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Abstract

Traumatic brain injuries (TBIs) are complex injuries resulting in a variety of symptoms,
disabilities, or even death, with common causes including motor vehicle crashes, sports, or
unintentional falls. For belted automotive occupants in frontal crashes, females have a
significantly greater risk of sustaining a moderate brain injury after controlling for covariates such
as age, height, body mass index, delta-V of the collision, and vehicle model year. There are
physical differences between males and females which may influence the biomechanics of the
brain during a crash and explain the disparity of brain injury risk between the sexes.
Biomechanical factors such as neuroanatomy, material properties, and the resulting head
kinematics caused by the event all contribute to the severity of brain deformation, the primary
mechanism of diffuse TBI. Computational finite element (FE) brain models are commonly used to
predict brain response under potentially injurious loading, but a majority of research has focused
on mid-sized adult males, and additional research is required to determine the effect of sex on
brain deformation using these FE brain models. Therefore, the goal of this dissertation is to
guantify sex-related differences in neuroanatomy, material properties, and head kinematics and
their effect on brain deformation response in automotive loading environments using subject-
specific FE brain models.

A previously developed registration-based morphing framework was utilized to develop
subject-specific FE brain models from magnetic resonance imaging and elastography brain scans
to capture unique neuroanatomies and material property features. For each of the subjects,
intrinsic biomechanical features were evaluated and included measures of brain volumes, shear
stiffnesses, and damping ratios. Sex was a significant predictor for many of these intrinsic
biomechanical features, such as intracranial volume (ICV) and mean damping ratio, as estimated
the Bayesian linear mixed model. The subject-specific FE models were then simulated using head

kinematics from an oblique frontal sled test, and the biomechanical features and sex were



assessed to determine their effect on the brain tissue deformation metrics. Of the
neuroanatomical features, ICV had the greatest effect on brain tissue maximum principal strain,
and damping ratio had the greatest effect of the material properties; however, sex did not have a
significant effect on the deformation metrics tested based on the Bayesian linear mixed model.

Based on differences in mass distribution and engagement with restraint systems, the effect of
sex on automotive crash head kinematics needs to be considered. For sex-matched sled tests of
post-mortem human surrogates and anthropometric test devices, sex was a significant predictor
of peak kinematic metrics; however, the surrogate’s sex did not have a significant effect on
predicting brain deformation after including these kinematic features. However, the number of
sex-matched sled test environments was limited, and there are often differences in experimental
restraint systems (e.g., shoulder belt load limiters). Potential differences in head kinematics, as a
result of these inconsistent test environment, have not been assessed.

A final sensitivity study assessed which of the biomechanical features within the neuroanatomy
study, material properties study, and the head kinematics study had the greatest impact on brain
deformation. Overall, biomechanical factors associated with the head kinematics had the overall
greatest effect, and sex did not have a statistically significant effect on brain deformation.
Additionally, ICV had a statistically significant effect on all deformation metrics.

The research presented in this dissertation provides an analysis of how biomechanical features
within a subject’'s neuroanatomy, material properties, and head kinematics affect brain
deformation. Ultimately, the outcomes presented in this dissertation can direct future work to
address areas with the greatest impact on brain deformation to reduce injury risk in both male

and female automotive occupants.
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Introduction

Statement of Problem

The Centers for Disease Control (CDC) documented 2.53 million traumatic brain injury (TBI)
related emergency department visits (ED) and 56,800 TBI-related deaths in the United States in
2014, with both ED visits and deaths increasing steadily from 2006 (Peterson et al., 2019).
Additionally, there are an estimated 5.3 million people living with a TBI-related disability in the
United States (Control & Prevention, 2015). The most common sources of TBIs were unintentional
falls, unintentionally being struck by an object (including sports), motor vehicle collisions, assault,
other (no mechanism specified), and intentional self-harm (Peterson et al., 2019). Emergency
department and hospitalization records often report higher incidence of TBI in males compared
to females, and a meta-analysis of previous epidemiology studies concluded that males have 2.2
higher odds of sustaining a TBI than females (Faul et al., 2010; Frost et al., 2013). It has been
suggested the disparity of TBI incidence is due to the higher propensity of males to be involved
in physical altercations, military service, and contact sports (Biegon, 2021). However, due to
underreporting of female TBIs from intimate partner violence, recent publications suggest the true
disparity in incidence rate of TBIs between males and females may not be captured in current
epidemiology (Biegon, 2021; Control & Prevention, 2008; Maas et al., 2017). In addition to the
overall TBI frequency between males and females presenting in an emergency department, the
injury risk within each of these settings, such as motor vehicle crashes and sports, can vary
depending on sex (Antona-Makoshi et al., 2018; J. Forman et al., 2019; Resch et al., 2017).

Across all high school and collegiate sports, male athletes have a higher reported concussion
incidence rate per 100,000 athlete exposure, defined as one athlete participating in a single game
or practice, compared to female athletes; however, when studying sports with similar participation
rates in males and females, female athletes sustain more sports concussions compared to male

athletes (Resch et al., 2017). In sex-comparable National Collegiate Athletic Association (NCAA)
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sports, females had 1.4 times overall the concussion injury rate compared to males, with greater
rates in women’s baseball/softball, basketball, ice hockey, and soccer (Covassin et al., 2016).
Additionally, female athletes suffering from sports concussions report more post-concussion
symptoms, greater performance decline in cognitive performance measures compared to
baseline measures, and are cognitively impaired about 1.7 times more often than male athletes
(Broshek et al., 2005). With increased incidence of female TBI and increasing female participation
in sports, women now making up 47% of the 2019 NCAA Division | athletes compared to only
26% in 1983, research into possible explanations of this TBI disparity is hecessary (Association,
2020). Do female brains injure easier than male brains? Is there a difference in injury tolerance
between male and female brains? Is the injurious loading event the same for both sexes? Or is
there an inherent, biological difference that explains this disparity?

To isolate the effect of sex on TBI rates or possible injury risk, knowledge of the injurious
loading condition is required to eliminate or control for effects of exposure. Characterization or
measurement of the injurious exposure is often not included in large hospital or sports injury
databases. However, injury exposure can be controlled using automotive crash databases to
better understand sex-differences in injury risk under similar loading conditions. Motor vehicle
crashes account for more than one fifth of the 288,000 TBI-related hospitalizations and are the
most common TBI-related cause of death for 15- to 34-year-olds and those older than 75 years
old (Peterson et al., 2019). When controlling for delta-V, sex, age, height, Body Mass Index (BMI),
and vehicle model year, females are at a significantly greater risk for moderate brain injury, with
an odds ratio (OR) of 1.76 (J. Forman et al., 2019). Additionally, females are at a significantly
greater risk for concussions (OR = 1.51) in frontal crashes when controlling for delta-V, sex, age,
model year (Antona-Makoshi et al., 2018). However, while not statistically significant, males are
at a greater risk for severe brain injury (OR = 0.44) in frontal crashes when controlling for delta-

V, sex, age, height, BMI, and model year (J. Forman et al., 2019). These could imply differences
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in injury tolerance, biomechanical response of brain tissue, or head kinematics between male and
female occupants could affect injury risk, but each require additional research.

During an automotive crash, or any inertial loading of the head, the brain tissue deforms, and
the amount of deformation is dependent on the severity of the experienced head kinematics.
Current brain injury risk functions relate either the external head kinematics or a predicted metric
of brain deformation to the probability of a TBI (Gabler, Crandall, et al., 2018; Takhounts et al.,
2013; Wu et al., 2021, 2022). While there is no current deformation threshold to define a brain
injury, the risk of brain injury increases for increasing deformation or brain strain. To predict brain
deformation based on external impact or inertial loading, the human brain can be modelled as a
mechanical structure, with its mechanical response governed by the geometry, material
properties, and boundary conditions. For brain biomechanics, these components are represented
as the neuroanatomy, material properties, and the external head kinematics or the exposure. To
best predict brain injury risk in both males and females, a greater understanding of the effect of
these biomechanical factors on brain deformation is required, as well as any sex-specific effects

within these biomechanical factors.

Motivation

Due to the complexity of traumatic brain injuries, differences in injury rate or injury tolerance
between males and females could be dependent on many different factors, such as physiological
factors (e.g., cellular response to trauma), biomechanical factors (e.g., neuroanatomy or material
properties), or environmental factors (e.g., exposure). To aid in this investigation, computational
finite element (FE) brain models are used to study brain deformation, the biomechanical
mechanism of diffuse axonal brain injuries, under a wide range of loading conditions. These tools
offer a flexible platform for investigating the effect of various biomechanical parameters (e.g.,
geometry, material properties, and loading conditions), where each of these parameters can be

controlled. The geometry of the state-of-the-art in FE brain models are based on neuroanatomical
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features captured using magnetic resonance imaging (MRI) scans, and these geometries can be
representative of a single subject or a population average. Material properties of the various brain
tissues are modeled using complex constitutive material models often derived from experimental
testing. However, these material properties are often based on a population average and do not
capture subject-specific material behavior. As medical imaging, experimental testing, and
computational power improve, the ability of these FE brain models to predict brain strain from
various head kinematics can advance the understanding of TBIls. Based on recent innovations,
FE models with subject-specific geometrics can be quickly generated based on individual MRI
scans (J. S. Giudice et al., 2020, 2021). Furthermore, FE brain models based on subject-specific
neuroanatomies have been shown to produce different maximum principal strain and strain
distributions throughout various brain regions compared to the response of an average brain
geometry (S. Giudice & Panzer, 2020). Therefore, these subject-specific geometries can be used
to study the effect of neuroanatomy on brain deformation between the sexes using male- and
female-specific brain geometries.

The intrinsic properties of the brain, such as the geometry and material properties, can easily
be modified in FE brain models to investigate their effects across a wide range of both individual
and average parameter ranges. Using this inherent versatility and varied combinations of intrinsic
properties, FE brain models can also be evaluated over a large spread of input kinematics. A
global statistical analysis would assist in understanding the relative contributions of geometry,
material properties, and boundary conditions to FE brain deformation and corresponding TBI
metrics. There is a need for overall improved understanding of female TBI biomechanics, which
can ultimately help formulate the criteria used to assess the effectiveness of injury

countermeasures across the entire population.
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Goal of Dissertation and Structure

The goal of this dissertation is to quantify sex-related differences in neuroanatomy, material
properties, and head kinematics and their effect on brain deformation response in automotive
loading environments using computational brain models. This goal will be accomplished through
four specific aims:

1. Quantify the effect of sex-specific neuroanatomical differences on brain deformation
during impact.

2. Quantify the effect of sex-specific brain material properties on brain deformation during
impact.

3. Quantify the effect of sex-specific head kinematics resulting from automotive level impact
scenarios on brain deformation.

4. Quantify the relative effect of each biomechanical factor on brain deformation.

This Introduction includes the primary background and motivation for the dissertation research,
describes the overall goal of the dissertation, and provides the structure for the whole dissertation.
Following a review of background research related to the goals of this dissertation (Chapter 1),
five additional chapters are included to satisfy these aims. In Chapter 2, different biomechanical
factors will be quantified from a sample of male and female brain anatomical MRIs to quantify the
effect of neuroanatomy on brain deformation. In Chapter 3, a sample of male and female magnetic
resonance elastography brain scans will be implemented into the FE brain models to quantify the
effect different material properties have on brain deformation. In Chapter 4, a variety of real-world
head kinematics from automotive crash environments will be used to quantify the effect of head
kinematics on brain deformation. Finally, in Chapter 5, the relative effect of each of these
biomechanical factors will be quantified to determine what intrinsic or extrinsic properties of the

human brain have the greatest effect on brain deformation during head impacts. Ultimately, the
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conclusions, contributions, limitations, assumptions, and future work will be summarized in the

final Conclusions (Chapter 6).

Expected Contributions

This dissertation will begin to address gaps in the current understanding of sex-specific
biomechanics factors and their effect on brain deformation and is innovative in several aspects.
1. This work is the first to holistically quantify the relative contributions of neuroanatomy,
material properties, and head kinematics on brain deformation metrics using finite element
brain models.
2. This work is the first to evaluate the effect of sex-specific parameters within these
biomechanical factors on brain deformation metrics.
3. The proposed work will investigate the combined effect of subject-specific neuroanatomies
and subject-specific material properties on brain deformation using both male and female

subject-specific finite element models in automotive crash environments.

Overall, the application of this dissertation will improve our understanding of female TBI, will
explain the differences between male and female brain deformation response during head
impacts, and will inform future TBI research by identifying the biomechanical factor with the

greatest effect on brain deformation within both the male and female populations.
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Chapter 1: Background

This chapter offers a literature review of the pertinent background information for the
dissertation research and includes a review of brain neuroanatomy, brain material properties,
head kinematics relevant to automotive loading environments, advanced neuroimaging analysis
techniques, finite element (FE) brain models, brain injury metrics, and the clinical relevance of

this dissertation research with special interest in sex-specific considerations.

Brain Neuroanatomy

The brain is arguably the most complex human organ with billions of cells that manage
“elaborate molecular, cellular, and neuronal phenomena that together form the physical and
biological basis of cognition” (Bassett & Gazzaniga, 2011). The adult human brain weighs
between 1070-17679g for males and 1000-1618g for females and is primarily composed of three
main parts: the cerebrum, the cerebellum, and the brainstem (Figure 1) (Molina & DiMaio, 2012,
2015; Purves et al., 2011). The cerebrum accounts for more than two-thirds of the total brain
weight and is composed of two hemispheres connected by a large bundle of myelinated nerve
fibers (Azevedo et al., 2009). Each of the hemispheres is divided into four lobes — frontal, parietal,
temporal, and occipital — primarily based on brain function in those regions (Figure 1) (Purves et
al., 2011). The frontal lobe is mainly responsible for higher executive function, such as problem
solving, planning, and emotional regulation, as well as personality. The parietal lobe is responsible
for interpreting some sensory information, such as touch and taste. The temporal lobe is
responsible for processing and understanding language, as well as some sensory information,
such as interpreting sounds and smells. Finally, the occipital lobe houses the primary visual cortex
and is responsible for interpreting visual information (Purves et al., 2011). The cerebellum, which
is Latin for “little brain,” plays a critical role in motor control, coordination, and balance. Finally,
the brainstem connects the brain to the spinal cord and is responsible for regulation of many vital

functions, such as breathing, blood pressure, and heart rate (Purves et al., 2011). The outer
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surface of the cerebrum and cerebellum is folded into gyri (ridges) and sulci (grooves) which

increase the surface area of the brain.

frontal lobe parietal lobe

occipital lobe

cerebrum

cerebellum

brain stem
temporal lobe

Figure 1: The major macroscopic regions of the human brain (cerebrum, cerebellum, and brain
stem) and the lobes of the cerebrum (frontal, parietal, temporal, and occipital). (Source: Idaho
Public Television (“The Brain: Facts Science Trek: Idaho Public Television)”).

Surrounding the entire brain parenchyma are three membranes (from superficial to deep), the
tough dura mater, the middle arachnoid mater, and the thin pia mater, collectively called the
meninges (Purves et al., 2011). Cerebral spinal fluid (CSF), a colorless bodily fluid, is housed in
the sub-arachnoid space between the pia mater and the arachnoid mater. CSF acts as a
mechanical and immunological protection mechanism to the brain. A mechanical function of the
meninges and CSF is protection of the brain by tightly coupling the brain tissue to the skull and
providing stability and limiting movement (Decimo et al., 2012).

The brain tissue is composed of two major types of cells: neurons and glia cells. Neurons are
electrically excitable cells that are responsible for sending and receiving signals via
neurotransmitters; these connections form neural pathways and neural circuits to generate brain

activity (Purves et al., 2011). A neuron is composed of the soma, dendrites, axon, and axon

terminals. The soma, or the body of the neuron, contains the nucleus of the nerve cell. The
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dendrites are cellular extensions that receive signals sent from other neurons. The axon of the
neuron passes signals from the cell body to the axon terminals which then transmit the signal to
other neurons, muscles, or glands. The myelin sheath, a lipid-rich substance, wraps around the
axon to insulate and increase the rate of electrical signals passing along the axon (Purves et al.,
2011). The gray matter regions of the brain are primarily composed of the soma of neurons and
is classified as either deep gray matter or superficial gray matter, also known as the brain cortex
(Mercadante & Tadi, 2020). The white matter regions of the brain are mainly composed of
myelinated axons, and a bundle of these myelinated axons form tracts throughout the brain tissue
(Purves et al., 2011). Glia cells act as support cells in the nervous system by maintaining
homeostasis and providing support and protection for nerve cells (Jessen & Mirsky, 1980).

To visualize in vivo anatomical structures throughout the brain, advanced medical imaging
techniques, such as magnetic resonance imaging (MRI), are used by clinicians and scientists.
MRIs are created using a strong magnetic field and radio waves to image brain tissue within the
skull without any disruption to the tissue or surrounding structures. In summary, the magnetic field
first aligns the protons within the body to this known field; the protons are then stimulated and
spin out of equilibrium due to the presence of an applied radiofrequency field. The radiofrequency
field is removed, and the protons will realign to the magnetic field. The time required for this
realignment and the energy released are dependent on different types of tissue. Based on these
properties, different tissues can be highlighted in MRI scans (Hashemi et al., 2012). A T;-weighted
anatomical scan highlights the differences in the T; relaxation times of different tissues and is a
commonly used MRI in defining neuroanatomical structures, where CSF is dark, white matter is

light, and gray matter is gray throughout the brain tissue (Figure 2) (Bigler, 2015).
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Figure 2: Ti-weighted MRI brain scan for a single subject, including the transverse plane (left),
sagittal plane (center), and coronal plane (right).

Sex-Specific Consideration in Neuroanatomy

Multiple imaging studies have identified anatomical differences between male and female
brains (Jancke et al., 2015; Lotze et al., 2019; Ritchie et al., 2018); however, many of these sexual
dimorphisms are very small and most are not statistically significant after accounting for total brain
volume (Ritchie et al., 2018). Nonetheless, it is widely accepted that both total brain volume (brain
parenchyma) and intracranial volume (ICV) (brain parenchyma, cerebrospinal fluid, and
meninges) of the male brain are larger than female volumes, on average (Eliot et al., 2021). The
male total brain volume and ICV are reported to be 11% and 12% larger, respectively, compared
to the female brain (Ritchie et al., 2018; Ruigrok et al., 2014). Additionally, previous studies have
shown a higher ratio of gray matter to white matter in females, with the magnitude of this difference
ranging from 4% to 7% (Leonard et al., 2008; Pintzka et al., 2015; Ritchie et al., 2018). Once total
brain volume was considered a covariate, the significance of this sex difference was greatly
reduced (Jancke et al., 2015; Leonard et al., 2008) and ultimately, larger brains had a larger
proportion of white matter, regardless of sex (de Jong et al., 2017). While the gray to white matter
ratio might not be sexually dimorphic, it is important to consider the non-linear scaling of white
matter when comparing FE brain models that model white and gray matter separately, given
different material properties may be assigned to each.
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For smaller structures in the brain, such as the subcortical gray matter structures, previous
studies have concluded contradictory results regarding volumetric sex differences (Coupé et al.,
2017; Lotze et al., 2019; Potvin et al., 2016; Ritchie et al., 2018). As MRI data sets continue to
expand, researchers are moving away from the “gold standard” manual tracing and identification
of anatomical structures to automated segmentation-based methods (e.g., voxel-based
morphometry) (J. S. Giudice et al., 2020; Li et al., 2021; Lotze et al., 2019). These automated
processes involve registering each individual brain MRI to a template MRI, which are often
created based on a limited population of healthy brains and are often constructed from a sample
with unequal numbers of male and female brains (Eliot et al., 2021). Eliot et al. reviewed multiple
studies to compare the effects of segmentation method on subcortical gray matter volumetric
measurements and found volumetric measurements of subcortical gray matter structures varied
due to method (manual tracing or automated segmentation) and measured structure, and error
was greater for smaller structures (Eliot et al., 2021; Grimm et al., 2015; Makowski et al., 2018).
Smaller sex differences were also found when comparing studies using manual traces methods,
and these differences “all but disappeared” when using intracranial volume as a covariate
(Kennedy et al., 2009; Marwha et al., 2017). When accounting for either total brain volume or
intracranial volume, no subcortical gray matter structure was found to be larger in male or females
across all studies (Eliot et al., 2021). While it is unknown if these measurement discrepancies
affect volumetric sex differences, the range in these findings might contribute to the inconsistency
of results for small subcortical gray matter structures (Eliot et al., 2021).

While many geometric differences between male and female neuroanatomies are small, if
present at all, using subject-specific geometries based on individual MRI scans can account for
these differences seen between the two sexes and across varying brain volumes. Literature
suggests difference in total brain volume and intracranial volume are the largest geometry-related
sex differences in the brain and should be considered in brain models designed to represent the
average male and average female brain response (Ritchie et al., 2018).
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Brain Material Properties

In addition to its function and structure, the brain’s mechanical properties are also both
complex and difficult to characterize. A majority of previous material characterization of brain
tissue has been completed using ex vivo tissue across a variety of different loading conditions,
including tension (Budday, Sommer, Birkl, et al., 2017; Budday et al., 2020; Jin et al., 2013),
compression (Budday, Sommer, Birkl, et al., 2017; Budday et al., 2020; Jin et al., 2013), shear
(Budday, Sommer, Birkl, et al., 2017; Budday et al., 2020; Darvish & Crandall, 2001; Jin et al.,
2013), and indentation testing (Alshareef et al., 2015; Budday et al., 2015, 2020). Due to the
complexity of the material, there is not a single set of material properties accepted by the
biomechanics field to define brain tissue across different loading conditions. However, it is agreed
that brain tissue is a nonlinear (Budday et al., 2015; Darvish & Crandall, 2001), anisotropic
(Budday et al., 2015; Jin et al., 2013), nearly incompressible (Libertiaux et al., 2011), viscoelastic
material (Darvish & Crandall, 2001). The wide range of material properties of brain tissue could
be based on many differences of material testing between previous studies, including the effect
of temperature (Arbogast & Margulies, 1998), loading magnitude or rate (Budday et al., 2020; Jin
et al., 2013), loading condition (Budday, Sommer, Birkl, et al., 2017; Budday et al., 2020; Jin et
al., 2013), or specimen preparation (e.g., storage conditions, post-mortem time of specimen
collection) (Fallenstein et al., 1969; Garo et al., 2007).

With advancements in imaging technology, basing brain material characterization solely on
ex vivo testing, which can be affected by many factors, is no longer necessary. As determining in
vivo brain material properties using ex vivo mechanical testing is impossible without disrupting its
biological function and natural environment, recent research has focused on calculating material
properties based on magnetic resonance elastography (MRE) of healthy human brain tissue
(Arani et al., 2015; Hiscox et al., 2018, 2020; Sack et al., 2009). Using MRE, the viscoelastic

properties of the brain are noninvasively quantified by tracking the propagation velocity of micron-
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level displacements induced in the brain by an external actuator. Using nonlinear inversion, the
material properties of the brain tissue are computed, resulting in three-dimensional maps of shear
modulus and damping ratios (Hiscox et al., 2020). However, further work is needed to relate the
material properties from such small deformations used in MRE to material properties required to
capture larger and quicker deformations seen in injurious loading conditions due to the

nonlinearity and viscoelasticity of the human brain tissue.

Sex-Specific Considerations in Brain Material Properties

As the number of scanned individuals within MRE datasets increase, the effect of sex on brain
stiffness has gained greater attention (Arani et al., 2015; Sack et al., 2009; Wuerfel et al., 2010).
Healthy females have been shown to have approximately 10% stiffer brain tissue compared to
males across the entire brain parenchyma, and other studies have concluded females have stiffer
temporal and occipital lobes (Arani et al., 2015; Wuerfel et al., 2010). Additionally, Mcllvain et al.
concluded females have a higher stiffness and a lower damping ratio in subcortical gray matter
structures; however, Hiscox et al. found no significant difference in subcortical gray matter
damping ratios between males and females, but concluded a significant sex-difference between
the damping ratios in white matter (Hiscox et al., 2020; Mcllvain et al., 2018). Tissue stiffness and
damping ratios captured using MRE for the healthy adult human brain have identified differences
for sex-specific material properties, but these MRE material property distributions can also
capture subject-specific material features. Further shape analyses can compare these material
distributions between the male and female cohorts to determine if sex affects material and strain

distributions throughout the brain.

