with less sophistication. The geometry used in the
simulations described included the skin, bones, muscles, uterus, fetus, and placenta. The
most sophisticated masks completed for this project included a decomposition of the
bones into the pelvis and the spine, which was further masked to include each separate

vertebrae and intervertebral disc.
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Figure 29 Tracing of MRI Scans for ScanIP

Figure 29 shows two-dimensional traces of the key anatomical features; this
process of selecting for correct anatomy to incorporate in simulated geometry is repeated
for each image in the Z-stack. ScanlP then processes these two dimensional tracings and
uses a meshing algorithm to render three-dimensional geometry for subsequent use in

other software packages.
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Figure 30 Three-Dimensional Previews of ScanlP Geometry

Figure 30 shows the three-dimensional reconstruction of these two-dimensional
tracings as three dimensional organ masks. These organ masks were created using the
Preview function under the Mask module in ScanIP, and have not yet been meshed into
finite element geometry. They have many smoothed features, but retain some artifacts
and lumpiness because the Preview tool is for visualization during the masking process

and only approximates the final product of mesh creation.
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Creation of Seat Belt

Our method of simulation required the incorporation of a seatbelt shaped region
on the front of the abdomen, which could be used to apply appropriate boundary
conditions within the simulation. Rather than create a seatbelt that would require
mechanical properties of its own, we opted to create a surface set that could function
within the boundary condition toolkit provided by our finite element simulation software
package. To produce this result, a set of large rectangular masks, shown in Figure 31A
were created across the approximate regions where lap and shoulder belts would be
located. These masks were assigned the properties of a Non-Exportable Part which
allowed them to continue to create surface-to-surface matched meshes with adjacent
geometry, but not be exported as geometry themselves. As can be seen in Figure 31B,
The beige horizontal region across the waist and the white diagonal region across the
upper portion of the abdomen represent the lap belt and the shoulder belt, respectively.
As a point of emphasis, these horizontal bars are only in place to select an area on the

surface of the skin, and are not included or exported during the meshing process.

89

www.manaraa.com



Figure 31 Creation of a Seatbelt for Simulation

Export to Abaqus at Different Refinement Levels

Completion of the masking process allows for ScanIP to export to a large number
of file formats for subsequent use in other software packages. Our target software is the
Abaqus CAE 6.10-2 (Dassault Systemes, V¢élizy-Villacoublay, France) for finite element
simulation. ScanIP accommodates the use of their geometry in Abaqus through the use of
an input file type (.INP) which imports as a model with many relevant selections and

settings arranged. The most important of these is the selection of matched geometric
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surfaces for the interfaces between organs and tissues. These surfaces allow for the
connection and eventual optimization of all interfacing surfaces, including features such
as unfailing tied connections, friction, and failure. ScanIP was configured to export
surfaces between all adjacent anatomical features to allow for a complete and continuous
connection of all geometry. It is important to note that the meshes created at this stage of
our maternal trauma simulation are created as voxel meshes, as opposed to meshes with
smoothed surfaces. This is because the tetrahedral elements employed in smoothing of
surfaces between Z-stack slices are often elongated or have a high-aspect ratio in at least
one plane, and these type of elements often suffer from simulation instability, and
typically require increased computing times even when functioning correctly. The
instability of tetrahedral meshes is related to their tendency to rapidly increase in aspect
ratio under large deformation. As their aspect ratio changes they begin to distribute
stresses very poorly due to integration over an increasingly miniscule dx. This ultimately
leads to incorrectly formulated stress concentrations which can be many orders of
magnitude above nearby elements [171, 172]. The voxel meshes uses a mix of tetrahedral
and hexahedral elements, but endeavor to create mesh with essentially cubic geometry.
Tetrahedral elements assist with certain transitions between element sizes or surfaces, but
are not required to smooth or round corners, and are therefore allowed to remain within
acceptable geometric limits. These voxel meshes, while arguably simplified, allow for a
great deal of detail and accuracy to be obtained while overcoming some of the logistical

limitations in our current finite element simulation capabilities.
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Figure 32 Comparison Between Voxel and Smoothed
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A comparison between voxel and smoothed meshes is shown in Figure 32, where
the same base set of masks was used to create a matched set voxel, the left hand column,
and smoothed, the right hand column, meshes. Panels E, F, G, and H in Figure 32 do a
good job of demonstrating the different approaches to rounding of geometry between the
voxel and smoothed meshing processes. Recent research involving traumatic brain injury
showed a convergence of solutions between voxel and smoothed meshes created by
ScanIP and benchmarked through Abaqus . The voxel mesh returned substantially similar
data to the smoothed meshes with a significantly lower computing time, ultimately
creating a more useful and efficient tool for simulation. Future research may require the
incorporation of smooth surfaces when frictional forces, or other behaviors at the
interface between different parts, become a more important portion of this research, but
our current simulation approach will use tied surfaces which are well supported by voxel
meshes.