Brain Mechanics and Head Kinematics

Brain deformation mechanics depends on the intrinsic properties of the brain, such as the

neuroanatomy and the material properties, as well as the extrinsic loading conditions, such as the
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head kinematics experienced during an impact. Due to the coupling provided by the meninges,
the external kinematics experienced by the skull create deformations within the brain tissue, and
it is assumed these tissue deformations cause brain injuries. TBIs caused by these closed-head
injuries, or non-penetrating injuries, are often classified as diffuse TBIs and are commonly the
result of inertial loading of the head. While the injury mechanism is not currently agreed upon, the
most widely accepted hypothesis is the rotational kinematics of the head generate internal brain
deformations which strain neurons and either tear or disrupt the physiological function of the axon
(Dollé et al., 2018; Holbourn, 1943). Originally hypothesized by Holbourn in 1943, the theory was
based on the low shear modulus and near incompressibility of the brain; therefore, the strain
induced by the rotation of the skull would be much larger than strain resulting from linear
acceleration (Holbourn, 1943). Since this original theory, previous studies have shown poor
correlation between brain strain and linear acceleration (Gabler et al., 2016; Kleiven, 2007,
Takhounts et al., 2008a, 2013).

The relationship between brain deformation and head kinematics has been a large focus for
brain injury biomechanics research (Gabler et al., 2016; Gabler, Crandall, et al., 2018; Gabler et
al.,, 2019; Takhounts et al., 2013). While more recent studies have focused primarily on the
rotational kinematics, Gabler et al. investigated the effect of magnitude and duration of angular
acceleration on brain deformation using the maximum magnitude of displacement between a
single-degree-of-freedom mechanical system and strain-based injury metrics from FE brain
models (Gabler, Joodaki, et al., 2018). For long-duration pulses, brain deformation depended
primarily on the angular acceleration, while for short-duration pulses, brain deformation depended
primarily on the angular velocity (Figure 3). Between these short- and long-durations pulses, near
the systems natural period, brain deformation was dependent on a combination of angular velocity

and acceleration components (Gabler, Joodaki, et al., 2018).
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Figure 3: Contour plots showing relationship between velocity, acceleration, and MPS across a
range of head kinematics. Contour lines represent constant levels of MPS (Source: Gabler et al.
2018).

However, due to limited well-characterized human brain injury datasets, it is difficult to relate
head kinematics, brain strain, and injury risk in order to generate an injury risk function to begin
to predict the presence of a brain injury given only information about the loading condition
(Sanchez et al.,, 2017). Recent efforts, such as improvements to wearable sensors, have

increased the size and reliability of these injury datasets, but additional attention should be paid

to the population variability sampled in these datasets.

Sex-Specific Considerations in Head Kinematics

Potential differences in the extrinsic factors, such as exposure or head kinematics, may
contribute to the overall difference in male and female brain deformation and injury. The greatest
challenge in investigating the effect of these extrinsic properties is the lack of comparable data
between male and female head kinematics under the same loading conditions. Comparable male
and female head kinematics have been generated in pseudo-matched injurious cadaveric sled
tests, matched volunteer low-severity sled tests, and using full-body computational models in
automotive crash loading scenarios.

There are many physiological differences between males and females, which can lead to

differences in head kinematics under similar crash or impact conditions, such as mass distribution,
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cervical vertebrae dimensions, and neck strength (Nikolova & Toshev, 2007; Vasavada et al.,
2008; Young et al., 1983). The female neck has 33% more head mass per unit of neck muscle
area compared to a height and neck length matched male with more slender necks and less neck
cross-sectional area (Vasavada et al., 2008). Additionally, the female neck has only, on average,
68% and 80% of the strength of a size-matched male neck in flexion and extension, respectively
(Vasavada et al., 2008). Onset of muscle activation for male and female neck muscles have also
been shown to be significantly different during volunteer sled testing (Brault et al., 2000). Neck
strength and anticipatory neck muscle activation have been shown to reduce the magnitude of
the resulting head kinematics (Eckner et al., 2014; K. A. Reynier et al., 2020); therefore,
independent male and female head kinematics are required to further understand the difference

in male and female brain deformation and injury.

Brain Imaging Analysis Techniques

To quantify neuroanatomical features across different subject images captured using different
MRI scanners, normalization techniques are applied to brain scans to account for some of these
differences, such as scanner resolution or image origin location. The Advanced Normalization
Tools (ANTSs) software package is able to normalize multiple brain images to a single common
image space to aid in comparisons between multiple individuals; in addition, ANTs can generate
template brain images, subject-specific registration to template image space, multi-tissue
segmentation of brain images, and cortical thickness calculations (B. B. Avants et al., 2008; B.

Avants & Gee, 2004; Das et al., 2009; Wang et al., 2013).

Image Registration

The foundation of image registration is computing a transformation for each voxel within the
“moving” image to geometrically align the moving image with a “fixed” image (Toga & Thompson,
2001). The registration process consists of two steps. First, an affine transformation is computed
to align the moving image with the fixed image; this transformation can translate, rotate, scale,
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and shear the moving image to align with the fixed image (B. B. Avants et al., 2008). Next, a non-
linear transformation is applied to the now aligned moving image to deform the moving image’s
voxel to correspond with the voxels in the fixed image (B. B. Avants et al., 2008). The
transformations created by registering an individual subject’s brain scan to a template brain scan
can then be applied to template finite element brain models to generate subject-specific brain

models (J. S. Giudice et al., 2020).

Brain MRI Tissue Segmentations

To quantify tissue shapes, volumes, or thicknesses throughout the brain, image segmentation
is often necessary. The true “gold standard” tissue segmentation is manual segmentation of the
brain; however, due to the time required for manual segmentation and the increasing number of
brain MRI scans, automated processes have dominated recent studies (Klauschen et al., 2009;
Wang et al., 2013). Atlas-based segmentation is a widely used technique which applies the
segmentation of a previously labeled image, the atlas, (e.g., a segmented template image) to a
novel target image (e.g., a single subject image) using the unique one-to-one mapping developed
by registering the novel target image to the labeled image space (Rohlfing et al., 2005). The
segmentation error associated with atlas-based segmentation is a result of the registration error
between the two images; to help reduce this segmentation error, multiple atlases can be included

in the segmentation process, referred to as joint label fusion (Wang & Yushkevich, 2013).

Cortical Thickness Calculations

Cortical thickness is often calculated due to its correlation to disease states, such as
Parkinson’s disease or dementia, and differences in material properties and thickness in some
cortical gray matter regions between males and females (Hiscox et al., 2020; Luders et al., 2006;
Lyoo et al., 2010). First, the cortical mantle is defined as the tissue between the gray matter-white
matter and gray matter-cerebrospinal fluid interfaces (Das et al., 2009). Then, using a

Diffeomorphic Registration based Cortical Thickness (DiReCT) measure, the thickness of the
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cortical mantle is calculated as a distance measure between the two previously defined interfaces
(Das et al., 2009; Tustison et al., 2021). Using standard labelled atlases of cortical gray matter
regions, such as the Desikian-Killiany-Tourville atlas, thickness and volumes can be reported for

different regions throughout the cortical mantle (Klein & Tourville, 2012).

Finite Element Brain Models

Finite element brain models are used to simulate external loads measured during injurious
and uninjurious events (often in the form of head kinematics data) to predict the internal brain
deformation response resulting from these mechanical loads. A summary of how models are
created and formulated for the most widely used FE brain models in injury biomechanics are
reviewed in Madhukar et al. 2019 and Giudice et al. 2019, respectively (J. S. Giudice et al., 2019;
Madhukar & Ostoja-Starzewski, 2019). The geometries of most FE brain models are based on a
single subject’'s anatomy taken from high resolution medical images, either computer topography
(CT) or MRI scans, and often represent the gross anatomy of a mid-sized male. It has been
impractical to create new models of different anatomy from another set of medical images owing
to the lengthy process of model development. However, recent advancements in image
registration and model morphing have allowed for the ability to rapidly generate geometrically
subject-specific FE brain models using a template model (J. S. Giudice et al., 2020).

Using MRI anatomical scans and registration-based morphing (RBM), subject-specific FE brain
models can be generated to accurately capture size, shape, and local geometry characteristics.
The RBM workflow used in this dissertation is based on the methodology developed by Guidice
etal. (J. S. Giudice et al., 2020). A template brain image was created from a larger dataset of T1-
weight MRI brain images to generate a representative geometry. Based on the template brain
image, a template brain model was developed and calibrated using in situ brain deformation
experimental data (J. S. Giudice et al., 2021). This template brain FE model can then be morphed

to a given neuroanatomy using a subject-specific T1-weighted MRI scan (Figure 4).
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Figure 4: Process for generating subject-specific FE brain models based on individual's MRI brain
scans (Figures courtesy of Giudice et al. 2020)

Additionally, most FE brain models use homogenous material definitions throughout a single
tissue type within the brain (e.g., all white matter is modeled using the same material parameters)
(J. Giudice et al., 2019; Madhukar & Ostoja-Starzewski, 2019). With recent advancements of
MRE, the distribution of material properties, such as shear stiffness and damping ratios, can be
implemented into the material definitions of certain elements within FE brain models to create
heterogeneous brain tissue (Alshareef et al., 2021; J. Giudice et al., 2021). In these heterogenous
material defined FE brain models, the number of heterogeneous regions does affect brain
deformation metrics, such as MPS; as more information is derived from advanced imaging
techniques, FE models will continue to increase in complexity in the attempt to capture brain

deformation response more accurately (Figure 5).
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Figure 5: The MPS distributions throughout a single FE brain model using the same input
kinematics to highlight the effect of different numbers of heterogenous materials throughout the
FE model.
Sex-Specific Considerations in Brain Finite Element Models

One of the largest limitations of the widely used FE brain models is the lack of variability in
both geometries and material properties implement. A majority of the FE brain models are based
on a variety of different anatomies but are primarily focused on capturing the geometry of a mid-
sized adult male (Madhukar & Ostoja-Starzewski, 2019). However, brain anatomies can vary
widely across the population in volumes, dimensions, ventricle size, etc., and these differences in
neuroanatomy will affect the resulting brain deformation (J. Giudice et al., 2019; K. Reynier et al.,
2021). Even FE brain models that were developed based on a female neuroanatomy (e.g., the
Global Human Body Models Consortium (GHBMC) 5" percentile female) was formulated using
the same material properties as the GHBMC 50™ percentile male (Davis, 2017; Mao et al., 2013).
The current FE models do not capture the population variance or sex-specific characteristics, in

either neuroanatomies or material properties, and more work is needed to explore the effect of

this variance on brain deformation response.

Brain Injury Metrics

Injury criteria metrics used to predict brain injury can be categorized as kinematic-based or
tissue-level-based. Kinematic-based metrics are dependent on the rigid-body motion of the head,
while tissue-level metrics are dependent on the mechanics and deformation of the brain tissue as
observed with a brain FE model (Gabler, Joodaki, et al., 2018). These kinematic-based metrics

use a combination of linear and/or rotational velocities and/or accelerations, however, more recent
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brain injury criteria relate these input head kinematics to a strain-based brain response using FE
brain models (Gabler, Crandall, et al., 2018; Gabler et al., 2016, 2019). Two commonly used brain
strain metrics from brain FE models are the 95" percentile maximum principal strain (MPS-95)
and the cumulative strain damage measure (CSDM). If a head impact simulation is performed
and the peak maximum principal strain (MPS) of each element is recorded and stored during the
simulation, then MPS-95 represents the 95th percentile of all the peak MPS values in the elements
of the brain model; the CSDM represents the volume fraction of elements that have a MPS that
has exceeded a predefined threshold (often 25% strain). MPS-95 is typically used to avoid the
influence of any extreme strain levels that could skew this global deformation metric (Gabler et
al., 2016). Ideal brain metrics can predict the tissue-based brain strain response across a variety
of loading conditions with the ease and simplicity of a kinematic-based metric.

Additionally, strain-based brain injury metrics, such as the MPS-95 and CSDM, are also often
used to determine brain deformation response in FE brain models. A recent study, completed by
Wu et al., evaluated the efficacy of a variety of tissue-based brain injury metrics using a brain
injury database of human, non-human primate, and pig TBI data (Wu et al., 2021). Overall, 95™
percentile maximum principal strain (MPS-95), 95 percentile maximum axonal strain (MAS-95),
95" percentile maximum principal strain rate (MPSR-95), 95" percentile maximum axonal strain
rate (MASR-95), products of maximum strains and maximum strain rates for both principal strain
and axonal strain, CSDM-25, and CSDM-15 were evaluated to determine which metric was the
best predictor for injury. When using multi-species injury data, MAS-95 was the best metric for
distinguishing between mild and severe TBIs, and MPS-95 was also a strong predictor of injury
(Wu et al., 2021). However, it should be noted that these injury risk functions apply only to the
model used for injury risk function development, and a methodology would need to be completed

to determine equivalent injury thresholds for additional FE brain models.
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Figure 6: Mild and severe TBI risk function from multi-species dataset using MPS95 and MAS95
as injury predictors (Source: Wu et al. 2021).

Sex-Specific Considerations in Brain Injury Metrics

The previously reviewed brain injury metrics, specifically BriC, UBrIC, and DAMAGE, relate
head kinematics to brain deformation using FE brain models; however, each of these metrics
were developed using a 50" percentile male anatomy and have not yet been evaluated for
application with female brains or anatomies of other sizes (Gabler, Crandall, et al., 2018; Gabler
et al., 2019; Takhounts et al., 2013). Because females, on average, have smaller total brain
volumes than males and volume has been shown to affect deformation response of the human
brain across multiple kinematic inputs, more research is needed to understand how best to
develop female-specific or anthropometric-specific brain injury metrics and interpret tissue-level
injury metrics (K. Reynier et al., 2021; Ritchie et al., 2018). Another consideration when creating
kinematic-based brain injury metrics are the head kinematics used in the fitting of the metric
predictor models. For example, the parameters used for UBrIC and DAMAGE came from
databases of more than 1600 real-world head kinematics from volunteer sled testing, postmortem
human surrogate (PMHS) sled and crash tests, dummy sled and crash tests, pedestrian sled
tests, and helmeted and un-helmeted dummy impact tests (Gabler, Crandall, et al., 2018; Gabler

et al., 2019). Of the total head kinematics included in the dataset, 158 of the head kinematics
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were from either female anthropometric test devices (e.g., Hybrid Il 5" percentile female) or
female PMHS sled tests. Increasing the variability of surrogates in the head kinematics database

can increase applicability of the metrics developed.

Clinical Relevance

The risk of brain injury associated with a patient’s sex, age, and cause of injury, as well as the
severity of injury, location of injury, and possible symptoms and outcomes from a brain injury
could aid clinicians in more accurately diagnosing and treating brain injuries. As FE brain models
and imaging techniques advance, the ability to generate subject-specific geometric and material
brain models that can be simulated using an individual's injurious head kinematics becomes
easier and more realistic in clinical settings. However, the relative importance of these
biomechanical factors (e.g., sex, age, or brain volume) under impact loading is currently unknown.
While the effect of age on material properties has been studied using MRE data, less is known
about the effect of other biomechanical factors, such as sex (Arani et al., 2015; Hiscox et al.,
2021; Sack et al., 2009). Clinical studies have investigated the potential neuroprotective effects
of female sex hormones, estrogen, and progesterone. Results across studies have not been
consistent and results have not translated from animal studies to human clinical trials (Bramlett &
Dietrich, 2001; Clevenger et al., 2018; Gupte et al., 2019; Roof et al., 1993; Roof & Hall, 2000;
Skolnick et al., 2014). Some studies have concluded a neuroprotective element to these
hormones with results showing normally cycling female rats exhibiting improved survival rates,
blood-brain barrier integrity, and cortical blood flow, as well as less brain edema than male rats
(Gupte et al., 2019; Roof & Hall, 2000). Conversely, when these findings were translated to human
TBI clinical care, administering progesterone within 8 hours of a TBI in both male and female
patients resulted in no significant improvement in the Glasgow Outcome Scale compared to
patients who received a placebo (Skolnick et al., 2014). Therefore, additional work within sex-

based biomechanics can attempt to answer further questions about the difference between male
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and female TBI based on intrinsic factors prior to the injury (e.g., neuroanatomies and material
properties) and any sex-specific kinematics experienced during injury. One option to investigate
the effect of these sex differences is using FE brain models with varied geometries and material
properties.

Current state-of-the-art FE brain models calculate metrics that correlate to injury by predicting
strain and spatial distributions of strain; however, the relationship between the model-predicted
strains and injury, or the development of thresholds to relate model outcomes to injuries, are still
open areas of research. These FE brain models capture the overall deformation of the human
brain, but they are not yet validated to predict absolute strain values associated with axonal
damage. However, during high rotational accelerations of the brain, studies have shown that
microtubules within an axon can mechanically break, creating undulations along the axon and
disrupting the transport of sodium and calcium ions (Dollé et al., 2018; Smith et al., 1999; Tang-
Schomer et al., 2012; Tang-Schomer et al., 2010). This damage to the axon can cause swelling
and activate proteases that begin to break down proteins. These pathological changes can create
secondary axonal degeneration (Dollé et al., 2018; Tang-Schomer et al., 2012; Tang-Schomer et
al., 2010). Additionally, recent research has shown that female axons are smaller with fewer
microtubules, experience greater undulation under the same applied load, and experience greater
calcium influx under the same applied load compared to male axons (Dollé et al., 2018). While
the axonal damage is closely related to the injury mechanism and potentially differs between
males and females, the effect of differences in extrinsic factors (e.g., head kinematics) and global
intrinsic factors (e.g., neuroanatomies and material properties) on brain deformation should first
be evaluated before concluding a sex-specific injury tolerance.

Finally, high strain may also explain locations of future swelling caused by damage to the
axonal cytoskeleton from large inertial loading (Smith & Meaney, 2000). Post injurious swelling
can cause further damage to the axon due to activation of proteases, enzymes that break down

proteins; however, the current FE brain models used in this dissertation do not account for any

41



post-concussive swelling effect. Future work simulating axonal swelling should consider potential
differences in location, pattern, and severity of swelling between males and females (Farin et al.,

2003).
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Chapter 2: Effect of Neuroanatomy

The differences in male and female brain injury risk in motor vehicle collisions or sports could
be a result of variations in brain deformation response, which depend on neuroanatomies,
material properties, and impact head kinematics. The effect of neuroanatomy, or brain geometry,
on brain deformation has been previously investigated using subject-specific FE brain models,
but the effect of sex-specific neuroanatomical differences have not been well characterized (J. S.
Giudice et al.,, 2020; K. Reynier et al.,, 2021). This chapter will quantify neuroanatomical
differences between male and female brains and determine their effect on brain deformation,
while keeping material properties and impact head kinematics conditions consistent across

multiple neuroanatomies.

Introduction

Traumatic brain injuries (TBI) are a major public health issue in the United States, and based
on the Centers for Disease Control, TBI-related hospital visits often occur from unintentional falls,
sports injuries, assault, and motor vehicle collisions (Peterson et al., 2019). Within sports injuries
and motor vehicle collisions, differences in TBI injury risk present between males and females,
but the cause of these differences is unknown (Antona-Makoshi et al., 2018; Covassin et al.,
2016; J. Forman et al., 2019). When controlling for factors associated with the occupant, such as
age, height, BMI, and sex, and crash parameters, such as delta-V and vehicle model year, female,
belted occupants involved in a frontal motor vehicle collision have significantly higher odds of
sustaining a moderate brain injury, but male occupants have higher odds of sustaining a severe
brain injury (AlIS4+) (J. Forman et al., 2019). Similarly, in sex-matched collegiate sports, female
athletes had higher concussion injury rates compared to male athletes (Covassin et al., 2016).
While there are many possible contributing factors, differences in the brain’s biomechanical
response may affect these injury risks between the sexes, assuming increased brain deformation

increases injury risk.
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Brain neuroanatomy has been shown to affect overall brain deformation response in finite
element (FE) models, for both subject-specific and single anthropometry (e.g., GHBMC F05 and
M50) FE brain models (K. Reynier et al., 2021; K. Reynier et al., 2022; J.S. Giudice et al., 2022).
As total brain volume increases, the 95" percentile maximum principal strains (MPS-95) increase
linearly, when simulating brain deformation using equal head kinematic input (K. Reynier et al.,
2021). The largest and most consistent anatomical difference between male and female brains is
the difference in total brain volume; on average, the male brain total brain volume is 11% larger
compared to the female brain, and this sex-difference could therefore impact brain deformation
between the sexes (Ruigrok et al., 2014). Other global brain tissue metrics have been shown to
be different between the sexes, such as females having between 4-7% greater ratios of gray to
white matter (Leonard et al., 2008; Pintzka et al., 2015; Ritchie et al., 2018). While sex differences
in smaller neuroanatomical features, such as subcortical gray matter regions, have been
contradictory, population variance within these smaller regions could still have an effect on overall
brain deformation (Coupé et al., 2017; Lotze et al., 2019; Potvin et al., 2016; Ritchie et al., 2018).

Finite element brain models are often used to investigate the effect of intrinsic factors, such
as geometric features, on the resulting brain deformation response for a variety of head kinematic
inputs while keeping other biomechanical factors (e.g., material properties) constant across
multiple models. Subject-specific FE brain models are developed using high resolution medical
images, often Ti-weighted magnetic resonance imaging, to capture small details associated with
neuroanatomies. Based on the potential of these neuroanatomical differences, subject-specific
FE brain models can then be used to capture the population and sex-specific variations in these
geometric factors and isolate their effect on brain deformation. Therefore, the goal of this chapter
is to quantify differences in neuroanatomic biomechanical factors between males and females
using MRI brain scans and determine their effect on brain deformation measured utilizing subject-

specific finite element brain models.
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Methods

Subjects and MRI Scans

All T;-weighted anatomical MRI brain scans were acquired from two previously completed
imaging studies, Hiscox et al., 2020 and Bayly et al., 2021, and included healthy brain scans from
both male and female subjects for a total of 142 scans (mean age = 24.0 years, SD = 5.8, range
=14-57) (Bayly et al., 2021; Hiscox et al., 2020). There were 82 females (mean age = 23.4 years,
SD =5.9, range = 18-57) and 60 males (mean age = 24.8, SD = 5.6, range = 14-54) included in
this analysis. Additional details about the subject inclusion and exclusion criteria and imaging

acquisition can be found in the original studies (Bayly et al., 2021; Hiscox et al., 2020).

Finite Element Brain Models

For each of the 142 T;-weighted anatomical scans, a subject-specific FE brain model was
generated using the registration-based morphing technique developed and the heterogeneous
FE brain model developed by Giudice et al., 2020 and Giudice et al., 2021, respectively (J. S.
Giudice et al., 2020, 2021). The CAB-20MSym template, developed from scans of 20 young,
healthy male participants with 1 mm? isotropic voxels, was used to register all subject scans to a
uniform space and create transformations to generate subject-specific models from the template
FE brain model (J. S. Giudice et al., 2020; K. A. Reynier et al., 2020). From the CAB-20MSym
template image, the CAB-20MSym template FE brain model was then developed and calibrated
(J. S. Giudice et al., 2021). The CAB-20MSym FE brain model includes the brain parenchyma,
peripheral CSF, internal CSF, and ventricles, where each region’s voxels were converted to 1 mm
hexahedral elements, as well as, the sagittal sinus, falx cerebri, and tentorium cerebelli modeled
using two-dimensional shell elements (J. S. Giudice et al., 2021). Additionally, the dura is modeled
using a rigid layer of shell elements surrounding the peripheral CSF, and all 6-DOF head
kinematics were applied to the FE brain model via this rigid dura part through the head center of

gravity in the local anatomic head coordinate system (Society of Automotive Engineers, 2007).
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Additional details on the CAB-20MSym FE brain model development and calibration, including
material formulation, can be found in Giudice et al., 2021.

For this study, the Advanced Normalization Tools (ANTs) software package was used to
generate the registration transformations between a subject’s individual brain scan and the
template brain scan. First, each subject’s anatomical Ti-weighted MRI scan was registered to the
CAB-20MSym template (using “antsRegistrationSyN.sh” in ANTs) (B. B. Avants, Tustison, Song,
et al., 2011). These registration transformations were then used to morph the CAB-20MSym
template FE brain model into the subject space to create an anatomically subject-specific FE brain
model. This process was repeated to generate 142 anatomically subject-specific FE brain models.
For all the subject-specific FE brain models, the material properties, boundary conditions, and
numerical implementations were kept consistent to isolate the effects of the different
neuroanatomies.