As part of the mesh development process, a mesh refinement study is often
desired. This process allows the analysts to determine the coarsest possible mesh that can
still give accurate results in simulation, to improve simulation efficiencies and computing
times. Three levels of mesh refinement were created for our initial review of the
geometry. The resampling process is important in voxel meshes because the resampling
must take an essentially smooth curve created during mask tracing, and then convert that
curve to a lower resolution digitization that will meet the target voxel size in the mesh.
The resampled masks must be manually reviewed for consistency and accuracy, as the
resampling process may alter certain anatomical geometries or create voids, projections,

or other unacceptable features. Once a resampled set of image slices process uses
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processes and algorithms which are internal to the software, and creates a mesh in the
INP format, which is easily imported to Abaqus. Selected settings for interpolation
methods in our model were kept as Linear and Nearest Neighbor, respectively. The
Maximum Target Grid Size for internal features was selected at 32x32x32, the highest
setting available in the software. This setting helps mitigate the exponential growth in the
total number of elements within a mesh as the size of individual elements decreases by
meshing interior elements in large parts with larger elements while continuing to use
refined elements near contours, surfaces, and interfaces. The original set of tracings was
saved and defined as the master for the resampling process. Cubic resampling was used at
two millimeters, the resultantly pixelated masks were meshed to create the mesh with the
finest element size, and the .SIP file was archived at this resampling. This process was
repeated for cubic resampling values of three millimeters, and four millimeters, which
created the medium and coarse meshes, respectively. Figure 33 demonstrates the changes
to the tracing masks caused by resampling, specifically the pixilation of smoothed
features as a preparation for voxel meshing; the first row is not resampled and the

subsequent three rows indicate the three meshes exported at each level of resampling.
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Table 3 shows the important information regarding the meshes of different

refinement levels.

Table 3 Mesh Details Concerning the Mesh Refinement Study
A Fine Mesh 2x2x2 mm resample
Total Nodes Total Elements Hexahedrals Tetrahedrals
Full Model| 1,459,813 1,786,354 1,062,724 723,630
Skin 399,390 380,513 306,157 74,356
Muscle 495,491 727,558 352,872 374,686
Uterus 267,087 261,999 197,503 64,496
Placenta 67,191 96,153 46,585 49,568
Fetus 154,815 251,732 104,560 147,172
Bones 75,839 68,399 55,047 13,352
B Medium Mesh 3x3x3 mm resample
Total Nodes Total Elements Hexahedrals Tetrahedrals
Full Model 499,691 535,177 356,293 178,884
Skin 129,398 101,802 94,314 7,488
Muscle 177,057 231,846 127,130 104,716
Uterus 85,895 66,167 60,835 5,332
Placenta 23,182 29,097 16,413 12,684
Fetus 59,242 88,754 40,630 48,124
Bones 24,917 17,511 16,971 540
C Coarse Mesh 4x4x4 mm resample
Total Nodes Total Elements Hexahedrals Tetrahedrals
Full Model 244,527 237,866 170,182 67,684
Skin 63,320 45,304 44,004 1,300
Muscle 87,387 103,873 62,797 41,076
Uterus 40,526 27,047 27,047 0
Placenta 11,596 12,617 8,281 4,336
Fetus 30,462 42,082 21,110 20,972
Bones 11,236 6,943 6,943 0

Figure 34 illustrates the differences in the relative refinements; indicating the

increased detail captured by finer elements in Figure 34A-C, as compared with the least

refined mesh shown in Figure 34G-1.
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Figure 34  Abaqus Screenshots for Different Levels of Mesh Refinement

These meshes were exported in .INP format to the servers at the Mississippi State
University Center for Advanced Vehicular Systems, where they were imported to Abaqus
6.10-2 for use in simulations of automotive maternal trauma. This level of anatomic
detail is beyond previously the strongest previously published simulation, which simply

used CAD derived geometries.
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CHAPTER V
IMPLEMENTATION OF ANATOMICALLY DERIVED GEOMETRY INTO FINITE

ELEMENT SIMULATIONS OF AUTOMOTIVE COLLISION

Background

Motor vehicle related mortality in pregnant women is highest in USA and account
annually for about 93,000 cases [1]. Additionally, the number of fetal deaths since four
decades has increased as much as seven time the mortality of infant deaths [2]. Pregnant
drivers involved in vehicular collision can suffer from abruptio placentae [14-19],
placental separation [20], uterine contraction[21], uterine rupture [16, 22, 23], abdominal
pain or injuries [18, 24, 25], preterm labor [15, 18, 26], pelvic fracture [27], fetomaternal
hemorrhage [16, 28, 29], vaginal bleeding, maternal tachycardia [18], “seat belt” injury
[29], chest injury, head injury [18], extremity injury, etc. [7, 173, 174]. Other
complications include preterm delivery [14, 18], increased risk of fetal hypoxia [30],
fetal skull fracture [31], fetal prematurity [15, 30], abnormal fetal heart beat or rate [18,
21], lower fetal weight [7, 30], fetal growth restriction [15] etc. Risk factors such as
improper restraints or no seat belt use [7, 14, 32-38], vehicular speed of more than 30
mph [14, 21] and absence of airbags [1, 35, 39, 40], are few of the several reasons for the
cause the pathologies mentioned above. Although many animal studies have been
conducted to mimic placental injuries during car crash, the anatomy and morphology of

the discoid type placenta in mammals is highly unique in its material characteristics [175-
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179]. Ethical limitations exist in both human and animal cases due to the very nature or
type of the experiment required to simulate the real life condition of a vehicular crash.
For these reasons, finite element simulations provide us with a better alternative for

analyzing automotive collisions involving pregnant passengers.

Finite element model

One of the first pregnant female models were developed by Moorcraft and is
perhaps, the most complete version of pregnant female passenger crash simulation with
focus on the placetal abruptions and damage in view [180, 181]. The model includes an
entire body, amniotic fluid, uterus, placenta and ligaments, and also includes seat belts,
steering wheel, knee bolster, back rest and head rest. This is relevant because most of the
fetal or maternal injuries involve steering wheel, air bags or similar external objects[182,
183]. The ROBINA model which was developed by Jansova et al., compared two
different types of materials for uterine tissue, elastic-plastic and viscoelastic, and found
the viscoelastic model to be a better predictor of maternal injury in a car crash scenario
[168]. Neither of the above mention studies had included a fetus in their respective
models. Acar et al. (2011) used a similar full body pregnant passenger crash model with
uterus and placenta, but their focus was primarily on head and thoracic injuries caused
during frontal crashes, with or without seat belts/restraints and airbags [33]. Delotte used
a modified Radioss-Humos model in which the abdominal region and fetus were added
using MRI scans of a full term pregnant woman, to simulate frontal impact at a speed of
20 km/h [184, 185]. Even at such low speed, strains up to 20% were observed and utero-
placental interface was evident. Most of the FEA studies on placenta tissue material is

extensively simulated around the experimental setup [186, 187] to replicate the exact
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material property of placenta tissue in silico. The computation model used in our study
was reconstructed from MRI scans of a pregnant women at about 36 weeks in her
pregnancy. The average range of pregnancy stage for drivers invloved in vehicular injury
ranges from 25-38 weeks [6, 14, 21, 24]. At this stage, the abdominal size is almost at the
maximum level, and therefore closer to the steering wheel and at higher risk to the fetus
[188]. Additionally, due to the increased size of the abdomen, the seat belt does not fit or
harness the pregnant driver as correctly as it should and making female drivers in their
last stage of pregnancy even more suceptible to the normal set of possible vehicular
injuries.

Over the past forty-five year, the number of fetal deaths due to motor vehicle
accident has increased sevenfold compared to the mortality of infants in a crash [2, 40].
Pregnant passengers involed in car crash or accident have shown to have greater
incidence of fetal head damage either during child birth or secondary post-natal defects.
Fetal accelerations were shown to triple during car crash simulations as compared to the
mother, making the inclusion of the fetus in our model even more important. Case studies
have reported fetal skull fracture even though the mother has no visible injuries from the
crash [31, 36]. In mathematical terms, it is believed that a speed of more than 35 mph
and/or uterine tissue strain of > 60% near the placenta is sufficent to cause placental
abruption or tear in utero-placental junction and ultimately fetal loss [40, 181, 189]
Delotte reported that strain of about 20% at the uterno-placental interface is sufficent to

cause placental abruption [184].
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Materials and Methods

The boundary conditions used to create a crash simulation were derived from an
experimental study which used post-mortem subjects in a sled crash to collect
acceleration information for a frontal impact. In this study, the pregnant uterus was
removed from the cadaver, and was used to create a ballistic phantom. This uterus
phantom was loaded with a set of accelerometers which allowed the collection of crash
data. The accelerometers were placed near the locations of the fetal head and the fetal
buttocks in the ballistic gel phantom as well as at the wing of the maternal iliac, a portion
of the pelvis. The phantom was placed inside the cadaver as though it were the native
uterus, allowing for acceleration of the specific areas of interest to be recorded during
crash testing. It is worth noting the relative locations of each of these accelerometers in
testing configuration. In a normal late term pregnancy the fetus is positioned with the
head near or locked into the pelvis near the pelvic inlet, and the buttocks is pointed
upwards and near the middle or top of the abdomen. The accelerometer for the fetal
buttocks would therefore provide data relevant to the top of the abdomen, and the other
two accelerometers would record the accelerations near the groin. The profiles are shown

in figure 35.
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Figure 35 Acceleration Profiles from Post-Mortem Study

102

www.manharaa.com



The cadavers with accompanying data acquisition capabilities were loaded into a
crash sled, which recreates car crashes in an experimental context, and were crashed at 20
kilometers per hour. Data from three post mortem subjects was obtained, and the
acceleration profiles of the crash were published as acceleration, in accelerations of
gravity, versus time. To incorporate these profiles into our model, we had to create
tabular versions of the profile graphics available in the publication. This was
accomplished using the DigiData (Thunderhead Engineering, Manhattan KS) software
packages, which allows a user to capture an image of a graph or chart from publication,
and then trace points onto the image. These points are used to create a file that can export
as a text or spreadsheet for further uses. The tracing process was repeated for all three
curves amongst each of the three regions, fetal head, fetal buttocks, and maternal iliac, to
recreate the nine recorded acceleration profiles. Once the tabularized data was transferred
to Excel, a custom averaging and interpolating software tool created by collaborators at
the Center for Advanced Vehicular Systems was used to convert the hand selected points
along the graph to 300 evenly spaced points. This is convenient for subsequent use in
simulation, so that timing of changes occurs at regular intervals, instead of what are
potentially inconsistent intervals when selected by hand. The profiles were averaged
within regions to create three characteristic acceleration profiles for each of the three
regions during a twenty kilometer per hour crash. These acceleration profiles were then
integrated within the tabular format to create a set of corresponding velocity profiles,
which will be used in this study to create our crash simulation. Integration was performed

by simple kinematics:
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Vo= Vo + ((242222) x (6 — ) 5)