All the FE brain models were simulated using the same input head kinematics, which were
representative of a moderate automotive loading condition; specifically the head kinematics were
of a cadaver in an oblique (60° far-side) sled test with a 32 km/h delta-V with the following brain
injury metrics: BriC = 0.86, UBrIC = 0.44, and DAMAGE = 0.33 (Figure 7) (J. L. Forman et al.,
2013; Gabler, Crandall, et al., 2018; Gabler et al., 2019; K. Reynier et al., 2021; Takhounts et al.,
2013). The peak absolute linear acceleration was 40.2 g, and the peak absolute angular velocity
was 38.7 rad/s. The head anatomical coordinate system is in accordance with SAE J211
standards (SAE, 1995). All simulations were performed using the LS-DYNA explicit solver

(mpp971R9.1.0, double precision, LSTC, Livermore, CA, USA), and run on 40 CPUs.
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Figure 7: The 6 degree-of-freedom head kinematics applied to all subject-specific FE brain
models via the rigid dura part.

Neuroanatomic Biomechanical Factor Definitions

Global volumes, such as total intracranial volume, gray matter volume, and white matter
volume, were calculated based on the segmentation of the CAB-20MSym template image (Figure
8) (J. S. Giudice et al., 2020). Using a combination of automated segmentation techniques (using
“antsAtroposN4.sh”) and manual segmentation, the CSF, gray matter, and white matter of the
CAB-20MSym template were segmented to identify the different tissue regions (B. B. Avants,
Tustison, Wu, et al., 2011; J. S. Giudice et al., 2020). The tissue segmentation was then applied
(using “antsApplyTransforms.sh”) to each of the subject-specific Ti:-weighted scans using the
transformations between the subject space and the CAB-20MSym template space previously
generated during registration. The ratio of gray matter volume to white matter volume was

calculated based on these global volumes derived from the CAB-20MSym template.
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Figure 8: An example of a subject segmentation of the CSF (red), gray matter (green) and white
matter (blue) in the axial (left), sagittal (center), and coronal (right) planes.

Cortical gray matter region of interests (ROI) were selected to represent different areas
distributed equally throughout the brain and included cortical ROIs which were larger in size due
to the spatial resolutions of the images and corresponding regions in the FE brain models (Hiscox
et al., 2020). The Desikan-Killiany-Tourville labeling protocol was used to define the cortical
regions, and the three ROIs selected in each of the four lobes corresponded to regions analyzed
by Hiscox et al. 2020 in their comparison of material properties between male and female brain
scans (Hiscox et al., 2020; Klein & Tourville, 2012). The ROIls analyzed were, in the frontal cortical
region, the superior frontal cortex (SFC), rostral middle frontal (RMF), and precentral cortex
(PRE); in the occipital cortical regions, the lateral occipital (LaO), lingual occipital (LiO), and
cuneus (CN); in the parietal cortical regions, the superior parietal (SPC), postcentral (POST), and
precuneus (PCN); and in the temporal cortical regions, the superior temporal cortex (STC), inferior
temporal cortex (ITC), and fusiform gyrus (FSG) (Figure 9). The average thicknesses and
volumes of the cortical gray matter ROIs were calculated for all subjects based on their T;-

weighted brain scans (using “antspynet.cortical_thickness”) (Tustison et al., 2021).
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Figure 9: The cortical gray matter ROIs throughout the frontal lobe (red hues), occipital lobe
(green hues), parietal lobe (blue hues), and temporal lobe (purple hues) using the DKT labeling
on the ANTs-OASIS brain template (B. Avants & Tustison, 2018; Klein, 2016; Klein & Tourville,
2012).

Brain Deformation Metric Definitions

To assess global brain deformation, multiple metrics were calculated and included metrics of
strain, strain rate, and the product of strain and strain rate (Wu et al., 2021). To avoid the potential
effect of any numerical instabilities associated with the absolute maximum, the 95" percentile of
each of these metrics was reported (Gabler et al., 2016; J. S. Giudice et al., 2020; K. Reynier et
al., 2021). For clarity, the 95" percentile maximum principal strain (MPS-95) is defined as the 95
percentile of the maximum principal strain experienced by each white and gray matter brain
element throughout the simulation; the 95" percentile maximum strain rate (MPSR-95) and the
95t percentile product of MPS and MPSR (MPSxMPSR-95) are defined similarly. Additionally,
cumulative strain damage measure (CSDM), which represents the volume fraction of elements
greater than a specified threshold, was calculated for two commonly used thresholds (15% and

25%) throughout the white and gray matter elements.
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Brain deformation was also assessed within different tissue types of the brain parenchyma,
specifically throughout the GM, WM, and cortical GM. For each of these tissues, MPS-95, MPSR-
95, MPSxMPSR-95, CSDM15, and CSDM25, were also calculated based on the tissue definitions

from the brain tissue segmentations.

Statistical Analysis for Neuroanatomical Factors and Brain Deformation Metrics

For the neuroanatomical biomechanical factors, a multivariate linear mixed model was used to
determine if sex and age were statistically significant factors. Because the brain MRI scans were
collected from different studies, a random study effect was also included in the linear mixed model
(Hiscox et al., 2020). Due to the small number of studies (n = 5), mixed model estimation can be
challenging due to a high likelihood of the study effect estimate being zero under a frequentist
approach. To avoid this issue, analysis was carried out using a Bayesian linear mixed model
where the biomechanical factors (outcome variables) were jointly modelled to take advantage of
strong correlations among them. To determine sex effects on the neuroanatomical biomechanical

factors, first, the Bayesian multivariate mixed linear model with global absolute and relative
volumes had the following structure, with Yig.k) being the k;, outcome associated with the i;; brain

model in the j;, study, with the model equation for ICV provided as an example below:

Vi = (B +uf§Y) + B (Agey) + B (Sexy) + €lf”

where g, are the population intercepts, u;, are the random intercepts for the j;, study, Age is the
subject’'s age in years (centered and scaled using the mean and standard deviation of the
sample), Sex of the subject (reference = female), and e{‘j are the outcome-specific residuals. The

equations for the remaining global and relative volumes are provided in the Supplemental
Materials. Due to the limited sample size, the neuroanatomical features were tested for sex effects

in groups, with global tissue volumes (e.g., ICV, GM volume, relative WM volume) tested first,
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followed by absolute cortical thickness, absolute cortical volume, normalized cortical thickness
(normalized using ICV), and normalized cortical volume (normalized using cubed root of ICV) with

the following structure, with the SFC cortical region model provided as an example below:
Yi}ch — (ngc + ufOFC) + ﬁiSFC(Ageij) + ,B’gFC(Sexij) + eistc

The equations for the remaining cortical regions are provided in the Supplemental Materials.

For each of the individual outcomes (i.e., the biomechanical factors), priors sensitivity analysis
was conducted for the intercept, the § terms, and the study random effect standard deviations.
Based on this sensitivity, the priors with the largest standard deviation (i.e., least informative) with
stable estimates were used in the final model. Estimation took place using the brms package in
RStudio (R version 4.2.0) (Burkner, 2017; R Core Team, 2022). Three parallel initially over
dispersed Markov Chain Monte Carlo (MCMC) chains were used, where each chain ran for 3,000
iterations after the 2,000 iteration warmup. Effective sample sizes were examined to ensure each
parameter’s effective sample size was greater than 1,000 for each parameter. A visual inspection
of the MCMC chains and assuring that Rhat values were approximately 1.00 indicated acceptable
convergence. Correlation between the material neuroanatomical features were computed, and
highly correlated parameters (r > 0.8) were noted. All Credible Intervals (Crl) reported are 95%
equal tailed intervals. For each neuroanatomical features, the intraclass correlation (ICC) was
computed to report the correlation of observations within one study.

Similar methodology was used to determine significant biomechanical factor predictors of the
deformation metrics, the order of importance of these biomechanical factors, and the significance
of sex after accounting for these biomechanical factors. Therefore, to determine the effect of the

neuroanatomical biomechanical factors and sex on the deformation metrics, the multivariate
mixed linear model had the following structure, with Yig.k) being the k,; outcome associated with

the i;, brain model in the j,;, study, with the MPS-95 model provided as an example below.
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VAPSTO5 = (BYPS=9 + ulfPS0%) + BUPS=5(Age,) + BYIFS~ (Sexy)) + BYIFS~(ICV,)
+ By'PSTO%(Rel WMy;) + BE'PS~9%(Rel GMy;) + Bg'P~°%(SFC Voly;)
+ B7'PS 75 (RMF Voly;) + Bg'"*~°(PRE Vol;;) + Bs'"*~°%(La0 Vol;;)
+ BIFS7(Lio Volyj) + BFS~95(CN Voly;) + Bi55~95(SPC Voly;)
+ BIAFST95(POST Voly;) + BiAS 795 (PCN Voly;) + BIEP~%3(STC Voly;)
+ BSOS (ITC Voly;) + B3PS ~95(FSG Voly;) + BigPS™°%(SFC Thy;)
+ BP9 (RMF Thy;) + By %5 (PRE Thyj) + B3iPS7°%(La0 Thy;)
+ BUPSTOS(LI0 Thyy) + BUPS5(CN Thyy) + BYPS—5(SPC Thy)
+ BIS795(POST Thy;) + B3&S~°5(PCN Thy;)

+ BYFST9S(STC Thyj) + BIgS~°5(ITC Thyj) + B3S~95(FSG Thy;) + effP5~°

The equations for the remaining deformation metrics (MPSR-95, MPSXxMPSR-95, and CSDM-25)
are provided in the Supplemental Materials. Priors were assigned after a prior sensitivity analysis
as previously described. The same model fitting parameters in RStudio were used to estimate the
neuroanatomical biomechanical factor and brain deformation metrics model. Correlations
between the independent variables were assessed using the biomechanical factors linear mixed
model described previously, and for pairs of variables with correlations greater 0.80, a single
parameter was kept in the final model. The final linear mixed model included these uncorrelated,
independent variables against the deformation metrics. Because all quantitative independent
variables were centered and scaled, the relative importance of each biomechanical factor was

determined using the absolute value of the estimated coefficient.
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Results

Neuroanatomical Features

Overall, the median male brain volumes were larger than median female brain volumes for
intracranial volume (ICV), GM volume, WM volume, and CSF volume (Figure 10). However,
differences in relative volumes, normalized using ICV, were much smaller between the male and
female brains, with the median female GM and WM relative volumes slightly greater than the
corresponding male relative volumes (Figure 10). The GM to WM ratio for the males and females
was not statistically significant (figure included in Appendix). For both the male and female
subjects, there is a strong linear correlation between ICV and absolute GM, WM, and CSF
volumes (Figure 11). When comparing the relative volumes of both GM and WM to ICV, the
correlations for both the male and female volumes are much weaker (Figure 12). Additionally, as
ICV increased, the relative WM volume increased, and the relative GM volume decreases for both
sexes; this result has been shown previously in literature (Liders et al., 2002). Based on the
global absolute and relative volume Bayesian linear mixed model, the effect of sex was significant
for ICV, WM volume, GM volume; however, after correcting for ICV, sex was not significant for
either relative WM or GM volumes. Additionally, age was significant for WM volume, relative WM
volume, and relative GM volume. The complete list of estimated parameters from the Bayesian
linear mixed model is included in the Supplemental Materials. The ICC for each of the volumetric

measurements were less than 0.02.

53



Absolute Volume Distributions Relative Volume Distributions

Sex Sex
1750 . F 0.451 ‘%’ . F
M = M
1500 0.40
a
N §
£ 12501 3035
v s
£ 1000 1 < 0.30 1
2 8
2 v}
- ] el
750 é £ 0.251
500
0.20
250 1 B
- : r . 0.15 - T r .
Icv GM WM CSF Rel GM Rel WM Rel CSF

Figure 10: Distributions, based on an estimated probability density function, of the absolute volumes of ICV,
gray matter, white matter, and CSF (left) and the relative volumes of gray matter, white matter, and CSF,
normalized using ICV (right), for both the female and male subjects. Medians are represented by the solid
line, and quartiles one and three are represented by the dashed lines.

700 800 r 3 360
o o @ Male @
] @ Female @ Wk
650 . 750 ﬁ 340} A ogga .
o aé%‘ o eo
—~ 600 — —~ 320 0gf /e
@ o P 700 | e 8o’
§ § s Y
2 550 o 2 300 % .
£ E 650 5 & ®
< 500 2 = 280 0ot e ©
= = w o®
s 3 600 | 9] °
450 &® © 260 o0 @
g s
400 | o Sor ) 2400 o /8 °
r=0.959 . r = 0.986 $ r = 0.856
r=0.953 . r=0.988 s r=0.891
350 500 - 220
1200 1400 1600 1800 1200 1400 1600 1800 1200 1400 1600 1800
ICV (cm?) ICV (cm®) ICV (cm®)

Figure 11: Scatter plots showing linear relationship between ICV and absolute white matter (left),
gray matter (center), and intracranial (right) volumes. Correlations between the volumes shown for
both male and female subjects. Linear trendlines (solid line) are included for both male and female

brains.
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Figure 12: Scatter plots showing relationship between ICV and relative white matter (left) and relative gray
matter (right) volumes. Correlations between the volumes shown for both male and female subjects.

For all 12 cortical GM ROIs measured, the median volumes for the male brains were larger
than the median volumes for the female brains (Figure 13). Generally, as ICV increased, the
cortical volume in each of the ROIs also increased for both male and female brains. For absolute
cortical ROI volume, sex was significant for all regions except SPC and POST; however, after
normalizing using ICV, sex was only significant for CN and ITC relative cortical volumes. Age was
significant for all absolute cortical volumes except SFC, LaO, CN, ITC, and FSG. After correcting
for total brain volume, age was significant for all regions except ITC. Both the absolute and relative
cortical volumes, the complete list of estimated parameters of the Bayesian linear mixed model
are provided in the Appendix. The ICC for each of the cortical volumes were all less than 0.09.

The mean cortical thickness within each ROI was calculated, and the median cortical thickness
was not consistently larger for one of the sexes across all ROIs (Figure 13). Compared to the
cortical gray matter volumes, the cortical thickness in each ROI were less correlated with ICV.
For absolute cortical thickness, sex was significant for RMF, LiO, CN, and STC; however, after
cortical thickness was corrected for total ICV, sex was significant only for CN and ITC regions.
Age was significant for all cortical ROIs except ITC for absolute cortical thickness and CN for

relative cortical thickness, normalized using the cubed root of ICV. For both absolute and relative
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cortical thickness, the complete list of estimated parameters of the Bayesian linear mixed model

is provided in the Appendix. The ICC for each of the cortical ROI's thickness were less than 0.43.
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Figure 13: Distributions, based on an estimated probability density function, of the absolute
volumes (left) and the mean cortical thicknesses (right) of the 12 cortical GM ROls for both the
female and male subjects. Medians are represented by the solid line, and quartiles one and three
are represented by the dashed lines.

Deformation Metrics

Deformation metrics (MPS-95, MPRS-95, and MPSXMPSR-95) were each calculated for the
entire brain tissue and additionally within the WM, GM, cortical CM, and cortical GM ROIls. On
average, the female brains exhibited smaller MPS-95, MPSR-95, and MPSxMPSR-95 metrics for
all tissue types, except CGM MPS-95 (Figure 14). MPS-95, MPSR-95, and MPSXMPSR-95 within
the WM tissue were smaller than in the GM tissues for both male and female brains. To highlight
the differences in these metrics between a small female brain and a larger male brain, MPS-95
distributions throughout the total brain tissue and specific tissue regions are shown in Figure 15.
Additional figures showing MPSR-95 and MPSXMPSR-95 maps are included in the Appendix.
The small female had a ICV of 1137 cm?, and the large male had an ICV of 1802 cm?3. However,
without considering the effect of brain volume, sex-differences cannot be concluded from this

analysis alone.
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Figure 14: Bar charts for the strain-based deformation metrics (MPS-95, MPSR-95,
MPSxMPSR-95) across all brain tissue, WM only, GM only, and CGM only for all brains (male
and female), female brains only, and male brains only.
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Figure 15: MPS-95 maps for a small female (ICV = 1136 cm?®) and a large male (ICV = 1802 cm3)
across the entire brain tissue, white matter, gray matter, cortical gray matter, and within the CGM
regions of interest.
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Effect of Neuroanatomical Features on Brain Deformation Metrics

Overall, the deformation metrics increase linearly with measures of brain volume for both male

and female brains. The linear correlations between ICV and the deformation metrics (Figure 16)

and between WM volume and the deformation metrics (Figure 17) are shown below; the additional

neuroanatomical feature correlations are shown in the Appendix. For each of the deformation

metrics, WM volume has the highest correlation for both the male and female brain models;

additionally, correlations between the deformation metrics and ICV were high, with all correlations

greater than r =

0.85. Within the deformation metrics assessed, MPS-95 had the highest

correlation to both ICV and WM volume for both males (r = 0.869, r = 0.934, respectively) and

females (r = 0.892, r = 0.939, respectively).
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Figure 16: Scatter plots between ICV and each of the global deformation metrics for both male
and female brain models. The solid lines show the linear trend lines for each of the sexes.
Correlations included for the male and female data.
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Figure 17: Scatter plots between WM volume and each of the global deformation metrics for
both male and female brain models. The solid lines show the linear trend lines for each of the
sexes. Correlations included for the male and female data.

Sex was not a statistically significant predictor of deformation after accounting for the
neuroanatomical features, with estimates ranging from -0.04 (95% Crl -0.41, 0.33) for MPSR-95
to -0.0005 (-0.002, 0.001) for MPS-95. For all four of the deformation metrics, ICV, relative WM
volume, and relative GM volume were significant predictors of deformation, with ICV having the
greatest effect on the deformation metrics (ranging from 0.007 (0.005, 0.009) for MPS-95 to 1.03
(0.6, 1.4) for MPSR-95) and relative WM volume having the second highest effect (ranging from
0.003 (0.002, 0.004) for MPS-95 to 0.46 (0.31, 0.60) for MPSR-95). Although sex was not

significant, to contextualize the importance of neuroanatomical features over biological sex, ICV
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had 13.8 times the estimated effect on MPS-95 compared to the effect of sex. The complete list
of estimated parameters for the Bayesian linear mixed model are provided in the Appendix. The

within-study ICC for each of the deformation metrics were all less than 0.03.

Discussion

One possible explanation for the difference of injury risk between male and female occupants
observed in automotive crash field data was sex-specific differences in neuroanatomy. Using a
sample of both male and female neuroanatomical brain scans, sex differences were found
between each of the absolute volumes: ICV, WM volume, and GM volume. However, when
comparing the relative volumes between the male and female samples, normalized with ICV,
there were no significant differences. These neuroanatomical differences have been previously
discussed in the literature. Several studies have concluded that males have larger volumes of
both white matter and gray matter, as well as larger ICV in general, in comparison to female brain
volumes (Blatter et al., 1995; Good et al., 2001; Leonard et al., 2008; Luders & Toga, 2010; Ritchie
et al., 2018). Additionally, previous studies have shown females have a greater relative WM
volume compared to males, which is consistent with the findings from this chapter (Gur et al.,
1999; Leonard et al.,, 2008). For the smaller CGM ROlIs, there were significant differences
between the male and female volumes for almost all the ROIs in these samples, but there were
only a few CGM ROIls with significant differences for cortical thickness. After normalizing the
cortical thicknesses using each subject’'s ICV, the female sample had greater normalized
thicknesses for most CGM ROIs compared to the males, which agreed with previous studies
(shown in Appendix Figure ) (Luders et al., 2006). However, for the absolute measures of CGM
thickness, neither males nor females consistently had greater thicknesses.

While there were sex-differences observed between the male and female neuroanatomic
features, the primary research question remained, the effect of these sex-differences on brain

deformation response. For absolute measures of volume, there was a strong linear correlation
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between the neuroanatomical features and brain deformation metrics, with WM volume having
the highest correlation to each deformation metric followed by ICV volume. In comparison to the
neuroanatomical features (e.g., ICV and relative WM volume), sex had very little effect on the
deformation metrics shown in the standardized linear regression model. Ultimately, ICV had the
highest relative importance on all four deformation metrics, with relative WM having the second
greatest effect. Both of these neuroanatomical features had a much greater effect than the
nonsignificant predictor of sex.

There are potentially other neuroanatomical sex differences, such as differences in deep gray
matter structures of the amygdala or hippocampus, shown throughout the literature which were
not included in this study (Ruigrok et al., 2014). While these neuroanatomical features are not
explicitly in this analysis or the regression models developed, the FE brain models used to
determine the effect of these features included both subject- and sex-specific neuroanatomies;
additionally, because the sex variables in these linear mixed models were far away from a level
of statistical significance, it is unlikely that these small potential sex differences would be driving
any sex-specific deformation response that would help explain the difference in male and female
injury risk.

Based on the model selected for this study, there are a few limitations to consider. As with
many FE modelling studies, the results and conclusions of this work are based on the model used,
specifically the CAB-20MSym. The subject-specific morphing used in this study is based off a
template FE brain model, and the resulting subject-specific models all have the same number of
elements with varying brain volumes. As a result, the mesh densities between these models vary
with volume. A mesh sensitivity study was completed by Giudice et al., comparing the MPS-95
results of a subject-specific registration-based morphed model (method used in this study) and a
voxel model developed using the subject-specific brain image, and concluded the difference in

MPS-95 was “inconsequential” compared to the level of MPS-95 resulting from the simulated
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head impact (J. S. Giudice et al., 2020). Therefore, it is assumed the effect of differing mesh
densities does not affect the results of this study.

Additionally, it is important to note that there are many areas of brain injury research that could
help explain differences in injury patterns between males and females, such as physiological
factors (axonal microtubular density, cellular death, hormonal, or biochemical differences),
environmental factors (Ssymptomology, injury reporting), or biomechanical factors (neuroanatomy,
material properties, impact exposure). This study only addressed the biomechanical response of
differences in neuroanatomies, while keeping the material properties and impact exposure
consistent. Additional work is needed to better understand the effect of these other biomechanical

factors and to determine which has the greatest effect on brain deformation.
Conclusions

e For absolute volumetric measurements of ICV, WM, GM, and CSF volumes, male brains
had greater volumes compared to female brains. When these volumes were normalized
using ICV, the sex differences were still present, however their effect size was much
smaller. For absolute cortical GM ROIs volumetric and thickness measurements, there
were sex differences in both neuroanatomical features.

e There was strong correlation for both male and female brains between the global
neuroanatomical measurements (e.g., ICV, WM volume) and the deformation metrics
(e.g., MPS-95, MPSR-95, MPSXMPSR-95, CSDM25). The correlations between the
smaller neuroanatomical measurements (e.g., CGM ROI thickness and volumes) and
deformation metrics were smaller than the global measurements.

e A Bayesian linear mixed model between the deformation metrics and neuroanatomical
features concluded sex was not statistically significant, but ICV and both relative WM and

GM volumes were statistically significant predictors of brain deformation for each of the
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four metrics. Of these three neuroanatomical features, ICV had the highest relative
importance.

e This analysis of male and female neuroanatomical features effect on brain deformation
did not include any potential sex differences in material properties or exposure (i.e., head

kinematics). The effect of these biomechanical features needs further research.
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Chapter 3: Effect of Material Properties

Although the effect of volumetric and anatomical sex-differences were not significant on brain
deformation response, there are additional biomechanical factors which could affect brain injury
risk. The effect of material properties of brain tissue on brain deformation using FE brain models
has previously been investigated (Zhao et al., 2018), but the effect of sex-specific material
property differences is unknown. Using magnetic resonance elastography (MRE), differences in
both tissue stiffness and damping regions between male and female brains have been observed,
but the effect of these differences on brain deformation are still unknown. Therefore, this chapter
will quantify material property differences between male and female brains using MRE and
determine their effect on brain deformation, while keeping the neuroanatomy and impact head

kinematics conditions consistent.