Where Vi is the velocity of the current time point, Va-s is the velocity of the
previous time point, initialized at twenty kilometers per hour for velocity at time zero. 4»
is the averaged recorded acceleration for the current time point, and 4»-; is the averaged
recorded acceleration from the previous time point, initialized at zero for time zero.
Finally, #» and #,-1 are the current and previous time points, respectively. Essentially this
formula averages the instantaneous accelerations of two adjacent time points, multiplies
that acceleration by the elapsed time to obtain a change in velocity for that time, and adds
that change in velocity to whatever the existing velocity had been at the beginning of the
time period of interest. This formula was implemented in Excel so that a simple
copy/paste converts the entire tabular acceleration profile into the corresponding tabular
velocity profile. The velocity profiles were then normalized so the starting velocity,
which is twenty kilometers per hour in our initial testing but should be easily adjustable,
would be a unitless one. This allows for the coefficient term in the Abaqus software
package to be used to assign or change the initial velocity and corresponding profile,
rather than adjusting the entire profile in future studies. It can be seen in figure 36 that the
acceleration profile for the maternal iliac and the fetal head begin to drop approximately
twenty milliseconds before the fetal buttocks’ acceleration profile. This makes sense if
one imagines the forward rotation of the head and torso during a motor vehicle collision.
An additional profile was created for use in simulation without this rotational behavior,
by simply averaging the curve for the fetal buttocks and curve for the fetal head. The
normalized profile was then exported to a tab-delimited text file, which is easily pasted

into a Tabular Amplitude in Abaqus CAE.
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Figure 36 Digitized Acceleration Profiles

To begin the implementation of our simulations, the input files previously
described, .INP file type exported from ScanlP, were imported to Abaqus using the
File>Import>Model menu option. This processes and opens the ScanlP geometry as an
orphan mesh with all of the features assigned for export. This includes a large number of
node sets which can be used to define the interactions between surfaces and assign other
capabilities based on node sets such as kinematic constraint of boundary conditions. The

default import process created an initial step type of Static General, which is not
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appropriate for our planned implementation and was changed to Dynamic Explicit. The
step length was set to 0.14 seconds, the length of the acceleration profiles, and the
number of intervallic field output was set to forty, providing forty data points across the
simulation instead of the default of twenty. This required the deletion of the default
interaction properties between surfaces, which import as Interaction Properties and
Contact Pairs were converted to Constraint - Ties. This Tie occurs between two sets of
corresponding nodes on the surfaces of adjacent parts. The two node sets occupy the
same three-dimensional space, and assignment of a Tie between them essentially prevents
the two features from becoming separated throughout the simulation. This is obviously a
simplification for certain tissue interfaces, as there may be an almost limitless number of
possible mechanical behaviors occurring between anatomical features within a human
body, most notably being friction between unattached surfaces or failure of a tissue
structure connecting two surfaces. Such Ties were created for each interfacing set of
nodes, with a Master to Slave definition set with the following priority order for
assignment of the Master Surface relative to Slave Surface: Skin, Muscle, Bone, Uterus,
Fetus, Placenta, such that where two organs interface, the earlier organ in the list is
assigned as the Master Surface and the later organ is assigned as the Slave Surface.
Material Properties for each tissue were assigned as Linear Elastic materials, plus
the required Density parameter. The Table 4 displays the material properties used for
each material. The values used for placenta were based on our previous study of the
biomechanical properties of placenta. The tangent modulus of the linear region of the true
stress vs. true strain plot from our 0.1 strains per second, the highest strain rate tested,

was used as the Young’s Modulus value for placenta. The mechanical properties of uterus
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were obtained from a previous study performed by researchers at the Virginia Technical
Institute where samples of uterus from term human pregnancies were mechanically
tested. The DigiData software package was used to tabularize the uterus stress strain
curve and the slope of the linear region was calculated and implemented as the Young’s
Modulus for Uterus. The values used for Skin, Bone, and Muscle were obtained from
available literature. Poisson’s ratio and density for placenta and uterus were not

previously reported, and so the values for muscles were used as an approximation (See

Table 4).

Table 4 Material Properties Used in Simulations

Young’s Modulus | Poisson’s | Density

(MPa) Ratio | (Mg/mnr) |
Skin 16.7 0.42 1.04E-09
Muscle 110 0.45 1.10E-09
Bone 15000 0.23 2.00E-09
Placenta 0.122 0.45 1.10E-09
Uterus 5.881 0.45 1.10E-09
Fetus 110 0.45 1.10E-09

To apply the boundary conditions within our simulation, a predefined field of
twenty kilometers per hour was set for the entire model to recreate the test conditions
from the post mortem study. The first step of the simulation, which was set to last 0.14
seconds or the length of the recorded acceleration profiles, was implemented with a pair
of Velocity Boundary Conditions assigned to the seatbelt regions. These Velocity
Boundary Conditions were assigned to the node sets which corresponded to the portion of

the skin which contacted the shoulder belt and lap belt, respectively. Each boundary
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condition was assigned a value of -5555.56 millimeters per second in the Z-direction,
which is equivalent to a forward velocity of twenty kilometers per hour in the context of
our model’s coordinate system and the default unit system currently in use. The
previously created tabular velocity profiles from the fetal buttocks and the fetal head
were used to create Tabular Amplitudes for the shoulder belt and lap belt velocities,
respectively. This method of assigning boundary conditions multiplies the tabular value
by the initialize value for each recorded time step, and with profiles decreasing from 1.0
to slightly below zero, this method recreated the drop from traveling speed through the
impact and includes a portion of the recoil.

For each subsequent iteration of or simulation throughout the time of this study,
the simulation was prepared in the Abaqus CAE environment, including a Job module
with the appropriate name and simulation number., and saved as a .CAE file type as an
archive for future reference and reuse if desired. Once archived, the Job module was used
to create an input file, .INP file type, for use with the cluster computing resources
necessary for these simulations.

Because of the large size of our models, the simulations required the use of the
cluster computing capabilities available through the Missisippi State High Performance
Computing Collaboratory. These cluster computers allow for large finite element scripts
to be distributed across a large number of processing nodes, each of which is equipped
with an array of cluster processors. This parallelization process greatly reduces the real
world time required to complete extremely long computational simulations by dividing
the work amongst many separate processors, while endeavoring to keep the total

computational time required for and managing the cluster low enough to make this
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division of labor advantageous. The parallelization process is handled by using a Perl
script created by the Center for Advanced Vehicular Systems entitled Abaqus Parallel,
and works within the Portable Batch System (PBS) scripting process to allow users to
easily scale the number of nodes and processors assigned to their script. The cluster
computers available for use in this study were the Raptor cluster, which allows for use of
up to 64 processors across 16 nodes, and the Talon cluster, which allows for up to 192
processors distributed across 16 nodes. Because these cluster computers are extremely
large and service a large number of researchers, and are subject to issues of availability
and maintenance, both clusters were employed throughout the course of this study.
Additionally, because of the constraints for available licenses for Abaqus, and the
consideration of other researchers, the maximum number of processors was only
employed if there was a belief that the completion of a simulation was limited by
computational capacity. Otherwise, a lower number of processors were used whenever
possible.

To load a finite element simulation into the queue for one of the cluster
computers, a folder must be created containing: the .INP file which includes the
overwhelming majority of the relevant data, the PBS script which interfaces with the
cluster’s management and organizational systems, and the abaqus-parallel script which
manages the distribution of the simulation data amongst the separate computational
domains. These folders were created within the CAVS file systems, and organized to
allow the easy access of earlier simulation as simulation development progressed. Once
the folder was prepared, the script was run through a secure-shell interface by logging in

to the cluster computer’s login node, defining the current working directory as the folder
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containing all of the simulation tools. The .PBS file is submitted to the cluster’s job
queue, which runs the simulation once a sufficient number of nodes and software licenses
become available. It is this queue step that requires restraint when increasing
computational time, as the institutional costs and impacts on other researchers using these
cluster resources can be problematic when excessively long, large, or a large number of
concurrent scripts saturate the nodes or licenses available to a specific cluster. As the
simulation progresses, individual output frames are created at the defined time intervals.
These output frames are the time points at which the simulation data such as
displacement, velocity, acceleration, stress, and strain are recorded. Once a simulation
has completed its run on the clusters, all the important results and performance data for
the simulation are stored within the defined folder for review and analysis.

Upon completion, the Output Database, .ODB file type, for each simulation was
reviewed in Abaqus CAE by opening the database in the Results window. The Results
toolkit in Abaqus CAE can be used to visualize loading or deformation throughout the
simulation by applying color contours which correspond to mechanical parameters, and
by animating the movements of the geometry during the simulation. These results
essentially create a video of the simulated crash, with a rainbow of color coding that
corresponds to the stress, or strains experienced by the colored region. Data from each
simulation were viewed in this results format for the initial qualitative assessment of the

simulation results.

Python Script to export parameters for Excel Analysis

Quantitative analysis of simulation data is the most important aspect of the

simulation process as it provides the most detailed information about the loading and
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deformation throughout the simulation. The data is contained within the Output Database
file once a given simulation has completed. These databases are extremely large and
contain detailed load and deformation data for each node and element at each selected
time point, which in the case of our models can be tens of millions of data points. For
this reason, the export of important mechanical data was achieved through a Python script
designed to average a selection of mechanical simulation results from a selected region of
nodes and/or elements, and export that data in a tab-delimited text format that can be
easily analyzed in Excel. The mechanical results selected for export in these simulations
were: stress (S11, S22, S33, S12, S23, S13), strain (LE11, LE22, LE33, LE12, LE23,
LE13), acceleration (A11, A22, A33), and velocity (V11, V22, V33). The regions of
interest were the f etal head, the fetal buttocks, and the placenta, since the fetal head and
fetal buttocks are the regions which should ultimately be compared with the original
experimental data, and because the placenta and fetal head are the primary regions of
injury in maternal trauma. The data for a given simulation was mined by the Python

Script and exported to Excel for detailed analysis.