Introduction

Human brain tissue material is complex and difficult to characterize, with no single accepted
set of material properties to capture its response across different loading conditions. However, it
is generally agreed that brain tissue is a nonlinear (Budday et al., 2015; Darvish & Crandall, 2001),
anisotropic (Budday et al., 2015; Jin et al., 2013), nearly incompressible (Libertiaux et al., 2011),
viscoelastic material (Darvish & Crandall, 2001). Historically, brain material properties have been
defined used ex vivo mechanical testing of post-mortem human surrogate or animal brain tissue,
but advancements in medical imaging technology, such as magnetic resonance elastography
(MRE) or tagged magnetic resonance imaging, have improved our understanding of in vivo
material properties (Arbogast & Margulies, 1998; Bayly et al., 2021; Budday et al., 2020; Budday,
Sommer, Haybaeck, et al., 2017; Hiscox et al., 2020; Jin et al., 2013). In particular, MRE imaging
techniques allow quantification of viscoelastic properties noninvasively by tracking the
propagation velocity of micron-level displacements induced as shear waves in the brain tissue by

an external actuator (Hiscox et al., 2020). Three-dimensional maps of both shear stiffness and
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damping ratios are computed using a nonlinear inversion algorithm to define the material
properties throughout the entire tissue (Hiscox et al., 2020). Additional research is required to
relate the computed material properties from these small deformation to material properties that
can accurately capture the larger and quicker deformations seen in injurious loading conditions
due to the nonlinearity and viscoelasticity of brain tissue (Alshareef et al., 2021; J. S. Giudice et
al., 2021).

With increased availability of large MRE imaging datasets, research has focused on male and
female differences in brain material properties, with results lacking a single conclusive finding
potentially due to differences in imaging protocols (Arani et al., 2015; Hiscox et al., 2020; Sack et
al., 2009; Wuerfel et al., 2010). Wuerfel et al. concluded that female brains were 11% stiffer than
age-matched male brains, and Arani et al. found female brains to have stiffer temporal and
occipital lobes; however, Hiscox et al. found no significant sex differences in stiffness throughout
the white matter, cortical gray matter, or subcortical gray matter (Arani et al., 2015; Hiscox et al.,
2020; Wuerfel et al., 2010). Additionally, Mcllvain et al. concluded females had a higher stiffness
and a lower damping ratio in subcortical gray matter structures; however, Hiscox et al. found no
significant sex differences in subcortical gray matter damping ratios, but did find a significant sex
difference for white matter damping ratios (Hiscox et al., 2020; Mcllvain et al., 2018). Regardless
of potential sex differences, the effect of differences in stiffness and damping ratios, implemented
from MRE images, needs further investigation to determine their relative importance on brain
deformation in FE brain models.

Similar to the methodology used in Chapter 2, the use of subject- and sex-specific MRE images
and a consistent neuroanatomy can further the understanding of the relative importance of shear
stiffness and damping ratio on brain deformation. Therefore, the goal of this chapter is to develop
subject-specific FE brain models, using relative material properties from MRE, to determine sex
differences in material properties and determine the relative importance of these material
properties and the subject’s sex on brain deformation.
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Methods

Subjects and MRI/MRE Scans

All T;-weighted and MRE brain scans were acquired from two previously completed imaging
studies, Hiscox et al., 2020 and Bayly et al., 2021, and included healthy brain scans from both
male and female subjects for a total of 133 scans (mean age = 26.5 years, SD = 13.0, range =
14-73) (Bayly et al., 2021; Hiscox et al., 2020). There were 88 females (mean age = 25.6 years,
SD = 11.5, range = 14-73) and 45 males (mean age = 28.0, SD = 14.7, range = 14-73) included
in this analysis. Additional details about the subject inclusion or exclusion criteria and imaging
acquisition can be found in the original studies (Bayly et al., 2021; Hiscox et al., 2020).

For each of the subjects, brain imaging scans included a Ti-weighted MRI, a To-like
anatomical scan in the MRE space, and shear stiffness and damping ratio maps in the MRE
space. The Advanced Normalization Tools (ANTs) software package was used to generate the
registration transformations required between a subject’s individual MRE brain scans and their
structural brain scans to generate transformations required to create FE brain models using
subject-specific material property definitions. To use the registration-based transformations
developed for each subject in Chapter 3, first, each of the subject-specific T»-like brain scans in
MRE space were first registered to their corresponding Ti1-weighted structural brain scan image
space (using “antsRegistration.sh”) (Figure 18). Next, the subject-specific shear stiffness and
damping ratio maps were transformed (using “antsApplyTransforms.sh”) to the template image
space using both the transformation between the T»-like scan’s subject space to the T;-weighted
scan’s subject space and the transformation between the Ti-weighted scan’s subject space and
the template space (Figure 18). With the material property maps in template space, all the subject

models will have the same neuroanatomy with unique distributions of material properties.
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Figure 18: Flowchart showing registrations and transformations used to transform shear stiffness
distribution maps into template space. The same process was used to transform damping ratio
maps into template space.

Finite Element Brain Models

To keep the effect of material properties isolated, all subject-specific material properties were
simulated using a single neuroanatomy, specifically the CAB-20MSym FE brain model (J. S.
Giudice et al., 2020, 2021). The neuroanatomy of the CAB-20MSym FE brain model was based
on a template MRI image developed using 20 healthy, male brains with 1 mm? isotropic voxels
(J. S. Giudice et al., 2020). As sex-specific neuroanatomical features did not affect brain
deformation response (shown in Chapter 3), the use of a single-sex brain template image is
appropriate. The CAB-20MSym FE brain model includes the brain parenchyma, internal CSF,
peripheral CSF, and ventricles, each modeled using 1 mm hexahedral elements, as well as the
sagittal sinus, falx cerebri, and tentorium cerebri modeled using two-dimensional shell elements,
(J. S. Giudice et al., 2020, 2021). The dura is modelled as a rigid layer of shell elements

surrounding the peripheral CSF, and all 6-DOF head kinematics are applied to this rigid dura part
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through the head center of gravity in the local anatomic head coordinate system (Society of
Automotive Engineers, 2007). The material properties of the brain parenchyma parts will be
adjusted in this chapter to account for variations in subject shear stiffness and damping ratios,
but all other features of the CAB-20MSym brain model will be kept consistent with the baseline

model (J. S. Giudice et al., 2020, 2021).

Implementation of Material Properties into FE Template Model

Because the material properties determined using MRE are based on small strains,
distributions of relative stiffness and relative damping ratios are used in combination with ex vivo
characterization of brain materials to create the material properties implemented in the FE brain
models. Distributions of both shear stiffness and damping ratios throughout the brain tissue were
based on the MRE134 template images, which were developed from MRE scans of 134 healthy,
young adults (range = 18-35 yr., Niemale = 78, Nmale = 56) (Hiscox et al., 2020). The distribution of
shear stiffness of the MRE134 template was truncated to exclude stiffnesses above the 98®
percentile shear stiffness and below the 15" percentile shear stiffness to reduce the influence of
potential numerical artifacts or edges effects and remove areas associated with the approximate
stiffness of CSF (0 - 1.25 kPa), respectively (Figure 19) (J. S. Giudice et al., 2021; Hiscox et al.,
2020). The distribution of damping ratios throughout the brain was based on the same voxels
used in the shear stiffness assessment (i.e., voxels with stiffness above the 98" percentile and
below the 15™ percentile shear stiffness were excluded from the damping ratio distribution) (Figure
19). Following a sensitivity study (included in Appendix), the stiffness distribution was separated
into 10 bins, and the damping ratio distribution was separated in 10 bins to create ratios between
the center of these bins and the median of the truncated shear stiffness (u = 2.67 kPa) and

damping ratio (¢ = 0.225) distributions (Figure 20).
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Figure 19: (Left) The original shear stiffness distribution and the truncated distribution of the
MRE134 template (distributions shown with equal bin width). (Right) The original damping ratio
distribution and the truncated distribution (using the same voxels of the truncated shear
stiffness distributions) of the MRE134 template image.
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Figure 20: Relative shear stiffness ratios (left) and relative damping ratio ratios (right) used to
capture material distributions throughout the brain tissue each using 10 bins and the truncated

distributions.

Using the 10 bins to define both the relative stiffness and relative damping ratios based on the
MRE134 template images, the material of each element within the subject brain model in the
CAB-20MSym template space if assigned to one of these 100 relative material definitions (Figure

21). This binning method allows each subject brain model to include only the number of material
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definitions required to capture the distribution of relative stiffnesses and damping ratios present

in their individual MRE scan.
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Figure 21: 3-dimensional histograms showing the distributions of absolute material properties
(left) and the relative material properties (right) for the MRE134 template.

Material Property Definitions

First, the material of each voxel is defined based on the relative stiffness and damping ratios.
These relative material definitions are then used to scale absolute material definitions used in the
CAB-20MSym template FE brain model. The brain parenchyma of the baseline CAB-20MSym FE
brain model included 10 parts modeled using an Ogden rubber material definition with stiffnesses
based on a calibrated median shear stiffness and relative shear stiffness ratios from the MRE134
template image (J. S. Giudice et al., 2021). Both the calibrated median shear stiffness and
hyperelastic nonlinearity coefficient were optimized using both in situ and in vivo experiments and
were used to define the absolute shear stiffness for each of the 10 parts throughout the
heterogeneous brain model (J. S. Giudice et al., 2021). Therefore, for each of the 10 parts, the it
part had a shear stiffness in the Ogden constitutive model (u;) based on the relative shear stiffness

ratio (y;), the calibrated median stiffness (ug meq), @and the calibrated nonlinearity coefficient (a).
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A similar process was used to define the absolute stiffness properties for each material within the

material-subject-specific models. The calibrated median stiffness of the CAB-20MSym FE brain

model (1.125 kPa), the calibrated nonlinearity coefficient (0.667), and the relative ratios of shear

stiffness were used to calculated the Ogden material parameters in the material-subject-specific

models (Table 1) (J. S. Giudice et al., 2021).

Table 1. Ogden parameters for each relative stiffness part of the brain parenchyma part.

. . Relative Shear
Relative Stiffness Part Stiffness Ratio u; (kPa)
1 0.50 0.169
2 0.61 0.205
3 0.71 0.240
4 0.82 0.275
5 0.92 0.311
6 1.03 0.346
7 1.13 0.382
8 1.24 0.417
9 1.34 0.452
10 1.45 0.488

Additionally, the relative damping ratios developed from the MRE134 template were used to

capture the heterogeneous distribution of damping throughout the brain parenchyma. The

reduced relaxation function of the CAB-20MSym template model is modeled using a four term

Prony series:

N
g(t) =g + z gie Pt
i=1

1
Bi=—
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N
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where g, and g; are the normalized coefficients related to the long-term response and each time
constant (z;), respectively. The reduced relaxation function of the CAB-20MSym template model,
which was fit using the tan(d) response of experimental data, was scaled using the relative
damping ratio (§) ratios (where ¢ = Y2 tan(d)) and refit using a four term Prony series to determine

scaled g, and g; coefficients, with ;= 10ms, §, = 1ms, 3= 0.1ms, and B, = 0.01ms (Figure 22).

1 Tan Delta
10 ¢

10°?

Figure 22: The scaled tan(d) responses, based on the relative damping ratio raiots, that were
used to refit the scaled reduced relaxation functions.

Table 2: Relative damping ratio ratios and reduced relaxation parameters associated with each

of the relative damping ratio parts in the material-subject-specific models.

Relative Relative

Damping Damping 91 9> 93 9a 9

Ratio Part Ratio Ratios
1 0.099 0.140 0.118 0.022 0.049 0.670
2 0.299 0.415 0.173 0.042 0.068 0.302
3 0.499 0.626 0.131 0.046 0.054 0.143
4 0.699 0.758 0.083 0.045 0.039 0.074
5 0.899 0.835 0.050 0.043 0.029 0.043
6 1.098 0.882 0.029 0.040 0.022 0.027
7 1.297 0.912 0.015 0.037 0.017 0.018
8 1.497 0.933 0.005 0.035 0.014 0.013
9 1.697 0.946 0.001 0.032 0.011 0.009
10 1.896 0.954 0.001 0.029 0.010 0.007
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Finally, for all other parts of the material-subject-specific brain models (e.g., ventricle CSF,
tentorium, falx, etc. ), the material properties were kept consistent with the CAB-20MSym model;
additionally, the density of the brain parenchyma material was 1.123 x 10¢ kg/mm?3, and the

Poisson’s ratio was assumed to be 0.499999 (J. S. Giudice et al., 2021).

Material Property Biomechanical Factor Definitions

Multiple biomechanical features were defined to capture the mechanical properties of each
subject’s brain and FE brain model. To investigate the effect of shear stiffness, the mean and
interquartile range (IQR) of the absolute shear stiffness throughout the entire tissue (gray matter
(GM) and white matter (WM)) were calculated for each subject using the MRE brain scans. The
mean shear stiffness of just the WM and GM were also calculated. The mean shear stiffness of
the FE brain model, using the discretized bins, was also calculated, and compared to the mean
shear stiffness of the MRE brain scan. Similarly, to investigate the effect of the damping ratio, the
mean and IQR of the damping ratios (throughout the entire GM and WM tissues) were calculated
for each subject using the MRE brain scans. The mean damping ratios of the GM and WM were
also calculated. Again, the mean damping ratio of the discretized FE brain model was calculated
and compared to the mean damping ratio from the MRE brain scan.

Additionally, the effect of the combination of shear stiffness and damping ratios was
considered. Using the discretized distributions of both shear stiffness and damping ratios, each
with 10 bins (Figure 20), the combination of the two material properties were defined as the
following quartiles: quartile one (low stiffness, bins 1-5; low damping, bins 1-5), quartile two (low
stiffness, bins 1-5; high damping ratio — bins 6-10), quartile three (high stiffness — bins 6-10, low
damping — bins 1-5), and quatrtile four (high stiffness, bins 6-10, high damping ratio, bins 6-10)
(Figure 23). For each subject, the percentage of the brain volume defined in each of these four
quartiles was calculated to determine the effect of high and low stiffness and damping ratio

regions on brain deformation.
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Figure 23: (Left) The 2D color map showing the range of high and low stiffness and damping
ratio combinations throughout the brain tissue. (Right) Axial, sagittal, and coronal slices of a
single example subject to show distributions of high and low shear stiffness and damping ratios.
The ventricles are shown in blue throughout the FE brain model.

Brain Deformation Metric Definitions

To remain consistent with the analysis of neuroanatomical features, the same deformation
metrics were used to assess the effect of the material biomechanical factors; these included
metrics of strain, strain rate, and the product of strain and strain rate (Wu et al., 2021). To avoid
the potential effect of any numerical instabilities associated with the absolute maximum, the 95t
percentile of each of these metrics was reported (Gabler et al., 2016; J. S. Giudice et al., 2020;
K. Reynier et al., 2021). For clarity, the 95" percentile maximum principal strain (MPS-95) is
defined as the 95" percentile of the distribution of maximum principal strains experienced by each
white and gray matter brain element throughout the simulation; the 95" percentile maximum strain
rate (MPSR-95) and the 95™ percentile product of MPS and MPSR (MPSxMPSR-95) are defined
similarly. Additionally, cumulative strain damage measure (CSDM), which represents the volume
fraction of elements greater than a specified threshold, was calculated for a commonly used

threshold (25%) throughout the white and gray matter elements.

Statistical Analysis for Material Biomechanical Factors and Brain Deformation Metrics
For the material property biomechanical factors, a multivariate mixed linear model was used to

determine if sex and age were statistically significant factors. Because the brain material
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properties were collected from different studies, a random study effect was also included in the
linear mixed model(Hiscox et al., 2020). Due to the small number of studies (n = 5), mixed model
estimation can be challenging due to a high likelihood of the study effect estimate being zero
under a frequentist approach. To avoid this issue, analysis was carried out using a Bayesian linear
mixed model where the biomechanical factors (outcome variables) were jointly modelled to take
advantage of strong correlations among them. To determine sex effects on the material property

biomechanical factors, the Bayesian multivariate mixed linear model had the following structure,
with Yig.k) being the k., outcome associated with the i;;, brain model in the j;, study, with the model

equation for total tissue mean stiffness provided as an example below:

Stiff _ Stiff Stiff Stiff Stiff Stiff
Y = (Bo + U ) + By (Ageij) + 5, (Sexij) + €

where S, are the population intercepts, u;, are the random intercepts for the j;, study, Age is the
age of the subject in years (centered and scaled using the mean and standard deviation of the
sample), Sex of the subject (reference = female), and e{‘j are the outcome-specific residual terms.

The equations for the remaining material property features are provided in the Appendix.

For each of the individual outcomes (i.e., the biomechanical factors), priors sensitivity analysis
was conducted for the intercept, the g terms, and the study random effect standard deviations.
Based on this sensitivity, the priors with the largest standard deviation (i.e., least informative) with
stable estimates were used in the final model. Estimation took place using the brms package in
The RStudio (R version 4.2.0) (Burkner, 2017; R Core Team, 2022). Three parallel initially over
dispersed Markov Chain Monte Carlo (MCMC) chains were used, where each chain ran for 3,000
iterations after the 2,000 iteration warmup. Effective sample sizes were examined to ensure each
parameter’s effective sample size was greater than 1,000 for each parameter. A visual inspection
of the MCMC chains and assuring that Rhat values were approximately 1.00 indicated acceptable

convergence. Correlation between the material neuroanatomical features were computed, and
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highly correlated parameters (r > 0.8) were noted. All Credible Intervals (Crl) reported are 95%
equal tailed intervals. For each material property feature, the intraclass correlation (ICC) was
computed to report the correlation of observations within one study.

A similar methodology was used to determine significant biomechanical factor predictors of the
deformation metrics, the order of importance of these biomechanical factors, and the significance
of sex after accounting for these biomechanical factors. Therefore, to determine the effect of the

material property biomechanical factors and sex on the deformation metrics, the multivariate
mixed linear model had the following structure, with Yig.k) being the k,; outcome associated with

the iz, brain model in the j;;, study, with the model for MPS-95 provided as an example below:

FPSTOS = (BYSTO5 +ulfPSOS) 4 BP0 (Agey) + BTSN (Sexy) + BTSN (stif fy)
+ BAIPSTOS(StIff WMyy) + BEIPSTO5(Stif f GMyy) + BE!PS~*(Stif f 1QR;)
+ BIPS93(DR,) + BYIPSO5 (DR WM) + BIPS-2%(DR GM,)
+ BTS2 (DR IQR;;) + BYPS~°%(Quad 1;5) + PP ~°%(Quad 2;5)

+‘B{V:1))PS—95(Quad 41]) + E{\]_/IPS—95

where B, are the population intercepts, u;, are the random intercepts for the j,, study, age is the
age of the subject in years (scaled using the mean and standard deviation of the sample), sex of
the subject, each of the biomechanical features previously justified (scaled using the mean and

standard deviation of the variable), and e{‘j are the outcome-specific residual terms. The equations

for the remaining deformation metrics are provided in the Appendix. Priors were assigned after a
prior sensitivity analysis as previously described. The same model fitting parameters in RStudio
were used to estimate the neuroanatomical biomechanical factor and brain deformation metrics
model. Correlations between the independent variables were assessed using the biomechanical
factors linear mixed model described previously, and for pairs of variables with correlations

greater 0.80, a single parameter was kept in the final model. The final linear mixed model included
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these uncorrelated, independent variables against the deformation metrics. Because all
guantitative independent variables were centered and scaled, the relative importance of each

biomechanical factor was determined using the absolute value of the estimated coefficient.

Results

Material Property Biomechanical Features

On average, the male brains had greater total tissue mean stiffness (mean + std = 2.77 £ 0.21
kPa), mean GM stiffness (2.53 + 0.20 kPa), and WM stiffness (3.03 £ 0.22 kPa) compared to the
female brains (2.71 £ 0.17 kPa, 2.46 + 0.17 kPa, 2.98 + 0.18 kPa, respectively); additionally, the
male brains individually had a greater spread of stiffness with a greater average stiffness IQR
(1.23 £ 0.16 kPa) compared to the females (1.08 + 0.13 kPa) (Figure 24). However, the average
female damping ratio was greater for the mean damping ratio (0.22 + 0.03), the mean GM
damping ratio (0.21 = 0.03), and the WM damping ratio (0.23 £ 0.03) than the average male
damping ratios (0.20 £ 0.03, 0.20 + 0.03, 0.21 + 0.03, respectively) (Figure 24). The IQR of the
total tissue damping ratio was also greater for the female brains (0.12 £ 0.02) compared to the
male brains (0.11 £ 0.02). The difference in female and male damping ratio may be a result of the

study parameters, and this is addressed in the statistical model with a study effect parameter.
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Figure 24: Male and female distributions, based on an estimated probability density function, for
mean stiffness (top) and mean damping ratios (bottom) throughout the entire brain tissue, the
IQR for the total brain tissue, and the mean stiffness in both the WM and GM. Medians are
represented by the solid line, and quartiles one and three are represented by the dashed lines.
The male brains had more percentage volume, on average, in quadrants one (35.3 £ 1.9%)
and three (37.6 + 9.8%) compared to the female brains (32.8 + 9.0%, 32.1 + 7.7%, respectively),
which were the regions associated with low damping ratios; the female brains had more
percentage volume, on average, in quadrants two (19.8 + 8.2%) and four (15.3 + 7.0%) compared
to the male brains (15.5 =+ 8.9% ,11.6 + 6.7%, respectively), which were areas associated with
high damping ratio (Figure 25). For both the male and female brains, there was not a strong

correlation between the mean total tissue stiffness and mean total tissue damping ratio (rmae =

0.4 and riemae = 0.18) (Figure 25).
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Figure 25: (Top) Male and female distributions, based on an estimated probability density
function, for mean percentage of brain volume per quadrants of high and low stiffness and
damping ratios. Medians are represented by the solid line, and quartiles one and three are
represented by the dashed lines. (Bottom) A scatter plot of both male and female mean stiffness
and damping ratios for the entire brain tissue. Correlations between stiffness and damping ratios

provided for both sexes.
The Bayesian linear mixed model was used to determine the significance of sex and age, while
accounting for study, on each of the material property biomechanical factors (Appendix Table ).
Age was significant, as determined by the 95% credible interval, for mean total tissue, GM, and

WM stiffnesses, total tissue and GM damping ratios, volume percentage in quadrants one, two,

and four, and the IQR of the damping ratios. Sex was significant for the mean total tissue, GM,
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and WM stiffnesses, only the WM DR, only percentage of volume in quadrant two, and the IQR
of the damping ratios. The complete list of estimated parameters of the Bayesian linear mixed
model are provided in the Appendix. For the mean and IQR stiffness metrics, each tissue has the
following ICCs: ICCiotal = 0.18, ICCem = 0.38, ICCwm = 0.22, and ICCigr = 0.48. However, the ICC
for the metrics of DR were much larger, where the ICC for metrics of both mean DR and IQR were
ICChotai = 0.93, ICCqm = 0.89, ICCwm = 0.94, ICCiqr = 0.90. The ICC for the quadrant percentages
were ICCquadr = 0.91, ICCquad2 = 0.88, ICCquadz = 0.94. Based on the high ICC for the DR and
guadrant percentage metrics, there was an effect of study for the material properties for each of

the brains.

Deformation Metrics

For each of the deformation metrics assessed (MPS-95, MPSR-95, MPSxMPSR-95, and
CSDM-25), the male models experienced a greater deformation response (0.36 + 0.02, 65.2 +
49,145+ 1.7,0.33 £ 0.10, respectively) compared to the female brains (0.35 + 0.02, 63.4 £ 5.1,
13.9 + 1.8, 0.28 + 0.10, respectively) (Figure 26). The distributions of each deformation metric
were bimodal, like the distributions of the damping ratios for both the male and female brains.

This was possibly due to differences in the underlying studies.
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Figure 26: Distributions, based on an estimated probability density function, of male and female
deformation metrics, including MPS-95 (top left), MPSR-95 (top right), MPSXMPSR-95 (bottom left) and
CSDM-25 (bottom right).

Effect of Material Property Biomechanical Features on Brain Deformation Metrics

Generally, as the mean total tissue stiffness of the subject increased, each of the deformation
metrics (MPS-95, MPSR-95, MPSxMPSR-95, and CSDM-25) decreased (Figure 27). The
correlations between the deformation metrics and the mean total tissue stiffness were not strong
for either the male (all correlations less than 0.1) or the female (all correlations less than 0.27)
brain models. It should be noted that the three brain (two female and one male case) with high
stiffness and high deformation metrics are the three lowest mean total tissue damping ratio brain
models, and the effect of the damping ratio can be seen in their deformation response.