Results

The results from the comparison of our tilting and non-tilting simulation are
shown in figures 37, 38, 39, and 40. Figures 37 and 38 show the stress and strain profiles

across the 200 millisecond simulation for the fetal head and the placenta, respectively.
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Figure 37 Stress and Strain Components in the Fetal Head

These profiles show that the tilting simulation has a much smoother and more
stable loading profile, while the non-tilting simulation shows a large amount of unstable
behavior, which is most likely the result of insufficient viscosity and internal friction to
dissipate such effects. The peak stresses and strains in both simulations occur near 110
milliseconds, but the values are much higher in the tilting simulation as compared with
the non-tilting, indicating that the non-tilting is shielding some of the stress effects. This
may be the result the different orientations caused by tilting, or it may simply be an

artifact of erroneous wave and momentum propagation from incorrect viscous damping

effects.
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Figure 38 Stress and Strain Components in the Placenta

Figures 39 and 40 show pressure stress contours for pressure stress. Figure 39

shows the stress in the fetus, and the placenta, the two primary regions of damage, and

show that both structures experienced complex multi-axial loading in the tilting

simulation, but that there was a much lower level of load experienced by the fetus or

placenta in the non-tilting simulation.
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Figure 39 Peak Stress in Fetus and Placenta

Figure 40 shows a similar trend for the entire model, shown in its complete form,
and with a cross-section to expose interior anatomy. Figure 40 shows a large reaction due
to the seat belt boundary conditions in the tilting simulation, and a relatively small

reaction in the non-tilting simulation
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Figure 40 Peak Stress in Full Model and Cross-Section

Figure 41 and 42 show kinematic behaviors for the fetal buttocks and the fetal
vertex, respectively. The profiles in figure 41 show that there is a strong correlation
between our simulation results and the previously published experimental acceleration

data, which was used to drive the model. This correlation is very strong early in the
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model, but once the peak acceleration has been reached the propagated waves appear to
be causing local acceleration instabilities. Fortunately, the net acceleration effects of this
appear to be negligible, as the acceleration integrated from the recorded velocity does not
have such uncertainties, indicating that the velocity remains stable despite the micro-

accelerations.
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Figure 41 Kinematics of the Fetal Buttocks- Comparison of Tilting and Non-Tilting
Simulations
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A similar trend is seen in figure 42 where the accelerations for the fetal vertex
show many peaks, but the integrated acceleration is stable and smooth, corresponding

more closely to those previously reported acceleration profiles.
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Figure 42 Kinematics of the Fetal Vertex
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Figure 43 shows the results of stress in the direction of loading (S33) versus time,
compared across three increasingly detailed meshes. The data indicates that each loading

profile is within the same order of magnitude, and very similar in trend. Small differences

in amplitude are observed.
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Figure 43  Stress and Strain Components of the Fetal Head

Figures 44 and 45 display the pressure stress contour plots for the fetus, placenta,
full model, and cross-section of the full model. The consistency of the general trend is

excellent, and the meshes appear to generally agree.
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Figure 45 Peak Stress in the Full Model and Cross Section

Discussion

The process of extracting the post-mortem crash test data and incorporating that
data into our simulation was extremely successful. The data sets chosen to drive the
simulation were the fetal vertex and the fetal buttocks because the accelerometers
measuring these regions were closest to the seatbelt regions, which apply the boundary
conditions. The averages of these two regions have distinctive acceleration profiles, with
the fetal buttocks showing a double acceleration peak as compared with fetal vertex
profile which was a smoother peak with a few small bumps. It is important to consider

that these acceleration profiles have many complex inflection points, but because the
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value is positive they correspond to a steady drop in velocity. This means the general
movement can still be considered to be something very similar to a logistics curve, which
then transitions into a linear region of velocity decrease as the body comes to zero
velocity and reverses direction. The velocity profiles derived from these accelerations are
also interesting, because the fetal vertex begins to drop in velocity approximately twenty
milliseconds earlier than the fetal buttocks indicating that there is some forward tilting
related to this crash, as the resistance of the lap belt, and possibly the friction due to the
seat. This aspect of the profiles that the regional specificity of the forces applied to the
pregnant women in an automotive collision plays an important role. Because there are
only three data sets of this type available the averaging process has captured some
interesting trends, but has not yet reached the point of a fully smoothed curve. If more
post-mortem data sets such as these were available for inclusion in the averaging process,
a more correct characteristic curve could be understood. More data of this type would
also provide more knowledge about the frequency and types of peaks in the acceleration,
which may cause more damage than a smoother application of load due to short term
spikes in local stresses and strains. The use of a series single-crash acceleration data in
simulations could be used as an alternative to evaluate the effects of these very complex
profile behaviors.

The use of the seatbelt as the driving region was based on assumptions of the free-
body diagram which describes the pregnant women involved in an automotive collision.
Essentially, the major forces applied to a crash occupant were assumed to be the seatbelt
forces, separated into the lap belt and the shoulder belt, and the friction between the crash

occupant’s legs and buttocks, and the car seat. The frictional forces due to the legs were
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not considered at this time for several reasons, the foremost of which is a lack of data to
drive this interaction. If considered from a theoretical standpoint, the accelerations in the
direction of automotive travel reach approximately ten times the acceleration of gravity at
their peak in this crash while the friction due to the seat would be driven by only a single
multiple of gravity, and then mitigated by friction coefficients. This is not to say that the
forces caused by the seat are truly negligible, but they are not the forces which dominate
the crash at the level of the seatbelt. It is also important to consider that the twenty
kilometer per hour crash considered here is not a very fast collision; at only about thirteen
miles per hour this is much slower than many head on collisions. This means that many
real world crashes have even greater acceleration profiles and will continue to scale as
collision speed increases, while the normal force driving seat friction will not increase
very much, if at all, with an increase in collision speed . For these reasons, we believe
that the seatbelt conditions were appropriate and successful in our simulations. As stated
there is a difference between when each of the two profiles begins to apply its effects to
the crash. There was also a profile created which was averaged between the two regions
as a means of simply applying the general translational motion as a simpler case. This
ultimately translated into a tilting and non-tilting simulation, both of which may useful
for different aspects of study or different permutations of our initial simulation. The
comparison between the tilting boundary conditions, which used two separate profiles to
define the seatbelt effects of the crash, and the non-tilting boundary condition approach,
which used an averaged value to drive the velocity boundary conditions defining the
seatbelt, indicated that the tilting boundary conditions yielded considerably more stable