Similar to the relationship between shear stiffness and deformation, as the mean total tissue
damping ratio increased, the measured deformation metrics decreased for both the male and
female brain models (Figure 28). The correlations between the mean total tissue damping ratio

and deformation metrics were high for both males (all correlations greater than 0.86) and females
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(all correlations greater than 0.83), with the strongest correlation for both sexes CSDM-25 (male =

0.920 and rfemale = 0.918).

For quadrant one, the region with both low damping ratio and low shear stiffness, the brain

models with greater volume within these regions have greater deformation for each of the metrics,

where the correlations between percent brain volume in quadrant one and the deformation metrics

are the greatest among the quadrant percentages (Figure 29). The correlation between quadrant

one brain volume percentage and MPS-95 was greatest for both male (r = 0.86) and female (r =

0.93) brain models.
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Figure 27: Scatter plots for both male and female for each of the four deformation metrics
against the mean stiffness from the MRE scans of each subject. Linear trendlines and
correlations also provided for both the male and female subjects.
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Figure 29: Scatter plots for both male and female for each of the four deformation metrics
against the volume percentage in quadrant 1 (low stiffness, low damping ratio) for each subject.
Linear trendlines and correlations also provided for both the male and female subjects.

The Bayesian linear mixed model was used to determine the significance of sex, age, and each
of the previously described material property biomechanical factors on each brain deformation
metric (Table 3). After accounting for differences in material properties, the effect of study was
not significant on the deformation metrics; as a result, the effect of study was removed from the
analysis of material property biomechanical factors on brain deformation. Additionally, there were
high correlations between some of the material property biomechanical factors (e.g., total tissue
mean stiffness and GM mean stiffness); GM and WM stiffness and damping ratios were removed

from the final model to eliminate collinearities in independent variables.
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First, sex was not significant for any of the deformation metrics when additional mechanical
property biomechanical features are included in the model, with estimates ranging from -0.001
(95% Crl -0.003, 0.001) for MPS-95 to -0.048 (-0.60, 0.51) for MPSR-95. However, age was
significant for both strain-rate independent metrics, MPS-95 and CSDM-25 metrics. Mean total
tissue stiffness was not significant for predicting deformation, but the stiffness ICV, or the range
of an individual's stiffness, was significant for each of the deformation metrics. In contrast, both
mean damping ratio and ICV were significant for each of the deformation metrics. Finally, the
percent of brain volume in quadrant one (low stiffness and low damping ratio) was significant for
all four deformation metrics, and the volume percentage in quadrant two was significant for
CSDM-25.

Based on the value of the estimated parameters, the mean DR had the greatest effect for each
of the deformation metrics, except MPSXMPSR-95, with estimates ranging from -0.019 (95% Crl
-0.025, -0.122) for MPS-95 to -4.16 (-6.03, -2.30) for MPSR-95. For MPSXxMPSR-95, the
percentage of brain volume in quadrant one (low stiffness and low DR) had the greatest effect
with an estimate of 3.161 (1.76, 4.55). As the mean DR increased, the predicted deformation
metrics decreased; while as the percentage of the brain in the low stiffness add damping region
increased, the overall deformation metrics also increased. While sex was not a significant
predictor of MPS-95, the mean DR of the total tissue had 26.7 times the relative importance of

sex on predicting MPS-95.
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Table 3: Estimated coefficients for the population-level effects of the multivariate Bayesian linear
mixed model and the 95% credible interval (Crl) for the estimated parameter included in square
brackets for age, sex, and each material property feature on the deformation metrics. Bolded
coefficients are significant based on the Crl. Positive sex coefficients imply male response was
greater.

Intercept Age Sex
MPS-95 [0.3&13:50.36] [0?60-833] [-0-0_83?%%001]
MPSR-95 [63.;5;,.0631.31] [-0,0%3 c())(_)612] [—O.é(())l,o(é)l.8508]
MPSxMPSR-95 [14.%);;1154.25] [-0.08'51,0((59.221] [-0.536%?148]
CSDM 25 [0.2%,38.301 [o.o%f,ogm] [—0.082001.008]
Stiffness Mean Stiffness IQR DR Mean DR IQR
MPS-95 0-000 9093 A o4, o
[:0.004, 0.004] | [0.001,0.004] | [0.025,-0.122] | [0.004,0.009]
MPSR-95 [-1.2012?2%302] [0.01%;,63.929] [-6.(5;'1-2.30] [1.53?,'22.87]
MPSXMPSR-95 [-0.3(7)'10,751.521] [0.03?5%?353] [-1.9513;,2?01.611] [0.52&%???005]
CSDM 25 [-0.032105.032] [o.ogic,)%?om] [—0-150i,c>—705.050] [0-085%?022]
Quad. 1 Percent. Quad. 2 Percent. Quad. 4 Percent.
MPS-95 [0.0855%%019] [-0-08'1?0(;1.010] ['0-08205000]
MPSR-95 [1.73#3%547] [-1.3?13???716] [-1.0253717.226]
MPSXMPSR-95 [o.sii?’fma] [-0-42'71,201.669] [-O-ng6;467]
CSDM 25 [0.026?%?077] [0-08??%?047] [-053;%7008]
Discussion

Risk of brain injuries are dependent on both the intrinsic properties, such as a subject’s
neuroanatomy or material properties, and the head kinematic exposure leading to the injurious
event. Based on the result of Chapter 2, after accounting for differences in neuroanatomical
features, sex did not have a significant effect on brain deformation, and the effect of sex- and

subject-specific material properties needed further analysis. Similar to neuroanatomical features,
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sex had a statistically significant effect on some material property features, such as mean stiffness
and damping ratios, percentage of brain volume in quadrant two (relatively low stiffness and high
damping ratio), and IQR of damping ratio within each subject’s brain. Additionally, statistically
significant age effects were also found for multiple measures of stiffness and damping ratios,
which is consistent with previous MRE studies (Hiscox et al., 2021; Sack et al., 2009, 2011). As
the subject-specific MRE images were acquired from different studies, the random effect of study
was also considered, and for the material property features, there were moderate to excellent ICC
for multiple material properties measurements (Cicchetti, 1994). However, similar to the
neuroanatomical features analysis, once both the material property features and sex are included
in a statistical model to determine their effect on deformation, sex was not a statistically significant
predictor of deformation.

Of the material property features, the mean damping ratio of the total brain tissue had the
relative highest importance for MPS-95, MPSR-95, and CSDM-25, with increased damping ratio
reducing each deformation metric. The damping ratio, defined as the relative viscous-to-elastic
behavior, is hypothesized to relate to both the geometric organization of the brain tissue, as well
as the network complexity (Guo et al., 2012; Hiscox et al., 2021; Sack et al., 2013). Because
previous work has found a strong relationship between hippocampal damping ratios and memory
performance, additional research is needed to determine how damping ratio could be affected
post-injury and the potential to relate to symptomology (Hiscox et al., 2021). Additionally, as
damping ratio relates to the viscosity of the brain tissue, a greater understanding of effect of
hydration on damping ratio could offer insights into potential neuroprotective properties. While sex
did not have a significant effect on brain deformation after the sex difference seen in the mean
damping ratio was accounted for in the model, the statistically significantly lower damping ratio
seen in female brains does align with an increased risk of moderate brain injuries seen in Forman

et al. of belted occupants in frontal automotive crashes (J. Forman et al., 2019).
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One major assumption made throughout this study was the implementation of the MRE shear
stiffness and damping ratios into the FE brain models by applying a relative scaling metric to ex
vivo material characterizations. Shown by Hiscox et al. with statistically significant differences in
shear stiffness between white matter, subcortical gray matter, and cortical gray matter and
statistically significant differences in damping ratios between white matter and both cortical and
subcortical gray matter, brain tissue is not homogenous through the parenchyma (Hiscox et al.,
2020). However, additional research is required to confirm the relative change in both stiffness
and damping ratios seen under small deformations during MRE acquisition are equal to the
relative changes in stiffness and damping ratios observed at greater levels and higher rates of
brain deformation consistent with injurious loading conditions. Additionally, this study investigated
the effect of sex and material properties on brain deformation using a single neuroanatomy and
a single exposure. There are potentially other head kinematics loading environments which could
create a different relative importance of material properties (e.g., very low severity loading
environments), but the same analysis could be applied to a greater range of head kinematics.

This study found sex differences within material properties measured in vivo using MRE
imaging techniques; however, after accounting for the differences in material properties, sex was
not a significant predictor of brain deformation. As the head exposures experienced between male
and female occupants may be different for similar automotive crash environments due to
differences in mass distribution or engagement with safety equipment (e.qg., seat belts), additional
work is needed to determine how sex-specific exposures may affect brain deformation and how
these differences in exposure could help explain sex differences seen in injury risk between male

and female automotive occupants.
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Conclusions

o Based on subject specific MRE images, there were statistically significant sex differences
between mean total tissue, white matter, and gray matter stiffness, mean total tissue and white
matter damping ratios, percentage of brain volume in quadrant two, and the IQR of a subject’s
damping ratio, after controlling for random study and age effects.

e After accounting for material properties, sex did not have a significant effect on brain
deformation; however, the IQR of a subject’s stiffness and damping ratio, mean total tissue
damping ratio, and percentage of the brain volume in quadrant one were significant predictors
of brain deformation for all four metrics, with mean total tissue damping ratio have the greatest
relative importance for MPS-95, MPSR-95, and CSDM-25.

e This material properties study did not include any variation or sex differences in
neuroanatomical features or head impact kinematics, and additional work is needed to
determine the relative importance of intrinsic (e.g., neuroanatomy or material properties) and

extrinsic (e.g., head kinematics) factors on brain deformation.
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Chapter 4: Effect of Head Kinematics

Sex had a significant effect on intrinsic neuroanatomical and material property biomechanical
features, but after accounting for these biomechanical factors, sex was not significant in predicting
brain deformations using intrinsically subject-specific FE brain models. However, these analyses
were completed with just one single head kinematic exposure in Chapters 2 and 3. The effect of
sex-specific head kinematics must also be considered as a contributing factor to differences in
male and female brain injury risks observed in automotive field data (J. Forman et al., 2019).
Therefore, this chapter will quantify the differences in male and female head kinematics under
matched automotive sled tests and determine their effect on brain deformation using a single

neuroanatomy and material property definition.

Introduction

There are some physiological differences between males and females occupants which can
lead to differences in head kinematics under similar crash or impact conditions, such as mass
distribution, cervical vertebrae dimensions, and neck strength (Nikolova & Toshev, 2007,
Vasavada et al., 2008; Young et al., 1983). The female neck has 33% more head mass per unit
of neck muscle area compared to a height and neck length matched male with more slender
necks and less neck cross-sectional area (Vasavada et al., 2008). Additionally, the female neck
has only, on average, 68% and 80% of the strength of a size-matched male neck in flexion and
extension, respectively (Vasavada et al., 2008). Neck strength and anticipatory neck muscle
activation have been shown to reduce the magnitude of the resulting head kinematics (Eckner et
al., 2014; K. A. Reynier et al., 2020); however, injurious head kinematics are often captured with
postmortem human surrogates (PMHS), which lack active musculature.

In the past decade, more female anthropometries have been included in automotive crash
safety sled testing, with the majority of the female research focusing on the 5" percentile female

for continued development of a small female anthropometric test device (ATD). However, the
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number of sex-matched sled tests is still very limited due to the small number of female PMHS
tests. Female PMHS have been tested in the Gold Standard 2 and 3 conditions and recently in
both 25° and 45° reclined environments (National Highway Traffic Safety Administration, 2022;
Shaw et al., 2017). The Gold Standard 2 (GS2) is a 30 km/h frontal sled test with rigid knee
bolsters, a rigid planar seat, and a force limited (3 kN for males, 2 kN for females) three-point
shoulder and lap belt (Shaw et al., 2014, 2017). The Gold Standard 3 (GS3) condition is a 30°
near-side oblique frontal impact at 30 km/h with a force limited (3 kN for males, 2 kN for females)
three-point shoulder and lap belt (Acosta et al., 2016; Humm et al., 2018). Additionally, interest in
reclined occupant kinematics has increased with the likelihood of alternate occupant seating
options in highly automated vehicles. For both 25° and 45° reclined (relative to vertical) postures,
female and male occupants were tested in 15 km/h and 32 km/h frontal sled pulses with a semi-
rigid seat, toe pan, knee bolster, and force limited (4.5 kN for males, 2 kN for females) three-point
shoulder and lap belt (National Highway Traffic Safety Administration, 2022). While there are
differences between the male and female test environments (e.g., load limiters), these conditions
are otherwise matched for 50" percentile male and 5™ percentile female occupants.

Previous analysis of the effect of head kinematics on brain deformation has been completed,
but the effect of sex has not been isolated (Gabler, Crandall, et al., 2018; Gabler et al., 2016,
2019; Takhounts et al., 2013). Gabler et al. investigated the effect of magnitude and duration of
angular acceleration on brain deformation using the maximum magnitude of displacement
between a single-degree-of-freedom mechanical system and strain-based injury metrics from FE
brain models (Gabler, Joodaki, et al., 2018). For long-duration pulses, brain deformation
depended primarily on the angular acceleration, while for short-duration pulses, brain deformation
depended primarily on the angular velocity (Figure 3). Between these short- and long-durations
pulses, near the systems natural period, brain deformation was dependent on a combination of
angular velocity and acceleration components (Gabler, Joodaki, et al., 2018). These previous
studies primarily investigated male head kinematics using a 50" percentile male FE brain model,
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and additionally work is needed to determine if sex has a significant effect on both head
kinematics and brain deformation.

Using the available sex-matched head kinematics, the first goal of this study was to determine
the effect of sex on head kinematic features of PMHS and ATD kinematics, while accounting for
surrogate type and BMI; additionally, with an FE brain model with a single representative
neuroanatomy and material property definitions, the second goal of this study was to determine if
sex was significant on brain deformation and to quantify the relative importance of head kinematic

features on the resulting brain deformation metrics.

Methods

Head Kinematics Database

Head kinematics were selected from the National Highway Traffic Safety Administration
Biomechanics Test Database (National Highway Traffic Safety Administration, 2022) and
included all kinematics with matched male and female conditions. The selected cases included
head kinematics from PMHS and ATDs, specifically the 50" percentile male and 5" percentile
female Hybrid Ill and THOR ATDs. The kinematics were considered sex-matched if the loading
environment (i.e., crash type, delta-V) was consistent between the male and female occupants.
The final 52 selected head kinematics are summarized in Table 4; unless otherwise noted, the
male kinematics are associated with a 50" percentile male anthropometry, and the female
kinematics are associated with a 5" percentile female anthropometry with normal body mass
indices (BMI). For the ATD head kinematics, some test series had more than two repeated tests
with the male and female ATDs; to avoid inflating the dataset with repeated test conditions, two
traces for each male and female ATD were selected per test condition with ATD traces (i.e., Gold
Standard 2 and 3). For these test conditions, the most severe and least severe head kinematic
was selected to capture the range of kinematics experienced by the ATD; however, the range of

kinematics measured by the ATDs in each of the test conditions was small.
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Table 4: The selected head kinematics for male and female matched automotive crash conditions,
including the crash condition, sex of occupant, surrogate type, number of cases for each surrogate
type, and NHTSA database case numbers. The italicized cases numbers represent obese
occupant’s head kinematics.

Crash Condition Sex Surrogate Type (n) Case Numbers
B11468, B11469,
PMHS (5) B11509, B11510,
B11511
Male
HIll (2) B11484, B11508
THOR (2) B11473, 11474
B11491, B11492,
Gold Standard 2 B11493. B11494
PMHS (10) B11495, B12803,
B12804, B12805,
Female B12806, B12807
S0365, S0366
Hill (2) (internal UVA)
THOR (2) B12821, B12822
B11518, B11519
PMHS (3) , ’
Male B11520
THOR (2) B11514, B11517
Gold Standard 3 B13162. B13163
(Near-Side) PMHS (5) B13164, B13167,
Female B13168
NSFSDO0151,
THOR (2) NSFSD0153
Male PMHS (2) B12796, B13109
Recline 25° - 32 kph B13121. B13123
Female PMHS (3) B13156
Male PMHS (2) B13113, B13157
Recline 45° - 15 kph B13111. B13115
Female PMHS (3) B13117
Male PMHS (4) B12795, B13110,
. o B13114, B13124
Recline 45° - 32 kph B13112 B13116
Female PMHS (3) B13118

All signals were debiased using the mean of each signal prior to the beginning of the sled
acceleration. The head linear accelerations and angular velocities were then filtered using a
CFC180 in accordance with SAE J211. Angular accelerations were computed from debiased,

filtered angular velocities using a numerical central difference differentiation. All head kinematics
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simulated were either transformed to the anatomical center of the head, as is the case for the
PMHS data, or measured at the head center of gravity (CG) for the ATDs.

Due to the location of the mounted head kinematic sensor package during PMHS sled testing,
often on the top of the head, contact between the PMHS arm and sensor package was common
(Biomechanics Test Database: Test Number 12814, 2017; National Highway Traffic Safety
Administration, 2022). To eliminate these unrelated kinematic spikes, a blended average
interpolation scheme was used to correct the head kinematic data (Shaw et al., 2009). The

interpolation equation reconstructs the kinematic trace over the disrupted time interval, fyq, (%),

with uninterrupted data traces, f;(t), from a similar test condition using the following equation:

+ + f(tp)
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where A = t, — t, and n is the number of uninterrupted cases used to inform the disrupted case.

Original and corrected signals are included in the Appendix with the time intervals corrected for

disrupted signals.

Finite Element Brain Model and Simulations

To keep the effect of head kinematic input condition isolated, all head kinematics were
simulated using a single neuroanatomy, specifically the CAB-20MSym FE brain model (used in
Chapter 3), with the baseline heterogeneous material properties (used in Chapter 2) (J. S. Giudice
et al., 2020, 2021). The neuroanatomy of the CAB-20MSym FE brain model was based on a
template MRI image developed using 20 healthy, male brains with 1 mm? isotropic voxels (J. S.
Giudice et al., 2020). The CAB-20MSym FE brain model includes the brain parenchyma, internal
CSF, peripheral CSF, and ventricles, each modeled using 1 mm hexahedral elements, as well as
the sagittal sinus, falx cerebri, and tentorium cerebri modeled using two-dimensional shell

elements, (J. S. Giudice et al., 2020, 2021). The dura is modelled as a rigid layer of shell elements
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surrounding the peripheral CSF, and all 6-DOF head kinematics are applied to this rigid dura part
through the head center of gravity in the local anatomic head coordinate system (Society of
Automotive Engineers, 2007). Each head kinematics simulation was run for 200 ms, and the
deformation time history was checked to ensure deformation was not increasing at the end of the

simulation.

Head Kinematic Feature Definitions

Multiple head kinematic features were assessed for each of the sex-matched PMHS and ATD
sled tests and included measurements of linear acceleration, angular velocity, angular
acceleration, and brain injury metrics. For linear acceleration, angular velocity, and angular
acceleration, the absolute kinematic in each of the three-anatomic axes and absolute maximum
resultant kinematic were computed for each subject. Additionally, brain injury metrics were
computed for each of the sex-matched head kinematics, specifically the brain injury criteria (BrIC),
the universal brain injury criteria (UBrIC), and the Diffuse Axonal Multi-Axis General Evaluation
(DAMAGE) metrics (Gabler, Crandall, et al., 2018; Gabler et al., 2019; Takhounts et al., 2013).
Each of these head kinematic biomechanical features were computed using debiased, filter head

CG kinematics.

Brain Deformation Metric Definitions

To remain consistent with the analysis of both the neuroanatomical and material property
features, the same deformation metrics were used to assess the effect of the head kinematics
factors; these included metrics of strain, strain rate, and the product of strain and strain rate (Wu
et al.,, 2021). To avoid the potential effect of any numerical instabilities associated with the
absolute maximum, the 95™ percentile of each of these metrics was reported (Gabler et al., 2016;
J. S. Giudice et al., 2020; K. Reynier et al., 2021). For clarity, the 95™ percentile maximum principal
strain (MPS-95) is defined as the 95" percentile of the maximum principal strain experienced by

each white and gray matter brain element throughout the simulation; the 95™" percentile maximum
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strain rate (MPSR-95) and the 95" percentile product of MPS and MPSR (MPSxMPSR-95) are
defined similarly. Additionally, cumulative strain damage measure (CSDM), which represents the
volume fraction of elements greater than a specified threshold, was calculated for a commonly

used threshold (25%) throughout the white and gray matter elements.

Statistical Analysis of Kinematic Features

For the head kinematics features, a multivariate linear mixed model was used to determine if
sex and age were statistically significant factors. To account for differences in study design (e.qg.,
belt pre-tension timing, load limiters, etc.), a random study effect was also included in the linear
mixed model. Due to the small number of studies (n = 5), where studies include the differences
in delta-V, PDOF, or occupant seat recline angle, mixed model estimation can be challenging due
to a high likelihood of the study effect estimate being zero under a frequentist approach. To avoid
this issue, analysis was carried out using a Bayesian linear mixed model where the biomechanical
factors (outcome variables) were jointly modelled to take advantage of strong correlations among

them. To determine sex effects on the head kinematic biomechanical factors, the Bayesian
multivariate mixed linear model had the following structure, with Yig.k) being the k,, outcome

associated with the i;; brain model in the j,; study, with linear acceleration in the x-direction

provided as an example below:

ACC X ACC X ACC X
Yy = (B§ecX + ufy )+ BCC X (BMI;;) + ﬁ{‘CCX(Sexij) + ﬁg“ccx(Surrogateij) + €

where S, are the population intercepts, u;, are the random intercepts for the j;, study, BMI is the
body mass index of the surrogate, surrogate is either ATD or PMHS (reference = ATD), Sex of
the surrogate (reference = female), eﬁ are the outcome-specific residual terms, and ACC are

linear accelerations (g). The remaining equations for the angular velocities (ARS - rad/s) and

angular accelerations (Alpha - rad/s?) are provided in the Appendix.
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For each of the individual outcomes (i.e., the biomechanical factors), priors sensitivity analysis
was conducted for the intercept, the g terms, and the study random effect standard deviations.
Based on this sensitivity, the priors with the largest standard deviation (i.e., least informative) with
stable estimates were used in the final model. Estimation took place using the brms package in
The RStudio (R version 4.2.0) (Burkner, 2017; R Core Team, 2022). Three parallel initially over
dispersed Markov Chain Monte Carlo (MCMC) chains were used, where each chain ran for 3,000
iterations after the 2,000 iteration warmup. Effective sample sizes were examined to ensure each
parameter’s effective sample size was greater than 1,000 for each parameter. A visual inspection
of the MCMC chains and assuring that Rhat values were approximately 1.00 indicated acceptable
convergence. Correlation between the material neuroanatomical features were computed, and
highly correlated parameters (r > 0.8) were noted. All Credible Intervals (Crl) reported are 95%
equal tailed intervals. For each head kinematic feature, the intraclass correlation (ICC) was
computed to report the correlation of observations within one study.

A similar methodology was used to determine significant biomechanical factor predictors of the
deformation metrics, the order of importance of these biomechanical factors, and the significance
of sex after accounting for these biomechanical factors. Therefore, to determine the effect of the

head kinematic biomechanical factors and sex on the deformation metrics, the multivariate mixed
linear model had the following structure, with Yig.k) being the k., outcome associated with the i;,

brain model in the j,;, study, with the model for MPS-95 provided as an example below:
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Y/ IPST9% = (BEIPS™%% + wfg™S7%) + BYPS =95 (BMI;;) + BY'PS~%%(Sex;;) + B3PS ~9% (Surrogate)
+ BYPST93(ACC Xy5) + BYFS=93(ACC Y;;) + BYPS—95(ACC Zy;)
+ BT (ACC) + BP9 (ARS Xy;) + BP9 (ARS Yy;) + BI6™S P (ARS Zy))
+ BSOS (ARS;;) + B35 (Alpha X;;) + BIAPS~%%(Alpha Vi)
+ BUPS=95(Alpha Z;;) + BEPS~%5 (Alphay;) + BIEFS=95(BriCy;) + BiAPS=9°(UBTIC;))

+ Big 575 (DAMAGE;;) + /P57

where f, are the population intercepts, u;, are the random intercepts for the j,;, study, BMI of the
surrogate (centered and scaled using the mean and standard deviation of the sample), Surrogate
is either ATD or PMHS, Sex of the surrogate, each of the biomechanical features previously

justified (centered and scaled using the mean and standard deviation of the sample), and e{‘} are

the outcome-specific residual terms. The equations for the remaining deformation metrics are
included in the Appendix. Priors were assigned after a prior sensitivity analysis as previously
described. The same model fitting parameters in RStudio were used to estimate the
neuroanatomical biomechanical factor and brain deformation metrics model. Correlations
between the independent variables were assessed using the biomechanical factors linear mixed
model described previously, and for pairs of variables with correlations greater 0.80, a single
parameter was kept in the final model. The final linear mixed model included these uncorrelated,
independent variables against the deformation metrics. Because all quantitative independent
variables were centered and scaled, the relative importance of each biomechanical factor was

determined using the absolute value of the estimated coefficient.
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Results

Head Kinematics and Biomechanical Features

When comparing distributions of peak kinematics, male and female head kinematic responses
are generally similar (Figure 30). For linear accelerations, the mean male peak kinematics were
greater than the female kinematics, with a larger male standard deviation for each of the three
directional kinematics and peak resultant kinematics. The mean female peak angular rates were
greater for the peak resultant and the y- and z-direction, with larger standard deviations, but the
male mean peak x-direction angular rate was greater, with a larger standard deviation. The mean
z-direction angular acceleration was greater, with a larger standard deviation, than the male z-
direction angular acceleration; however, the other three angular acceleration metrics were greater
for the male occupants. Of the injury metrics assessed, the mean male UBrIC and DAMAGE were
greater with larger standard deviations, but the average female BrIC metric was larger with a

larger standard deviation.
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Figure 30: Distributions of the linear acceleration (top left), angular velocity (top right), angular
acceleration (bottom left), and kinematic-based brain metrics (bottom right) for the male and
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female head kinematics. Medians are represented by the solid line, and quartiles one and three
are represented by the dashed lines.

Based on the Bayesian multivariate linear mixed model, sex was significant for the peak x-
direction and resultant linear accelerations, and x- and z-direction angular rates. Surrogate type
was significant for peak z-direction angular rate and peak y-direction angular acceleration. BMI
was significant only for peak z-direction and resultant linear acceleration. The complete list of
estimated parameters for the effect of sex, surrogate, and BMI is included in the Appendix. Due
to similarities in loading environments, there were high correlations (r > 0.8) between the following
pairs of head kinematic parameters: peak ARS-Y and resultant ARS, peak ARS-Y and BrIC, peak
resultant ARS and BrIC, and peak Alpha-Y and UBrIC. For each of these pairs, a single parameter
was included in the final model to determine the effect of head kinematic feature, sex, BMI, and
surrogate type on brain deformation. The x-direction angular rate had the largest ICC (ICCarsx =

0.70), and all other ICC values for the head kinematics are included in the Appendix.

Effect of Head Kinematics on Brain Deformation

For each of the head kinematic features assessed, as the head kinematic value increases,
each of the four metrics of brain deformation increase. The DAMAGE metric (Figure 31) had the
highest correlations for both the male and female kinematics for MPS-95 (rmae = 0.98, rfemae =
0.96), MPSXMPSR-95 (rmale = 0.95, ftemale = 0.95), and CSDM-25 (rmae = 0.88, fremae = 0.78); the
UBrIC metric had the highest correlations for the male and female kinematics for MPSR-95 (rmae
= 0.93, remae = 0.87). Both of these metrics were developed to predict MPS-95 of the 50
percentile male Global Human Body Models Consortium (GHBMC) FE brain model, so it is
unsurprising these two metrics have the highest correlations for the deformation metrics (Gabler,
Crandall, et al., 2018; Gabler et al., 2019). Excluding the kinematic-based brain metrics, the y-
direction angular acceleration (Figure 32) had the highest correlation for all the MPS-95 (rmae =

087), MPSR'95 (rma|e = 092, rfema|e = 083), and MPSXMPSR'95 (rma|e = 091, rfema|e = 082) metrICS
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for both the male and female kinematics, except the female MPS-95 which had the highest

correlation with peak resultant ARS (remae = 0.860).
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Figure 31: Scatter plots for MPS-95, MPSR-95, MPSxMPSR-95, and CSDM-25 against
DAMAGE for the male (blue) and female (pink) kinematics. The circle data points are PMHS
kinematics, the diamond data points are THOR kinematics, the square data points are Hlll
kinematics, and the dark blue and dark pink circles correspond to the obese kinematics for
males and females, respectively. Linear trendlines and correlations also provided for both the
male and female subjects.
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Figure 32: Scatter plots for MPS-95, MPSR-95, MPSXMPSR-95, and CSDM-25 against y-
direction angular acceleration for the male (blue) and female (pink) kinematics. The circle data
points are PMHS kinematics, the diamond data points are THOR kinematics, the square data
points are HIll kinematics, and the dark blue and dark pink circles correspond to the obese
kinematics for males and females, respectively. Linear trendlines and correlations also provided
for both the male and female subijects.

The deformation metrics linear mixed model revealed no statistically significant sex effects
after accounting for the head kinematic features (Table 5), with estimated ranging from 0.003
(95% Crl -0.01, 0.01) for MPS-95 to 1.54 (-0.11, 0.44) for MPSR-95. Surrogate type and BMI were
statistically significant predictors of MPSR-95, and surrogate type was also statistically significant
for MPSXMPSR-95. Based on the relative size of the estimates, the DAMAGE metric had the
greatest effect of each of the deformation metrics. The ICC for the deformation metrics ranged

from poor for MPSR-95 and MPSXMPSR-95 (ICCwupsr-95 = 0.15, ICCwumpsxmpsr-95 = 0.36), good for

MPS-95 (|CCMps.95 = 064), and excellent for CSDM-25 (|CCCSD|\/|.25 = 078)
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Table 5: Estimated coefficients for the population-level effects of the multivariate Bayesian linear
mixed model and the 95% credible interval (Crl) for the estimated parameter included in square
brackets for sex, BMI, surrogate, and each head kinematic feature on the deformation metrics.
Bolded coefficients are significant based on the Crl. Positive sex, surrogate, and BMI coefficients
imply male, cadaver, obese response was greater.

Intercept Sex BMI Surrogate
PS.05 0.17 0.003 -0.004 -0.001
[0.15, 0.19] [-0.005, 0.01] [-0.02, 0.01] [-0.01, 0.01]
13.91 1.54 3.28 3.89
MIEEIREER [11.52, 16.35] [-0.57, 3.62] [-6.15, -0.30] [1.72, 6.06]
1.58 0.16 0.25 0.34
MPSXMPSR-95 | 11 20, 2.00] [-0.11, 0.44] [-0.65, 0.17] [0.03, 0.65]
0.01 0.0002 20.004 0.003
CEIDIiES [-0.00, 0.02] [-0.01, 0.01] [-0.01, 0.01] [-0.005, 0.01]
ACC X ACC Y ACC Z ACC
PS.05 0.005 -0.003 0.001 0.002
[-0.004,0.01] | [-0.008,0.002] | [-0.008,0.01] [-0.01, 0.01]
0.28 2.38 1.73 2.18
MIEEIREER [-1.74, 2.43] [1.00, 3.76] [-0.78, 4.21] [-5.39, 1.04]
0.01 0.14 0.22 025
MPSXMPSR-95 | 1 28, 0.30] [-0.04, 0.32] [-0.12, 0.56] [-0.68, 0.19]
20.001 0.0002 0.002 20.002
CelblliES [-0.007,0.01] | [0.003,0.003] | [-0.005,0.009] | [-0.01,0.007]
ARS X ARS Z ARS Alpha X
PS.05 -0.001 20.001 0.015 20.001
[-0.006,0.004] | [-0.009,0.006] | [0.007,0.02] | [-0.005,0.004]
20.09 20.80 0.98 -1.00
NIFEIREEE [-1.36, 1.21] [-2.23, 0.58] [1.17, 3.13] [-2.25, 0.26]
0.03 013 0.14 0.10
MPSXMPSR-95 | 15 14, 0.20] [-0.33, 0.07] [-0.43, 0.15] [-0.27, 0.07]
0.002 -0.0003 -0.005 -0.001
Gl [0.002,0.005] | [0.01,0.005 | [0.01,0001] | [-0.004,0.002]
Alpha Z Alpha UBrIC DAMAGE
PS.05 20.001 0.007 20.009 0.030
[-0.008,0.005] | [-0.003,0.017] | [-0.026,0.008] | [0.023, 0.036]
0.22 277 0.37 3.48
MlpEiReek [-1.52, 1.96] [-0.04, 5.62] [-3.52, 4.15] [1.58, 5.36]
0.24 0.33 0.25 0.84
MPSXMPSR-95 | 1 4 48, -0.01] [-0.05, 0.71] [-0.29, 0.79] [0.59, 1.09]
-0.005 0.003 0.008 0.011
Ciblihas [0.01,-0.001] | [0.005,0.01] | [0.004,002] | [0.006,0.02]
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Discussion

With consistent neuroanatomy and material properties, the effects of the sex-specific extrinsic
exposure were investigated in different automotive crash environments. A majority of the head
kinematics investigated were associated with either a 50" percentile male anthropometry or a 5t
percentile female anthropometry, and as a result, there are potential effects of occupant size
associated with any differences in head kinematic features. However, when comparing these two
cohorts, there were statistically significant sex differences for peak x- and resultant linear
accelerations, and x- and z-angular rates after controlling for BMI and surrogate type of the
occupants. In a pure frontal (GS-2 and reclined configurations) and near-side oblique (GS3) and
automotive crashes, the primary linear acceleration experienced by the occupant is the x-direction
acceleration; however, the primarily local linear acceleration of the head is a positive z-direction,
and this significant difference in the x-direction is in the secondary loading direction. Similar trends
are seen in the angular rates, with the primary loading in the head local coordinate system about
the y-axis, but the significant differences seen in angular rates were in the x- and z-angular rates.
Sex did not have a statistically significant effect on the deformation metrics assessed after
accounting for the head kinematic features, surrogate type, and occupant BMI in the statistical
model. The DAMAGE brain injury metric had the highest relative importance of head kinematic
features analyzed. In relative comparison, the effect of the DAMAGE metric is almost nine times
as important as sex for MPS-95. In an additional statistical model estimated without the DAMAGE
metric, peak resultant angular velocity had the greatest impact on MPS-95, surrogate type had
the greatest and peak resultant angular acceleration had the second highest relative effect on
MPSR-95, and peak angular acceleration — though not significant — had the highest relative effect
on MPSXMPSR-95.

One major limitation of this study is the number of sex-matched head kinematics simulated as

a result of the limited sex-matched sled tests available in the automotive safety field. While current
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and future research is working to better match occupant parameters, such as testing 50™
percentile female anthropometries, additionally sled tests are needed to better understand the
effect of differing restraint specifications (e.g., load limiters) on resulting head impacts in male and
female occupants. For both the Gold Standard 2 (GS2) and GS3 test environments, the 50™
percentile male occupants were tested with a 3 kN shoulder belt load limiter, but the smaller 5™
percentile female occupants were tested with only a 2 kN load limiter. Additionally, the load limiter
in the male reclined tests was 4.5 kN, but the load limiter in the female reclined tests was kept at
2 kN. The difference in these load limiters could affect the head kinematics and max excursions
experienced by each of these occupants. For this analysis, the effect of these differing parameters
was accounted for with the random study effects to capture the different loading conditions (i.e.,
GS2, GS3, reclined degree and sled speed).

Similar to the analyses of neuroanatomy and material properties, this assessment of head
kinematics does not include variation in the intrinsic brain properties. There is a possibility that
different baseline material properties could affect the relative importance of these kinematic
features on brain deformation; therefore, an additional analysis investigating the relative
importance of each significant intrinsic property and these extrinsic head kinematic features on
brain deformation is required. Additionally, this sex-matched analysis is limited to conditions with
both male and female head kinematics. There are crash conditions that are more and less severe
seen in field data than those included in this small sample of GS2, GS3, and reclined
configurations that could affect which kinematic feature has the greatest impact on brain

deformation.

Conclusions

o A variety of head kinematic features and brain injury metrics from sex-matched PMHS and

ATD sled tests were computed, and there were statistically significant sex differences in peak
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x- and resultant linear accelerations, and x- and z-axis angular rates, with statistically
significant effects of surrogate type and BMI additionally observed.

A Bayesian linear mixed model predicting brain deformation metrics based on head kinematic
features, sex, surrogate type, and BMI concluded sex was not a statistically significant predictor
of deformation after accounting for the head kinematic elements.

The conclusions of this study are based on the limited sample of sex-matched sled tests and
resulting head kinematics, which include only GS2, GS3, and reclined configurations.
Additional sex-matched kinematics are required to draw larger conclusions about the effects
of extrinsic factors (e.g., kinematics features, restraint system features) on brain deformations

in both male and female occupants.
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Chapter 5: Final Sensitivity of Neuroanatomy, Material Properties,
Head Kinematics and Sex

As discussed in previous chapters, sex is correlated with the biomechanical characteristics
of anatomy, material properties, and head kinematics. However, sex as an independent covariate
was found not to be significant when studying the effects that these factors have on brain
deformation. For those previous analyses, each of the biomechanical factors was analyzed
independently, making it difficult to identify which feature had the overall largest effect on brain
deformation. Furthermore, a holistic analysis incorporating the variability each of these factors
and their interactions is needed. Based on the results of the previous chapters, the covariate of
sex is expected to remain not statistically significant, but the relative importance of sex to these
biomechanical features can offer additional information as to what may be causing differences in
injury risk between male and female automotive occupants. Therefore, this chapter will quantify
the relative effect of the previously significant biomechanical features and sex on brain
deformation from varying head kinematics using subject-specific neuroanatomical and material

property-based finite element brain models.

Introduction

Ultimately, the goal of injury biomechanics research is to improve the understanding of a
biomechanical response of the human body to a potentially injurious loading environment to
reduce the likelihood of injury. In automotive safety, review of epidemiology data provides
feedback on the success of this research and highlights areas for possible improvement. For
belted female occupants, the odds of sustaining a moderate brain injury (OR = 1.76) in a frontal
crash are higher than for male occupants, even after accounting for crash severity (delta-V), age,
height, BMI, and model year of vehicle (J. Forman et al., 2019); however, this result does not
include intrinsic properties of the human brain, nor direct information about the underlying injury

mechanism, brain deformation. Intrinsic properties of the human brain, such as sex, intracranial
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volume (ICV), or shear stiffness, are factors that cannot be altered, but how these relate to brain
deformation needs further analysis, in particular, which of these intrinsic properties has the
greatest effect on brain deformation. As finite element (FE) brain models improve, there is growing
interest in subject-specific predictive clinical brain models, and a greater understanding of the
effect of intrinsic brain properties on brain injury risk would improve applicability of these advanced
future models.

Intrinsic brain properties cannot be modified to reduce the risk of injury, but the head
kinematic exposure during an automotive crash is affected via active and passive safety features
of vehicles, and these features can be tuned to reduce exposure. Passive restraint features, such
as belt pre-tensioners, have been shown to reduce head excursion with improved engagement
between the shoulder belt and occupant and decreases the time between seat belt engagement
by removing any slack in the belt system (R. Kent et al., 2012; R. W. Kent & Forman, 2015). To
best improve safety features, the relative importance of exposure metrics on brain deformation is
needed to provide a target exposure limit. Additionally, to best protect all occupants, sex-specific
passive safety features may be required to best restrain the varying anthropometries or mass
distributions present between male and female occupants.

Combined sensitivity of brain deformation to both intrinsic and extrinsic factors is lacking for
male and female brain biomechanics. The goal of this chapter is to determine the relative
importance of intrinsic (e.g., ICV, stiffness, sex) and extrinsic (e.g., head kinematic features) on
brain deformation metrics using FE brain models with subject- and sex-specific neuroanatomies

and relative material properties for automotive crash representative loading conditions.

Methods

Final Model Selection

To capture the interactions between neuroanatomic and material property features, a smaller

subset of the brain models developed in Chapters 2 and 3 were selected and simulated across a
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range of head kinematics. Based on the effects of neuroanatomy, 10 brain models were selected
to represent the range of intracranial volumes (ICV) and relative white matter (WM) volumes seen
within the male and female subjects in Chapter 2. Targets of the minimum, 25 percentile, median,
75" percentile, and maximum ICV for each sex (Table 6) were used to determine 10 brain models
(5 male and 5 female brains) which represented the range of neuroanatomical features (Figure
33). The span of these 10 brain models were checked against the spread of the relative WM
volume seen within the subject population to assure a distribution of relative WM volumes were
also captured. All selected model’'s ICV were within 1% of their target volume. The correlations
between ICV and relative WM for the total male and female populations were 0.44 and 0.37,
respectively; for the selected models, the correlation between ICV and relative WM volume were

0.43 and 0.36 for the male and female selected models, respectively.

Table 6: Target ICV measurements, selected model values, and selected subject’s age for the
final 10 neuroanatomy-based subjects. The percentage difference between the target ICV

measurement and the selected model’'s ICV measurement included in parenthesis.

_ Target ICV FE Model ICV Subject Age

ICV Metric (cm?) (cm?) (yr.)

Minimum 1136.4 1136.4 (0%) 42

25" Percentile 1337.9 1337.9 (0%) 20

Female Median 1397.7 1396.6 (-0.1%) 20

75" Percentile 1482.3 1467.0 (-1.0%) 39

Maximum 1681.4 1681.4 (0%) 19

Minimum 1280.5 1280.5 (0%) 69

25™ Percentile 1450.0 1444.8 (-0.4%) 19

Male Median 1525.0 1524.9 (-0.0%) 23

75" Percentile 1627.5 1628.3 (0.1%) 19

Maximum 1804.5 1801.9 (-0.1%) 19
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Figure 33: The range of ICV and relative WM volume for all subjects, with all final selected
models (including material-based final models) denoted as stars. The dashed lines represent
the target ICV measurements for both male (blue) and female (pink) subjects.

Additionally, based on the results of Chapter 3 and the effect of material properties, an
additional 14 models (7 male and 7 female models) were selected to capture the spread of the
mean shear stiffness and damping ratios seen in the brain MRE scans (Table 6). For each sex
separately, nine regions defined the lower, middle, and upper third of both mean shear stiffness
and damping ratios; one male and one female model were then selected from the seven regions
populated with models (Figure 34). The correlations between mean shear stiffness and mean
damping ratio for the total male and female populations were 0.40 and 0.18, respectively; for the
selected models, the correlation between mean shear stiffness and mean damping ratio were

0.47 and 0.46 for the male and female selected models, respectively.
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These final 24 models (12 male and 12 female) models are based on the subject-specific
neuroanatomic meshes, developed in Chapter 2, and the subject-specific material property
distributions, developed in Chapter 3, to create subject-specific models from the CAB-20MSym

heterogeneous FE brain model (J. S. Giudice et al., 2021).

Table 7: Mean shear stiffness and damping ratio for the 14 final material-based selected subjects
and the selected subject's ages.

Region Meargkitgness ieer B Subjg/c;'t)Age

2 2.80 0.17 18

3 3.05 0.15 21

4 2.46 0.22 21

Female 5 2.70 0.21 23
6 2.99 0.19 22

7 2.33 0.27 68

8 2.81 0.25 31

2 2.69 0.16 20

3 3.45 0.13 20

4 2.53 0.20 20

Male 5 2.89 0.19 22
6 3.06 0.21 20

7 2.39 0.24 65

8 2.78 0.25 a1
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Figure 34: The range of mean stiffness and damping ratios for all subjects, with all final selected
models (including ICV-based final models) denoted as stars. The dashed lines represent the
target regions for both male (blue) and female (pink) subjects with the region numbers labelled
in upper inset.

Final Head Kinematics Selection

Each of these 24 models were then simulated using various head kinematics to understand
the relative importance of the intrinsic properties (neuroanatomy and material properties) and the
extrinsic properties (head kinematics) on brain deformation. For each of the loading conditions
(GS 2, GS 3, Recline 25/45 degrees and 15/32 kph), 6-degree-of-freedom head kinematics was
selected to represent the loading environment. The final head kinematics (Figure 35) were
selected to capture the spread of head kinematics examined in Chapter 4, and the DAMAGE
metric for each kinematic was compared to the total distribution of DAMAGE metrics (Figure 36)

to assure a range of loading severities.
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Figure 35: The final selected 6-DOF head kinematics, with the linear acceleration (top) and angular
velocity (bottom) time histories for each of the crash conditions investigated in Chapter 4.
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Figure 36: Distribution of DAMAGE metric for the sex-matched head kinematics assessed in

Chapter 4 with the DAMAGE metrics of the final selected head kinematics shown as dashed lines.
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Biomechanical Features Definitions

To remain consistent with Chapters 2, 3, and 4, the same biomechanical features will be
assessed in this study. The total intracranial volume (ICV) and relative white matter (WM) volume
percentage were used to assess the effects of the two highest relative importance
neuroanatomical features. The mean stiffness and damping ratios of the entire brain tissue, the
interquartile ranges of both stiffness and damping ratios, and the percentage of brain volume in
guadrants one, two, and four (as defined in Chapter 3) were used to capture the effect of the
material properties. For the head kinematic features, all the uncorrelated peak kinematic
measurements (linear accelerations: ACC-X, ACC-Y, ACC-Z, resultant ACC; angular velocities:
ARS-X, ARS-Z, resultant ARS; angular accelerations: Alpha-X, Alpha-Z, resultant Alpha) and
brain injury metrics (UBrIC and DAMAGE) were assessed. Only head kinematics from PMHS sled
testing were selected for the final sensitivity assessment, so surrogate type was not included in
the final assessment. Additionally, only normal body mass index (BMI) PMHS head kinematics

were selected, so BMI also removed from the final assessment.

Brain Deformation Metric Definitions

To remain consistent with the analysis of the previous chapters, the same deformation metrics
were used to assess the effect of the material biomechanical factors; these included metrics of
strain, strain rate, and the product of strain and strain rate (Wu et al., 2021). To avoid the potential
effect of any numerical instabilities associated with the absolute maximum, the 95" percentile of
each of these metrics was reported (Gabler et al., 2016; J. S. Giudice et al., 2020; K. Reynier et
al., 2021). For clarity, the 95" percentile maximum principal strain (MPS-95) is defined as the 95™
percentile of the maximum principal strain experienced by each white and gray matter brain
element throughout the simulation; the 95" percentile maximum strain rate (MPSR-95) and the
95t percentile product of MPS and MPSR (MPSxMPSR-95) are defined similarly. Additionally,

cumulative strain damage measure (CSDM), which represents the volume fraction of elements
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greater than a specified threshold, was calculated for a commonly used threshold (25%)

throughout the white and gray matter elements.

Statistical Analysis for the Effect of Sex on Biomechanical Features

For each of the biomechanical features, a multivariate linear mixed model was used to
determine if sex and age were statistically significant factors in the subset of simulations selected
for the final sensitivity. The statistical analysis was carried out using a Bayesian linear mixed
model where the biomechanical factors (outcome variables) were jointly modelled to take

advantage of any correlations among them. To determine sex effects on the biomechanical
factors, the Bayesian multivariate mixed linear model had the following structure, with Yi(k) being

the k;;, outcome associated with the i, brain model, with ICV provided as an example below:
Y/ = (BEY) + BI (scale(Age)) + B3 (Sex;) + €

where f, are the population intercepts, Age is age in years (centered and scaled using the mean
and standard deviation of the sample), Sex is sex of the brain (reference = female), and eﬁ are

the outcome-specific residual terms. The remaining equations for the other biomechanical factors
are provided in the Appendix.

For each of the individual outcomes (i.e., the biomechanical factors), priors sensitivity analysis
was conducted for the intercept, the g terms, and the study random effect standard deviations.
Based on this sensitivity, the priors with the largest standard deviation (i.e., least informative) with
stable estimates were used in the final model. Estimation took place using the brms package in
The RStudio (R version 4.2.0) (Burkner, 2017; R Core Team, 2022). Three parallel initially over
dispersed Markov Chain Monte Carlo (MCMC) chains were used, where each chain ran for 3,000
iterations after the 2,000 iteration warmup. Effective sample sizes were examined to ensure each

parameter’s effective sample size was greater than 1,000 for each parameter. A visual inspection
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of the MCMC chains and assuring that Rhat values were approximately 1.00 indicated acceptable

convergence. All Credible Intervals (Crl) reported are 95% equal tailed intervals.