results. The plots stress and strain versus time in the tilting simulation were characterized
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by a smooth and steady progression without abrupt transitions. These plots for both
placenta and fetal head were chracterized with a fairly steep and linear increase, followed
by a smooth transition towards a rounded peak, and then a steady and relatively linear
decrease. In comparison, the non-tilting simulation begins with a steady a similarly steep
and steady increase towards the peak, followed by a somewhat similar transition and
reduction, but with many abrupt discontinuities and several somewhat subtle but very
different responses in specific components of stress and strain. This more volatile
material response is believed to be caused by some artifacts related to wave propagation
within the model. As the model used linear elastic material models, combined with the
default ABAQUS parameter for viscosity and the dissipation of momentum, there is a
very real possibility that these artifacts will become negligible when more realistic
material models are incorporated. Nonetheless, the current application of the non-tilting
simulation appears less successful than the tilting simulation which is arguably more
complex. The specific differences in stress and strain components have some very
important implications. These changes in values are most likely the result of the tilting
rotation of the model, which leads to a change in element orientation relative to the global
coordinate system which drives the boundary condition. This means that the same
elements may experience extremely different local loads due the change in orientation of
the entire model. This dependency on model orientation relative to the loading direction
is particularly important in placenta where the organ is essentially arranged in a disc
which has been wrapped around the front and right-hand side of the uterus. If considered
as separate regions, the portion on the front of the uterus would likely be pressed into the

uterus under a mostly compressive load, while the portion along the right-hand side of the

123

www.manaraa.com



uterus would be likely to experience a large shear and tensile force, compared with the
compressive behavior of the front portion. This behavior is observed with differences in
the dominance of the different stress components between our tilting and non-tilting
simulation data. These two sets of simulation data offer some idea of the range within
which these trends may lie in real world collisions, where the amount of tilt may vary
greatly among passengers. For this reason, we believe the amount of tilt which occurs in
different speed crashes, and the ultimate consequences of these differences, continues to
be an important research question. It should also be considered that the shape, location,
thickness, and distribution of the placenta are different in every pregnancy and also
change throughout the pregnancy. This means that different pregnancies may be more or
less susceptible to trauma due to the age of gestation or the location of the placenta.
Ultimately, the data presented here concerning the tilting behavior of the collision and the
resultant changes loading are an exciting observation, but much more study is needed to
fully understand this highly complex behavior.

The mesh refinement study shows that there are some subtle differences between
the size of the elements in our meshes. Each mesh yielded similar results, with difference
of less than an order of magnitude, and very similar trends. It is worth noting that the
practical level of mesh refinement has been very nearly saturated with our current fine
mesh. The simulations with this mesh require a massive amount of computational time
and suffer from some parallelization instabilities due to the extremely large file sizes
produced. This issue highlights the continued need for improvements in the tools
available to our field. As computational technologies improve, such distributed

computing processes will continue to empower simulations with more detail and
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accuracy. Despite the difficulties related to file sizes, we believe the finest mesh is the

best one for use in future studies.

Limitations and Future Goals

There are limitations to this study, as is always the case in simulations, which are
important to consider. The most obvious of these is the use of isotropic linear elastic
material properties. These materials properties are known to be very useful in materials
like metals, but do not capture a significant portion of the important behaviors which
have been widely characterized across biological materials. The inclusion of more
complex behaviors such as stress state dependency, strain rate dependency,
hyperelasticity or hyperelastic-like responses, and the combined effects of viscous, plastic
and elastic material responses, is a major area of research and significant progress in the
modeling of biological materials. As more advanced material models become available,
either through our own continued research or that of the other groups contributing to this
much needed area of study, these may be incorporated and studied using the tools created
through our research to date. While the ultimate goal of simulation is to exactly mimic all
real world behaviors, I believe the most important material behavior to begin considering
is stress state dependency. The data presented demonstrates that there is a complex trend
of multiaxial loading throughout an automotive collision, and the ramifications of a stress
state dependent set of material models for all tissues is extremely significant. This is
especially important when contrasted with the earlier stress state dependency studies
conducted on placenta, where the mechanical resistance varied by as much as orders of
magnitude between stress states. Rate dependency will also become a very important

aspect of simulation as the simulated collision speed increases. Beyond material models,
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the lack of amniotic fluid and the use of computational fluid dynamics is a limitation
concerning placental and fetal loads. The addition of the amniotic fluid is most likely the
greatest anatomical limitation in our study, and will be the next major area of focus, with
regards to geometry improvement, as our groups pregnant trauma simulation efforts
continue. The incorporation of our pregnant abdomen into a full body simulation would
also be very valuable in assuring that the context of our simulation is valid; without this it
is somewhat difficult to assert that the use of just the abdomen and pelvis, essentially the
fetus and surrounding anatomy, is a completely acceptable simplification.

With regards to the use of ABAQUS parameters and modeling tools which
represent limitations in our current approach, the interface between different organs and
tissues being defined as a tie is a major simplification. The majority of surface interfaces
in the body are not well characterized by a simple tie, and such an interaction will always
lack the ability to capture failure behavior at higher loads. The incorporation of frictional
behaviors to capture the sliding of organs and tissues, and potentially failure behaviors to
characterize things like placental abruption, are viable and important areas to study.