Statistical Analysis for the Effect of Biomechanical Factors on Brain Deformation Metrics

Based on the statistical methodology completed in the previous chapters, a multivariate
Bayesian linear model was used to determine significant biomechanical factor predictors of the
deformation metrics, the order of importance of these biomechanical factors, and the significance
of sex after accounting for these biomechanical factors. Therefore, to determine the effect of
biomechanical factors and sex on the deformation metrics, the multivariate linear model had the
following structure, with Yi(k) being the k,; outcome associated with the i, brain model, with the

model for MPS-95 provided as an example below:

YiMPS—95 — (BI(\)/IPS—%) + ,B{VIPS_QS(Agei) + ﬁé\/IPS—‘)S(Sexi) + ,BévIPS—%(ICV) + ﬁiVIPS—%(Rel WMi)
+ BP0 (SEff;) + BSIPSTOS(DRy) + BSOS (Stif f IQR:) + PP (DR IQRy)
+ BT (Quad 1) + BT (Quad 2) + BT (Quad 4)

+ BIPS TS (DAMAGE,) + €}'P57%

where f, are the population intercepts, Age is the age of the subject in years (centered and scaled
using the mean and standard deviation of the sample), Sex of the subject (reference = female),
each of the biomechanical features previously justified (centered and scaled using the mean and

standard deviation of the sample), and eﬁ are the outcome-specific residual terms. The equations

for the remaining deformation metrics are provided in the Appendix. The correlations between the
head kinematic features were computed, and due to the high correlations between them (r > 0.8),
a single representative kinematic feature (e.g., DAMAGE, peak resultant angular rate or
acceleration) were kept in the model.

The same priors sensitivity analysis was used to determine the final priors used in the model,

and the model estimation was the same as previously described.
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Results

Sex Effects on Biomechanical Features

Similar to previous chapters, there was a statistically significant sex effect for ICV (70.5, Crl
95% 27.1, 113.0), mean damping ratio (-0.02, Crl 95% -0.03, -0.01), and percentage of brain
volume in quadrants one (3.2, Crl 95% 0.9, 5.4), two (-3.7, Crl 95% -5.7, -1.6), and four (-2.8, Crl
95% -4.9, -0.7). The complete list of estimated parameters for both sex and age are included in
the Appendix. These statistically significant sex effects were similar to the results of previous
chapters; however, it should be noted that there was a significant sex effect on percentage of

volume in quadrants one and four that was not present in the previous material properties chapter.

Biomechanical Features on Deformation Metrics

When accounting for biomechanical features, such as neuroanatomical factors, material
properties, and head kinematic metrics, the effects of sex (estimates ranging from 0.0002 (Crl
95% -0.008, 0.008) for MPS-95 and 0.03 (-0.40, 0.47) for MPSXMPSR-95) and age (estimates
ranging from 0.005 (-0.001, 0.01) for MPS-95 to 0.77 (-0.35, 1.90) for MPSR-95) were not
significant on the deformation metrics (Table 8). Even after accounting for head kinematics effects
with either DAMAGE, peak resultant angular velocity or acceleration, sex and age did not have
statistically significant effects on deformation (additional estimated parameters included in the
Appendix).

Of the intrinsic properties assessed and accounting for the extrinsic head kinematics using
DAMAGE, ICV had a statistically significant effect on each of the four deformation metrics (Figure
37); additionally, ICV had the greatest relative effect on MPSXMPSR-95 and CSDM-25 of all the
intrinsic properties. The mean DR of the total tissue was also statistically significant on MPS-95
and had the greatest relative effect of MPS-95 (Figure 38). The percentage of brain volume in
guadrant one also had significant effects on both MPS-95 and MPSR-95, and quadrant one

percentage had the greatest relative effect of the intrinsic properties on MPSR-95. However, for
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each of these deformation metrics, the head kinematic metric, DAMAGE (or peak resultant

angular velocity or acceleration) had the absolute largest relative effect.

Table 8: Estimated coefficients for the population-level effects of the multivariate Bayesian linear
mixed model and the 95% credible interval (Crl) for the estimated parameter included in square
brackets for age, sex, and each biomechanical features on the deformation metrics. Bolded
coefficients are significant based on the Crl. Positive sex coefficients imply male response was

greater.
Rel. WM
Intercept Sex Age ICV Volume
MPS-95 0.216 0.0002 0.005 0.011 0.001
[0.211, 0.220] | [-0.008, 0.008] | [-0.001, 0.012] | [0.008, 0.015] | [-0.002, 0.005]
MPSR-95 28.54 0.018 0.770 1.214 0.158
[27.75, 29.35] | [-1.28, 1.30] [-0.35, 1.90] [0.65, 1.78] [-0.39, 0.69]
4.21 0.032 0.207 0.363 0.030
MPERPiRREe [3.95, 4.48] [-0.40, 0.47] [-0.16, 0.58] [0.17, 0.55] [-0.15, 0.21]
CSDM-25 0.061 0.002 0.006 0.011 0.001
[0.047, 0.075] | [-0.02, 0.02] [-0.01, 0.03] | [0.001, 0.021] | [-0.009, 0.01]
Mean Stiffness Mean DR Stiffness IQR DR IQR
MPS-95 0.005 -0.042 0.003 0.002
[-0.0167,0.0261] | [-0.0769, -0.0061] [-0.0067, 0.012] [-0.0128, 0.0157]
1.881 -4.536 0.118 0.531
MIEEIREER [-1.49, 5.29] [-9.56, 0.46] [-1.44, 1.69] [-1.87, 2.92]
0.453 -1.288 0.092 0.103
LRSS [-0.77, 1.65] [-3.20, 0.67] [-0.45, 0.64] [-0.72, 0.92]
0.022 -0.042 0.004 0.004
Celblvizs [-0.04, 0.09] [-0.14, 0.06] [-0.02, 0.03] [-0.04, 0.05]
Quad. 1 Percent | Quad. 2 Percent | Quad. 4 Percent DAMAGE
MPS-95 0.017 0.027 0.013 0.077
[0.0028, 0.0316] [0.0046, 0.0493] [-0.0018, 0.028] [0.0742, 0.0794]
2.849 3.243 1.410 13.181
HlEsiRet [0.56, 5.20] [-0.25, 6.56] [-0.90, 3.74] [12.72, 13.64]
0.792 0.939 0.429 2.884
MESRiIPSIRAEE [-0.01, 1.60] [-0.31, 2.16] [-0.44, 1.28] [2.73, 3.03]
0.030 0.036 0.013 0.061
Clblni-2e [-0.01, 0.07] [-0.03, 0.10] [-0.03, 0.06] [0.05, 0.07]
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Figure 37: Scatter plots of ICV and MPS-95 for each of the 6 head kinematics simulation for

both female (pink) and male (blue) brains.
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Figure 38: Scatter plots of mean total tissue damping ratio and MPS-95 for each of the 6 head
kinematics simulation for both female (pink) and male (blue) brains.
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Discussion

A sensitivity analysis was used to determine the relative importance of intrinsic and extrinsic
biomechanical factors on brain deformation for male and female brains. Sex was defined as an
intrinsic feature of the male and female brain simulations, and each of the FE brain models was
simulated across a range of head kinematics seen in automotive crashes. Due to the high
correlation between the head kinematic features, and the high correlation between DAMAGE and
a majority of the other metrics, DAMAGE was included as a representative factor of extrinsic
exposure. For each of the deformation metrics, the head kinematics exposure feature, either
DAMAGE, peak resultant angular velocity or acceleration (statistical results included in the
Appendix), had the greatest relative importance. Of the intrinsic properties, ICV had a statistically
significant effect on all four of the deformation metrics and the greatest effect on MPSxMPSR-95
and CSDM-25. For MPS-95, the mean damping ratio had the greatest effect, and for MPSR-25,
the volume percentage in quadrant one (low damping ratio and low stiffness) had the greatest
effect. After including the effects of these intrinsic factors and head kinematic features, sex did
not have a statistically significant effect on any metric of deformation.

Of the sex-specific intrinsic biomechanical features, a few factors help to explain a possible
higher injury risk for female occupants. For MPS-95, ICV, mean damping ratio, and the
percentage of brain volume all had significant effects on deformation, with mean damping ratio
having the greatest effect. Based on previous analysis, there was a significant sex effect on mean
damping ratio, with females having lower mean damping ratio. As mean damping ratio decreases,
MPS-95 of the corresponding model increases across all the head kinematics assessed, which
would correspond to a higher injury risk seen in females. Additionally, while not statistically
significant, a similar effect is seen for percentage of brain volume in quadrant one, which had the
second highest relative effect on MPS-95. However, male brains on average have greater ICV,

and as ICV increases, MPS-95 also increases. This trend would suggest males have a higher risk
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of injury due to total brain size, but the importance of ICV is less for MPS-95 than both mean
damping ratio and percentage of brain volume in quadrant one. If brain injury risk is assessed
using either MPSXMPSR-95 or CSDM-25, additional analysis is needed to explain a higher risk
for female occupants seen in epidemiology based on the relative importance of ICV and its effect
on these deformation metrics.

After accounting for differences in biomechanical factors, sex did not have a significant effect
on brain deformation (the assumed mechanism of diffuse axonal injuries), but field data suggests
that sex did have a statistically significant effect on risk of moderate brain injuries (ORsex = 1.76)
in frontal automotive crashes (J. Forman et al., 2019). One major assumption that could help
explain the significant effect seen in field data is the assumption that the injury threshold for male
and female brains is equal, which was made in this sensitivity study and throughout previous
chapters. Currently, there is no research to support or dispute this assumption. To investigate this
assumption, the proposed injury risk functions for MPS-95 mild TBI from Wu et al. (2021, 2022)
were scaled using the field data odds ratio,

Oddsg

0dds Ratio(Sex) = odds. 1.76
M
br bm
Oddsp = Oddsy =
F71- pPr M71- Pm
bm
176 (12 pM)
e =
1+176(3 f”; )
M

where pw is the male probability of injury, based on the Wu et al. injury risk functions, and pr is
the scaled female probability of injury (Figure 39). The original Wu et al. injury risk functions were
assumed to be male injury risk functions based on the high proportion of male data within the
human data sets used in the development, reconstructed impact cases from the National Football
League and male volunteer kinematics from the Naval Biodynamics Laboratory (Wu et al., 2021).

Based on the axonal model injury risk function, the 50% risk of injury for the male curve was 0.28
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MPS-95 and the scaled female curve was 0.25 MPS-95 (Wu et al., 2021). From the GHBMC
developed and scaled injury risk function, the 50% risk of injury for male brains was 0.36 MPS-95
and for the scaled female brain was 0.32 MPS-95 (Wu et al., 2022). However, both of these scaled
female injury risk functions fall within the 95" percentile confidence interval of the male injury risk
functions. This scaled female injury risk is not a proposed injury risk function, but instead is an
exercise to highlight how the odds ratio seen in the automotive crash field data would affect the

difference between a male and female injury risk function.
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Figure 39: The MPS-95 male (blue) injury risk functions from Wu et al. (2021) axonal brain FE
model (left) and Wu et al. (2022) GHBMC brain FE model (right) and the scaled female injury risk
function (pink) to capture the odds ratio of sex differences in moderate brain injuries.

With this subtle shift in these injury risk functions, probability of injury risk for male and female
brains based on a single head kinematic also changes. When using MPS-95 as a predictor of
injury, with equal risk between male and female brains, generally, the male brains had greater
MPS-95 and, consequently, greater predicted risk of injury (Figure 40) . However, after applying
the Forman et al. odd ratio to the Wu et al. (2022) GHBMC-based injury risk functions, the
predicted injury risk of the female brains was greater than the male brains (Figure 41). The
expected value (i.e., sum of probabilities of risk) for the males was 0.54, but the female expected

value was greater, with an expected value of 0.64, using the GHBMC-based injury risk function.
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However, for the axonal FE brain model-based injury risk function, the expected value of the male
brains was greater (0.57) than for the female brains (0.53) due to the steeper shape and smaller
shift of the axonal-based injury risk function (Figure 39). This difference in injury threshold, or
injury risk, is a possible explanation of the differences seen in epidemiology, with females having
a higher injury risk, that is not explained in the effect of the biomechanical factors on brain
deformation. Overall, additional research is needed to determine sex-specific injury risk functions,

as these provide only an initial justification and plausibility of differences in male and female injury

thresholds.
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Figure 40: (Left) Boxplots showing the distribution of the male and female MPS-95 results from
the sex-specific FE brain models for a single kinematic case. (Right) Boxplots showing the
distributions of percent risk of injury using the Wu et al., 2022 derived injury risk function.
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Figure 41: (Left) Boxplots showing the distribution of the male and female MPS-95 results from
the sex-specific FE brain models for a single kinematic case. (Right) Boxplots showing the
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distributions of percent risk of injury using the scaled, sex-specific injury risk functions based
on the Wu et al., 2022 derived injury risk function and the odds ratio from Forman et al., 2019.

There are many assumptions that go along with this analysis, with the first being the male injury
risk function was developed based on mild TBI cases and the odds ratio corresponded to
moderate brain injuries, defined as AlIS2-3 (J. Forman et al., 2019). Additionally, the odds ratio
from the field data does not include any intrinsic brain properties, and it only considers height,
BMI, age, and sex of the occupant. The injury risk function was developed using the strain
resulting from a different brain FE model and does not correspond to the MPS-95 results of this
dissertation. Finally, the injury risk functions proposed by Wu et al. are model specific, developed
using either the Wu et al. axonal model or the 50" percentile male GHBMC brain FE model, but
the augmented MPS-95 values (Figure 40) are produced from the subject-specific models
presented in this dissertation and do not directly correspond to deformation levels present in the
models used in development. As a result of this analysis and these limitations, the female brain
has a higher probability of injury than the male brain for the equal MPS-95. While there has not
been any research to explicitly capture a difference in brain injury thresholds between male and
female brain tissue, recent research has investigated possible sex differences on axonal
structure. Dollé et al. concluded female axons, compared to male axons, were smaller with fewer
microtubules, experience greater undulation under the same applied load, and experience greater
calcium influx under the same applied load (Dollé et al., 2018).

In addition to potentially different injury thresholds between male and female brains, and as
briefly mentioned above, the injury risk model of Forman et al. does not consider the intrinsic brain
properties when predicting moderate brain injuries (AlS2-3) (J. Forman et al., 2019). Throughout
this dissertation, there have been sex effects in some of these intrinsic factors (e.g., ICV, or mean
total tissue stiffness and damping ratio), and it is possible because these intrinsic properties are

not included in the Forman et al. statistical model, the sex parameter was significant. It is possible
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if, for example, total intracranial volume, which has both a statistically significant sex effect and a
large effect on brain deformation, was included in the overall moderate brain injury probability
model, the sex parameter in the Forman et al. would not have been statistically significant.
However, these intrinsic properties are not available with the epidemiology data, and additional
research is needed to confirm that these intrinsic properties would affect the significance of the
sex parameter.

One final explanation for why differences between male and female brain injury rates and risks
observed in epidemiology were not captured in this sensitivity analysis is due to secondary
responses following an injurious load. Finite element brain models quantify the amount of
deformation based on specific neuroanatomies and material properties given input head
kinematics, but the FE brain models used throughout this dissertation did not consider the effects
of swelling or axonal damage following the initial injury. While high strain may correspond to
locations of injury, future swelling, caused by damage to the axonal cytoskeleton from large
inertial loading, can cause further damage to the axon due to activation of proteases, enzymes
that break down proteins (Smith & Meaney, 2000). This secondary response could differ between
males and females, and additionally could correspond to differences in symptomatology between
the sexes. Additional research is needed to relate the swelling response to symptomatology, as
well as differing responses between male and female injuries.

While sex was not a statistically significant predictor of brain deformation after accounting for
other biomechanical factors, both intrinsic and extrinsic factors have significant effects on brain
deformation. The extrinsic head kinematic exposure metric, either DAMAGE or peak resultant
angular velocity or acceleration, had the greatest relative effect on brain deformation, but intrinsic
factors, such as ICV, should not be ignored in injury assessment or injury risk function
development. The difference between male and female injury odds in automotive crash field data

was not completely explained with a single justification, but future research into differences in
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injury tolerance and post-injury response will continue to advance the field to potentially define a

sex-specific factor affecting brain injury risk.

Conclusions

Both intrinsic and extrinsic biomechanical features have statistically significant effects on brain
deformation. The extrinsic head kinematic exposure metric had the greatest relative effect of
all biomechanical features on all the deformation metrics assessed. For intrinsic brain
properties, mean damping ratio had the greatest effect on MPS-95, percentage of brain
volume in quadrant one had the greatest effect on MPSR-95, and ICV had the greatest effect
on both MPSXMPSR-95 and CSDM-25. Intrinsic properties, and variability of these features,
should be included in injury assessments and injury risk function development to between
capture the entire population response.

A lower injury risk threshold for female brains, based on the odds ratio for moderate brain
injury (AlS2-3) presented by Forman et al., provides a single justification for the presence of
increased odds for brain injuries in belted female occupants; however, depending on the injury
risk assessed, either Wu et al. 2021 (axonal model) or Wu et al. 2022 (GHBMC), the scaled
female injury threshold does not completely explain injury differences.

Future research into post-injury response, such as secondary axonal injuries due to swelling,
is also needed to investigate the potential microstructural differences seen in male and female

axons (Dollé et al., 2018).
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Chapter 6: Conclusions

The focus of this dissertation was to, first, identify the effect of sex on brain deformation in
automotive crash loading environments and, second, to quantify the relative importance of various
biomechanical factors on brain deformation. This goal was achieved through four aims, using
subject-specific finite element (FE) models to explore the effect of the intrinsic properties,
neuroanatomy and material properties, and extrinsic factors, such as head kinematics, on brain
deformation; additionally, when comparing parameters from each of these three main
biomechanical components, this work determined which feature had the greatest impact on
deformation and, ideally, brain injury risk.

The research presented in this dissertation provides an analysis of how current brain
biomechanics research can address sex differences and highlights areas of potential future
research to further the understanding of differences in male and female injury rate and risk. The
primary contributions are the analyses of which biomechanical factor, across both intrinsic and
extrinsic features, had the greatest effect on deformation and how the effect of sex relates to
relative changes in these biomechanical features. Ultimately, the outcomes presented in this
dissertation can direct future work to address areas with the greatest impact on brain deformation

to reduce injury risk in both male and female automotive occupants.

Major Contributions and Impact

Assessment of sex-specific biomechanical factors on brain deformation

The first major contribution of this dissertation was the investigation into the effect of a subject’s
sex on brain deformation and risk of closed-head diffuse injury, where the assumed mechanism
of traumatic brain injury is brain strain. First, the effect of sex on features of neuroanatomy,
material properties, and head kinematics in automotive sled tests was assessed. Sex was
statistically significant for many of these features, including overall measure of volume (e.g.,

intracranial volume (ICV)), damping ratio, and distribution of brain volume into areas of high and
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low stiffness and damping ratios. While a subject cannot alter these intrinsic properties,
knowledge of these characteristics (e.g., analysis of pre-season medical imaging) can better
inform clinicians and athletic trainers on a specific subject’s predisposition to above average brain
deformations for a given head kinematic exposure. Additionally, extrinsic factors, such as head
kinematics, were assessed for both male and female postmortem human surrogate and
anthropometric test device sled tests kinematics, but little to no difference was observed in various
peak kinematic metrics. However, the limited data of sex-matched kinematics with repeatable
restraint systems did limit the strength of conclusions on differences in male and female exposure
levels. This is one major opportunity for future work, to continue to develop male and female
matched conditions to understand potential differences in exposure between the occupants and
to further understand how differences in anthropometry (e.g., breast tissue, mass distribution)
could affect engagement with restraint systems and resulting head kinematics.

After including the effects of the biomechanical factors, sex was not a statistically significant
predictor of brain deformation and had a substantially smaller effect on deformation in comparison
to any of the significant predictors. For example, ICV had approximately 50 times the relative
effect on predicting MPS-95 in comparison to the effect of sex. With the current state of the widely
used finite element models in automotive safety, which include can include subject-specific
neuroanatomies and representative material properties, sex is not required in prediction of brain
deformation but models representing the size of the brains for different sexes are required. As
brain models continue to improve and additional aspects of traumatic brain injury (e.g., post-injury

response), the effect of sex should again be considered and investigated.

Importance of both intrinsic and extrinsic factors on brain deformation

This dissertation was also the first to address the relative importance of various intrinsic factors
on brain deformation using subject-specific brain FE models. While previous work has concluded

the effect of neuroanatomical differences on brain deformation, this dissertation also included the
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effect of subject-specific relative material properties in the FE brain models. Using magnetic
resonance elastography (MRE) metrics of shear stiffness and damping ratio, the stiffness and
viscoelastic properties of the subject-specific models were augmented to capture the relative
distribution of materials throughout the entire brain tissue. These material property features, such
as mean damping ratio of interquartile range of both stiffness and damping ratios, did have a
statistically significant effect on the brain deformation metrics assessed; however, there were
some large assumptions implemented that need further research to verify. Throughout the
material implementation, this dissertation assumed that the relative difference in stiffness and
damping ratios captured during the small deformations of MRE were equal to the relative change
in the material properties under larger deformations, those associated with potentially injurious
loading conditions. Under this assumption, these material properties did affect brain deformation,
and any ability to augment these properties could reduce injury for both male and female brains.
Of the intrinsic factors, ICV had a consistent statistically significant effect on the four brain injury
metrics assessed in this dissertation. A majority of FE brain models are developed based on a
single 50" percentile, or mid-sized, male anthropometry. While there may be no sex effect based
on the choice of a male anatomy, the size of the 50" percentile male brain has impacted the
development of brain injury metrics. When assessing brain size and injury, previous work
developed a frequency-based scaling method to create comparable strain metrics given
differences in total brain volume (Wu et al., 2020). This work assumed similar strain metrics
created similar clinical outcomes, but variation in strain for similar clinical results are required for
development of injury risk metrics. Therefore, additional research is needed to include varied brain
volumes when developing injury risk metrics, and, at a minimum, when assesses injury risk of
specific anthropometrics, using metrics that were developed and tested using the target
anthropometry (e.g., a 5" percentile female brain metric based on 5" percentile brain strains).
In addition to the effect of intrinsic features, the head kinematic exposure was also
assessed via a representative kinematic feature (i.e., DAMAGE, peak resultant angular velocity
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or acceleration). In comparison to all of the intrinsic properties, the head kinematic factor had a
much larger effect on the deformation metrics. This trend held no matter which of the head
kinematic features were included in the final model. While intrinsic brain properties cannot be
altered, head kinematics during an automotive crash can be minimized using a combination of
occupant safety parameters. Ultimately reducing the angular rates and accelerations of an
occupant will reduce the brain deformation and corresponding risk of injury, but any adjustment
to the restraint system requires optimization. While there may be different optimal restraint
parameters for a male or female occupant, additional research is required to determine how best
to restrain different occupants based on anthropometry, age, or sex. Based on the outcomes of
this dissertation, reducing head kinematic exposure of an occupant would have the greatest effect

on reducing brain deformation of the different biomechanical features considered.

Other Contributions

Implementation of subject-specific material properties

In this dissertation, subject-specific neuroanatomies and material property distributions from
high resolution magnetic resonance imaging (MRI) and MRE, respectively, were implemented in
FE brain models. Using a previously developed registration-based morphing algorithm, the FE
brain models were morphed from a template brain model to each subject’'s neuroanatomy using
MRI brain scans. The same transformations were then used to transform the MRE of each
subject-specific scan to the template space to isolate the effects of the material property using a
generic neuroanatomy. From this study, the effects of damping ratio were found to have a
statistically significant effect on deformation. As the resolution of MRE continues to improve,
further research can refine our understanding of the regional effects of damping ratio on regional
strain in the FE brain models. This implementation of subject-specific material properties can add
variability to the current FE brain models to not only consider the effects of neuroanatomy on brain

injury risk, but the material composition as well. With this developed pipeline of neuroanatomically

130



subject-specific brain models with specific material property distributions from MRE, additionally
information from MR brain modalities can be added to these FE brain models, including white
matter tractography from Diffuse Tensor Imaging (DTI) or chemical composition from magnetic

resonance spectroscopy (Kubas et al., 2010).

Assessment of sex-specific biomechanical factors

With advancements in neuroimaging, previous studies have investigated sex differences
between male and female brains. This dissertation investigated global sex differences between
142 neuroanatomical scans and 133 MRE scans, as well as a review of 52 sex-matched six
degree-of-freedom head kinematics from sled test environments. For each of these
biomechanical components, the effect of sex was assessed to study the effects of sex in the
human brain. While the effect of sex may not have been statistically significant effect on brain
deformation after accounting for these biomechanical effects, the sex differences assessed
throughout this dissertation could help explain other potential differences within male and female

brain research, such as differences in rate of migraines (Maleki et al., 2012).