Another powerful aspect of the created simulation is the fact that it can be easily
modified to increase crash speed. A scale-up process of increasing crash speed will be a
future focus within our group. This is accomplished in ABAQUS by changing the
velocity values for the predefined speed, and the coefficient term in the velocity boundary
condition, to the desired collision speed. This value is then multiplied by the normalized
tabular Amplitude, and mimics the twenty kilometer per hour profile at higher or lower

speeds.
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Conclusions

Our research indicates that the finest mesh tested, and the tilting simulation
configuration, are the most effective and appropriate modeling tools available to us at this
time. The data from these simulations shows that published acceleration data can be
effectively incorporated into simulations and create a realistic crash behavior. The
simulations here are an extremely promising initiation of a maternal simulation tool set
that can be sustainably improved with future research. The potential for applications to
many aspects of maternal trauma, including injury science and safety engineering, is
great. Likewise, the model is capable of accommodating more complex materials, and a
more refined mesh can even be created through ScanIP if the computational limitations
become less serious with technological progress. This is major step forward in terms of
incorporating realistic anatomy and fetal measurements in pregnant trauma. Previous

state-of-the-art only included placenta and maternal organs[180].
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CHAPTER VI

CONCLUSIONS AND FUTURE STUDIES

The state of the art in modeling efforts in maternal trauma has severely lagged
behind that of more general trauma modeling efforts. The work presented in this study
provides an essential foundation for forward progress in simulating maternal trauma. The
microstructural and biomechanical analysis of placenta will allow for advanced internal
state variable driven constitutive relationships to be formulated, capturing complex and
previously unavailable behaviors such as stress state and rate dependencies, and damage.
The anatomical geometry is more accurate than previously available meshes and can be
further refined through ScanIP as is needed in future research. The simulated loading
conditions reported were highly successful at recreating the crash kinematics, and can be
quickly adjusted to increase or decrease the velocity of the collision. All of these results
are exciting and valuable contributions to trauma simulation, but their greatest value is
the opportunities they open up in future cutting-edge studies. Potential areas of future
research include the following areas.

Biomechanical analysis of the Poisson’s ratio of placenta under different stress
states to better understand the manner in which this tissue deforms, as Poisson’s ratio
effects were not considered in the reported studies. Because of the biphasic nature of
placenta, a comparison of Poisson’s effects under confined, as well as our unconfined,

compression would also be very valuable.
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Evaluation of structure property data in relation to the changing frame of
reference could potentially improve the value of this data. It would be particularly
valuable to perform this re-analysis of the structure properties following the Poisson’s
ratio studies, as Poisson’s ratio is the most relevant parameter when considering a
deformational volume change.

Dynamic biomechanical analysis of human placenta is an important addition to
the reported data. Many traumatic events occur at strain rates beyond those considered in
these, or any other previously published biomechanical investigation of placenta. In
particular, availability of stress state dependent data for placenta at strain rates from 1.0
to approximately 100.0 would most likely describe the majority of systems relevant to
maternal trauma.

Analysis of the interface between the placenta and the uterus to characterize the
actual failure event that is placental abruption is arguably the most relevant piece of data
concerning the most common pathology related to trauma in pregnancy. The ethical and
logistical issues concerning humans make this sample essentially impossible to obtain,
but animal surrogates could be used as an alternative. It is important to note that no
animal surrogate is as similar as might be expected when considering other organs, such
as the heart of liver, because of the interspecies variations in reproductive anatomy.
Nonetheless, lower primates and rodents possess discoid placentation which is similar to
humans. Development of a method for effectively assessing this interface in any animal
would at least begin to scratch the surface on this issue.

Inclusion of the amniotic fluid in the mesh would finalize the last major piece of

missing anatomy. Incorporation of fluid properties through a coupled computational fluid
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dynamics approach, or use of an equation of state in a traditional simulation, would be
possible and hydrodynamic effects could also be incorporated.

Improvement of mesh to include smoothed geometry, especially between layers to
allow for more relevant friction simulations, through the use of an alternative meshing
tool such as Cubit (Sandia National Laboratories) or HyperWorks (Altair Engineering,
Huntsville AL) which can be used to improve geometries and optimize elements,
minimizing or possibly eliminating tetrahedral elements.

Inclusion of improved material models such as basic hyperelastic models and
eventually complex models like the ISV models previously described has always been a
major consideration while moving forward with this research. The placenta data has been
gathered for incorporation into these types of constitutive model, but development and
validation of such a model is still required.

Inclusion of more realistic properties part interfaces would greatly improve the
real world value of the results in the simulation. Most of the interfaces in the body are not
well simulated as a tie, and appropriate frictional or failure boundary conditions would be
a major step towards accurately simulating and predicting injury scenarios.

Conversion of seatbelt boundary conditions from velocity to analogous force
would most likely alleviate the local tensile artifacts at the base of the seatbelt regions
caused by the model tilting. Alternatively, a script could be formulated which maintained
velocity conditions, but modified them across the region so that the values adjusted for
tilt.

Increase in collision velocity to study the progressive increase in severity of
collisions by modifying the coefficients in the predefined fields and velocity boundary
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conditions. The previously created amplitudes will support such modifications, and are

still the best available indications of acceleration profiles for these anatomical regions.
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