Limitations and Future Work

Sex-matched male and female head kinematics

Head kinematics features had the greatest relative impact on brain deformation out of the
biomechanical features considered, but the number of sex-matched male and female crash
conditions limited the strength of the conclusions within the exposure study. To better understand
potentially sex-specific features of head kinematics, additional research is required to capture the
effect of crash and restraint parameters on head kinematics. For the final sensitivity in this
dissertation, equal head kinematics were applied to the male and female brains. Given the variety
of crash conditions present in field data, it is possible different crash conditions (e.g., delta-V,

principal direction of force, etc.) and different restraint interactions could result in similar head
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kinematics for a male and female occupant; however exactly how a male or female occupant
would respond given a single set of crash conditions is unknown. Future research could answer
the latter question, but this dissertation aimed to understand how any head kinematic feature
affected brain deformation in relation to intrinsic factors. To draw the final conclusions on how a
single crash condition leads to differences in brain injury risk between male and female occupants,
much more work is needed to define all aspects of the occupant interaction and kinematic

response within the vehicle body, as well as potentially different post-injury responses.

Relative stiffness and damping ratio definitions

Based on the effect of material properties in this dissertation, the continued work of
characterizing human brain tissue in vivo has extreme value. However, the implementation of
material properties did rely on one major assumption: the relative change in shear stiffness and
damping ratios for small levels of deformation is equal to the relative change in the properties for
larger and faster deformation modes. Future research can work to determine the validity of this
assumption using fresh posthuman human brain tissue, or animal surrogate tissues, using MRE
modalities and ex vivo and/or in situ measurement techniques. As global metrics of material
properties did effect brain deformation, the understanding of how to best incorporate the unique
in vivo MRE material properties of human brain tissue into FE brain models should remain a

priority.

Assumption of equality for injury threshold

This dissertation assumes that strain metrics, such as the 95" percentile maximum principal
strain, are universal correlates to the injury mechanism. This assumption is founded on previous
work relating MPS-95 (or similar measures) to injury risk in both animal surrogates and humans
(Fahlstedt et al., 2021; Liu et al., 2020; Takhounts et al., 2008b; Wu et al., 2021, 2022). The
threshold of injury is also assumed to vary between individuals, and the variance of injury

threshold throughout the population is captured in a probabilistic function (e.g., logistic, Weibull)
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and is commonly known as an injury criterion. It is not known whether males and females have a
difference in injury threshold, and therefore require separate injury criterion to improve the
estimation of injury risk in a given impact scenario. Throughout this dissertation, the threshold for
male and female injury was assumed to be equal, but the significance of a sex-specific injury
criterion is discussed in the final sensitivity analysis (Chapter 5). In sports-related concussions,
there are differences in injury rates between male and female athletes (Resch et al., 2017).
Additional research is needed using advanced head kinematic measurement devices, such as
instrumented mouthguards, to improve our understanding of exposure and the resulting head
kinematics in both male and female athletes. Increased numbers of injured and non-injured
recorded head kinematics across a range of impact sports will help identify any possible injury

threshold difference based on the biomechanical features of the exposure.

Other potential sex dependent features of traumatic brain injury

Finally, traumatic brain injuries are extraordinarily complex, and research from many different
disciplines is required to solve these complexities. While brain biomechanics play a large role in
the amount of deformation experienced due to an injurious exposure and a smaller role in sex-
specific deformation response, findings from other research areas, such as biochemistry,
neuropsychology, neuroimaging, or neuroscience, should be combined with the brain
biomechanics knowledge to develop the most informed models. Diagnostic steps of linking
symptomology to brain deformation may still be years or decades away, but these collaborations
are necessary to continue discovering solutions to traumatic brain injury. Incorporating the effect
of intrinsic properties, such as age or biological sex, in each of these fields will help understand

and reduce brain injury risk across the entire population.
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Appendix

A. Neuroanatomy

A.1 Bayesian Statistical Methods

The equations for the multivariate Bayesian linear mixed model to determine the effect of sex and

age on each of the neuroanatomical features, accounting for a random study effect.

Y/ = (BEY + u}gv) + picv (scale(AgeU)) + BICV(Sex;;) + eV
v = (BE™M +wgM) + By (scale(Ageij)) + M (Sex;;) + e ™
YEM = (BEM + ufy") + Bf (scale(Ageij)) + B5M (Sex;;) + g™

Yi;]geLWM = (BRewM 4 uﬁ)elWM) + pRetwM (scale(Ageij)) BRelWM(SexU) + eRelWM

The equations for the multivariate Bayesian linear mixed model to determine the effect of sex and

age on each of the neuroanatomical features, accounting for a random study effect.

YS3FC = (BSFC +uiy ©) + BFe (scale(Ageij)) + B3 (Sex;;) + €
VM = (BT + ulF) + BEM (scale(Agey;)) + BEMF (Sexy;) + P
VERE = (BSFE 4+ ufRF) + BRF (scale(Ages)) + BEFE (Sexyy) + €]E
Y0 = (B§%0 + ufg®) + pr° (scale(Agel 1)) 50 (Sex;;) + e
YHO = (B +ufg?) + prie (scale(Agei 1)) + B50(Sex;;) + €
VSN = (BSY +ul) + BV (scale(Age;;)) + BEN (Sexi;) + €5
Y5PC = (B3FC +uip©) + BiFC (scale(AgeU)) + B5PC(Sex;;) + ¢
YEOST = (BEOST + ul0ST) + B1OST (scale(Agey;)) + 5O (Sexyy) + 20T
YEN = (BEN + ufg™) + preN (scale(Ageij)) + BN (Sex;;) + N
Y5TC = (BSTC +ufy©) + B¢ (scale(A ge ])) + B57C(Sex;;) + ¢

YT = (BYC +ud®) + pi™c (scale(AgeU)) + B3TC(Sex;;) + ¢
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Yi1]~jSG _ (BS‘SG + uﬁ)SG) + pFse (scale(Ageij)) + B3¢ (Sexij) + Egsc

The equations for the multivariate Bayesian linear mixed model to predict deformation metrics
based on independent neuroanatomical features, age, and sex accounting for a random study

effect.

FPSTO8 = (BYPSTOS 4 ulfFSTO%) 4 BRSO (Age) + BYIPTUS (Sexy) + BIPSOS (1Y)
+ BMPS=95(Rel WM;;) + B2PS7%5(Rel GM;;) + BAFPS~95(SFC Vol;;)
+ BYPS=5(RMF Vol;;) + PS5 (PRE Vol;) + B3P579%(La0 Vol;;)
+ PS5 (Lio Voly;) + BAPS~5(CN Voly;) + BP9 (SPC Voly))
+ BIFS=95(POST Vol;) + PS5 (PCN Vol;;) + BIEPS=95(STC Vol;;)
+ BUPS=9S(ITC Volyj) + BHUPS=5(FSG Voly;) + BIEPS~5(SFC Thy;)
+ BIPS=95(RMF Thy;) + BYS™9°(PRE Thy;) + BYFS~9%(LaO Thy;)
+ BYFSTO5(Li0 Thyj) + BP9 (CN Thy;) + BYFS~°5(SPC Thy;)
+ BYPS=93(POST Thy;) + BasPS~%5(PCN Thy;)
+ BYFST9(STC Thyj) + BaS~95(ITC Thyj) + B35 ~95(FSG Thy;) + eff™5~°
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+ BESPM=25(RMF Voly;) + B§SPM~25(PRE Voly;) + B§SPM~2%(La0 Vol;;)
+ Bi5PM723(Li0 Voly;) + BEPM*3(CN Voly;) + B3 PM~25(SPC Voly;)
+ B3PM25(POST Voly;) + Bi3PM~25(PCN Voly;) + BEEPM~25(STC Voly;)
+ BEEPMT2S(ITC Volyj) + B PM~25(FSG Voly;) + BigPM~23(SFC Thy;)
+ BEPM25 (RMF Thyy) + BS§PM=25(PRE Thyy) + BSSM~25(La0 Thyy)
+ B53PM725(Li0 Thj) + Bg5PM~23(CN Thyj) + B5zM~25(SPC Thy;)
+ B5SPM=23(POST Thyj) + B5e°M~*3(PCN Thy;)
+ B57PMT23(STC Thyy) + B5gPM~*3(ITC Thyj) + Bgs"™~2°(FSG Thy;)

+ EiCj'SDM—25
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A.2 Neuroanatomical Features Results

Appendix Table A: Mean (SD) for each of the neuroanatomical features for the male and female

brains.
Measure Type Region or Ratio Female [n = 82] Male [n = 60]
of Interest Mean (SD) Mean (SD)
overall Volumes Total brain volume 1137.4 (84.6) 1245.6 (93.0)
(cm?) CSF volume 274.2 (22.7) 308.8 (25.4)
Gray matter volume 634.5 (44.7) 693.9 (48.5)
White matter volume 502.9 (41.4) 551.7 (46.6)
CSF to ICV ratio 0.19 (0.01) 0.20 (0.01)
Relative Volumes GM to ICV ratio 0.45 (0.01) 0.45 (0.01)
(cm3/cm3) WM to ICV ratio 0.36 (0.01) 0.36 (0.01)
GM to WM ratio 1.26 (0.04) 1.26 (0.04)
SFC 45.4 (5.0) 49.8 (5.8)
RMF 23.8 (3.0) 26.4 (3.2)
PRE 21.0 (2.6) 22.9 (3.0
LaO 20.3 (2.5) 22.4 (2.7)
. LiO 14.1 (1.9) 15.4 (2.0)
St‘/gfuor;t;a' CN 7.2 (1.2) 8.5 (L.4)
(cm?) SPC 18.1 (2.2) 19.1 (2.7)
POST 16.4 (2.0) 17.6 (2.4)
PCN 19.8 (2.5) 21.7 (2.5)
STC 29.4 (3.2) 32.6 (3.3)
ITC 22.5(2.2) 26.1 (2.5)
FSG 21.0 (2.6) 23.0 (2.3)
SFC 2.2 (0.2) 2.2 (0.2)
RMF 2.8 (0.3) 2.8 (0.2)
PRE 1.5 (0.2) 1.5 (0.2)
LaO 2.0 (0.2) 1.9 (0.3)
: LiO 2.3(0.4) 2.4 (0.3)
i‘;ﬁgﬁ;ﬂgg' CN 1.1 (0.3) 1.3(0.3)
(mm) SPC 1.4 (0.2 1.3(0.2)
POST 1.4 (0.2) 1.4 (0.2)
PCN 1.9 (0.3) 1.9 (0.3)
STC 2.7 (0.2) 2.3(0.3)
ITC 3.4(0.3) 3.5(0.3)
FSG 3.5(0.4) 3.5(0.4)
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Appendix Figure A: Distributions, based on an estimated probability density function, of gray to
white matter ratios for the female and male brains.

Cortical GM ROI Relative Volume Distributions

SRR

SFC RMF PRE LaO LIO CN SPC POST PCN STC ITC FSG

Appendix Figure B: Distributions, based on an estimated probability density function, of the
relative volumes of the 12 cortical GM ROIls for both the female and male subjects. Medians are
represented by the solid line, and quartiles one and three are represented by the dashed lines.
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Cortical GM ROI Relative Thickness Distributions
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Appendix Figure C: Distributions for relative thickness, normalized using ICV, for both the male
and female samples.
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Appendix Figure D: Scatter plots between cortical volume and ICV for each of the 12 CGM ROls.
Solid lines represent linear trendlines for the male and female brains. Correlations between
thickness and ICV included for both sexes.
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Appendix Figure E: Scatter plots between cortical thickness and ICV for each of the 12 CGM
ROIs. Solid lines represent linear trendlines for the male and female brains. Correlations between
thickness and ICV included for both sexes.
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A.3 Deformation Metrics Results
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Appendix Figure F: MPSR-95 maps for a small female (ICV = 1136 cm?®) and a large male (ICV
= 1802 cm3) across the entire brain tissue, white matter, gray matter, cortical gray matter, and
within the CGM regions of interest.
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Appendix Figure G: MPSxMPSR-95 maps for a small female (ICV = 1136 cm?) and a large male
(ICV = 1802 cm?) across the entire brain tissue, white matter, gray matter, cortical gray matter,
and within the CGM regions of interest.

MPS-95
o
ra
w

0.28
027
0.26

i
025"
500

105
107

95

MPSxMPSR-85

75t

7t

6.5

gt
B5

8t

MPS-95

550 600 650 700 750
GM Volume (cm3)

MP5xMPSR-95

MPSR-95

CSDM25

500

550 G600 G0 700 750
GM Volume (cn13}

MPSR-95

600 650 700 750 80C

GM Volume (cm 3)

CsDM25
o ©
- o
)
o %8 o
08’0
?%00
® 8? S ©

600 650 700 750 80c

GM Volume (cma)

Appendix Figure H: Scatter plots between GM volume and each of the global deformation metrics
for both male and female brain models. The solid lines show the linear trend lines for each of the

sexes. Correlations included for the male and female data.
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Appendix Figure I: Scatter plots between CSF volume and each of the global deformation metrics
for both male and female brain models. The solid lines show the linear trend lines for each of the
sexes. Correlations included for the male and female data
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Appendix Figure J: Scatter plots between relative WM volume and each of the global deformation
metrics for both male and female brain models. The solid lines show the linear trend lines for each
of the sexes. Correlations included for the male and female data.
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Appendix Figure K: Scatter plots between relative GM volume and each of the global deformation
metrics for both male and female brain models. The solid lines show the linear trend lines for each
of the sexes. Correlations included for the male and female data.
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Appendix Figure L: Scatter plots between relative CSF volume and each of the global deformation
metrics for both male and female brain models. The solid lines show the linear trend lines for each
of the sexes. Correlations included for the male and female data.
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A.4  Effect of Neuroanatomical Features on Brain Deformation Metrics Results

Appendix Table B: Estimated coefficients for the population-level effects of the multivariate
Bayesian linear mixed model and the 95% credible interval (Crl) for the estimated parameter
included in square brackets for each global absolute (cm?®) and relative volumes. Bolded
coefficients are significant based on the Crl. Positive sex coefficients imply male response was

greater.
Intercept Age Sex
cv 1412.84 8.63 136.67
[1390.42, 1435.48] [-8.34, 25.71] [101.89, 170.54]
503.72 7.08 46.97
oA RIS [494.54, 512.98] [0.30, 13.90] [33.14, 60.64]
&M Volume 634.83 -0.43 58.95
[625.19, 644.58] [-7.74, 6.95] [44.09, 73.76]
. 0.36 0.003 -0.001
] RIS YT [0.35, 36] [0.001, 0.004] [-0.004, 0.002]
. 0.45 -0.003 -0.002
ol MBI Vome [0.45, 0.45] [-0.004, -0.002] [-0.003, 0.000]

Appendix Table C: Estimated coefficients for the population-level effects of the multivariate
Bayesian linear mixed model and the 95% credible interval (Crl) for the estimated parameter
included in square brackets for absolute cortical ROl volumes (cm?). Bolded coefficients are
significant based on the Crl. Positive sex coefficients imply male response was greater.

Intercept Age Sex
46.5206 -1.2303 1.61

£AC vellmE [45.29, 47.77] [-1.96, 0.50] [0.43, 2.79]
24.2168 -0.5476 1.30

S VeImE [23.24, 25.14] [-0.98, -0.11] [0.50, 2.12]
21.5923 -0.7645 0.87

FRE VEITE [20.66, 22.55] [-1.15, -0.36] [0.16 ,1.57]
L 20 Volume 20.9843 -0.1568 0.96

[20.14, 21.86] [-0.54, 0.23] [0.25, 1.66]
L0 Volume 14.322 -0.322 0.71

[13.75, 14.85] [-0.61, -0.03] [0.15, 1.28]
7.2993 -0.075 0.90

Al il [6.85, 7.70] [-0.28, 0.13] [0.48, 1.31]
18.3823 -0.574 0.37

S o Wi [17.81, 19.03] [-0.93, -.211] [-0.35, 1.05]
16.7218 -0.3666 0.37

SOET VLS [16.20, 17.25] [-0.70, -0.04] [-0.25, 1.00]
20.2284 -0.4307 0.90

el il [19.62, 20.83] [-0.79, -0.07] [0.23, 1.56]
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STC Volume 30.2316 -0.6676 1.23
[29.18, 31.37] [-1.13, -0.21] [0.36, 2.08]

TG Volume 23.0373 -0.2277 2.36
[22.34, 22.89] [-0.58, 0.12] [1.65, 3.03]

21.4719 -0.2527 0.99
FRE Vel [20.85, 22.15] [-0.63, 0.12] [0.26, 1.68]

Appendix Table D: Estimated coefficients for the population-level effects of the multivariate
Bayesian linear mixed model and the 95% credible interval (Crl) for the estimated parameter
included in square brackets for relative cortical ROl volumes (cm3/cm3). Bolded coefficients are
significant based on the Crl. Positive sex coefficients imply male response was greater.

Intercept Age Sex
0.022 -0.001 -0.0004
S o [0.020, 0.023] [-0.0014, -0.0008] [-0.001, 0.0002]
0.024 -0.001 0.0004
R VeiE [0.023, 0.026] [-0.0014, -0.0006] [-0.0004, 0.0013]
PRE Volume 0.013 -0.001 -0.0002
[0.011, 0.014] [-0.0009, -0.0005] [-0.0007, 0.0003]
L2 Volume 0.018 -0.001 -0.0002
[0.017, 0.019] [-0.0009, -0.0005] [-0.0009, 0.0005]
Li0 Volume 0.020 -0.001 0.001
[0.019, 0.021] [-0.001, -0.0001] [-0.0002, 0.002]
CN Volume 0.010 -0.001 0.002
[0.008, 0.012] [-0.001, -0.0001] [0.001, 0.003]
0.012 -0.001 -0.001
SPE Rl [0.011, 0.013] [-0.001, -0.0002] [-0.0015, -0.0002]
0.012 -0.001 -0.0004
FORI VRS [0.011, 0.012] [-0.0008, -0.0003] [-0.0009, 0.00013]
0.018 -0.001 -0.001
P Vel [0.017, 0.019] [-0.0012, -0.0006] [-0.001, 0.00012]
0.019 -0.0004 0.0004
ST VoL [0.019, 0.020] [-0.0007, -0.0001] [-0.0003, 0.001]
TC Volume 0.029 -0.0004 -0.001
[0.028, 0.030] [-0.0009, 0.0000] [-0.0015, 0.0004]
0.029 -0.001 -0.001
Sl vl [0.027, 0.032] [-0.0016, -0.0007] [-0.0015, 0.0005]

Appendix Table E: Estimated coefficients for the population-level effects of the multivariate
Bayesian linear mixed model and the 95% credible interval (Crl) for the estimated parameter
included in square brackets for absolute cortical ROI thickness (mm). Bolded coefficients are
significant based on the Crl. Positive sex coefficients imply male response was greater.

Intercept Age Sex
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, 2.42 -0.12 0.03

SFC Thickness [2.28, 2.56] [-0.15, -0.09] [-0.05, 0.10]
. 2.70 -0.11 0.13

AP S Gsee [2.57, 2.84] [-0.16, -0.07] [0.04,0.23]
_ 1.42 -0.08 0.03

PRE Thickness [1.30, 1.54] [-0.10, -0.05] [-0.03, 0.08]
_ 1.97 -0.07 0.03

LaO Thickness [1.85, 2.09] [-0.10, -0.03] [-0.05, 0.11]
_ _ 2.27 -0.06 0.17

LiO Thickness [2.16, 2.37] [-0.12, -0.00] [0.05,0.30]
_ 1.15 -0.06 0.25

CN Thickness [0.94, 1.36] [-0.12, -0.01] [0.14, 0.36]
_ 1.35 -0.06 -0.06

SPC Thickness [1.25, 1.43] [-0.09, -0.03] [-0.13, 0.01]
_ 1.31 -0.06 -0.00

POST Thickness [1.26, 1.36] [-0.08, -0.03] [-0.06, 0.05]
_ 2.00 -0.10 0.00

PCN Thickness [1.92, 2.07] [-0.14, -0.07] [-0.07, 0.08]
_ 2.17 -0.04 0.11

STC Thickness [2.11, 2.24] [-0.08, -0.01] [0.04, 0.19]
_ 3.23 -0.05 0.04

ITC Thickness [3.14, 3.32] [-0.10, 0.01] [-0.07, 0.15]
_ 3.30 -0.12 0.039

FSG Thickness [3.05, 3.05] [-0.18, -0.08] [-0.07, 0.15]

Appendix Table F: Estimated coefficients for the population-level effects of the multivariate
Bayesian linear mixed model and the 95% credible interval (Crl) for the estimated parameter
included in square brackets for relative cortical ROI thickness (mm/3/ICV (mm3)). Bolded
coefficients are significant based on the Crl. Positive sex coefficients imply male response was

greater.
Intercept Age Sex
. 0.0321 -0.0014 0.0002
SHC TlEiEss [0.031, 0.033] [-0.002, -0.001] [-0.001, 0.001]
. 0.0168 -0.0007 0.0003
RUP UIAE G1EEE [0.016, 0.017] [-0.001, -0.0004] [-0.0002, 0.001]
. 0.0150 -0.0008 0.00007
FIRE Ul ees [0.014, 0.016] [-0.001, -0.0005] [-0.0004, 0.001]
L0 Thickness 0.0145 -0.0003 0.0002
[0.014, 0.015] [-0.001, -0.0001] [-0.0003, 0.0007]
i Thickness 0.0099 -0.0004 0.0001
[0.009, 0.01] [-0.0005, -0.0002] | [-0.0003, 0.0005]
0.0050 20.0001 0.0005

CN Thickness

[0.005, 0.005]

[-0.003, 0.00001]

[0.0002, 0.0008]
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SPC Thickness 0.0128 -0.0006 -0.0003

[0.012, 0.013] [-0.001, -0.0003] [-0.0008, 0.0002]
. 0.0116 -0.0004 -0.0002

FOBT IINIE e [0.011, 0.012] [-0.0006, -0.0002] [-0.0006, 0.0002]
. 0.0140 -0.0005 0.0001

PN IS GEES [0.014, 0.014] [-0.0007, -0.0003] [-0.0003, 0.0006]
. 0.0209 -0.0008 0.0001

SIS Ve ess [0.020, 0.022] [-0.001, -0.0005] [-0.0005, 0.0007]
. 0.0160 -0.0004 0.0009

S TATEEEE [0.016, 0.016] [-0.001, -0.0002] [0.0005, 0.001]

. 0.0149 20,0004 0.00006

FEE T [0.014, 0.015] [-0.0007, -0.0002] [-0.0004, 0.0006]

Appendix Table G: Estimated coefficients for the population-level effects of the multivariate
Bayesian linear mixed model and the 95% credible interval (Crl) for the estimated parameter
included in square brackets for age, sex, and each neuroanatomical features on the deformation
metrics. Bolded coefficients are significant based on the Crl. Positive sex coefficients imply male

response was greater.

Intercept Age Sex
MPS-95 0.289 -0.0003 -0.0005
[0.288, 0.290] [-0.0011, 0.0005] [-0.0024, 0.0014]
46.687 0.0068 -0.043
MPSR-95 [46.483, 46.900] [-0.153, 0.164] [-0.408, 0.331]
8.471 -0.0042 -0.0136
MPSXMPSR-95 [8.408, 8.533] [-0.0526, 0.0441] [-0.127, 0.098]
0.125 -0.002 -0.002
CSDM 25 [0.122, 0.128] [-0.004, 0.0004] [-0.007, 0.003]
ICV Relative WM Volume Relative GM Volume
MPS-95 0.007 0.003 -0.002
[0.0047, 0.0091] [0.002, 0.0037] [-0.0027, -0.0006]
1.028 0.455 -0.359
MPSR-95 [0.604, 1.436] [0.310, 0.604] [-0.561, -0.162]
0.364 0.172 -0.089
MPSXMPSR-95 [0.237, 0.488] [0.128, 0.216] [-0.150, -0.028]
0.017 0.005 -0.004
CSDM 25 [0.012, 0.023] [0.003, 0.007] [-0.006, -0.001]
SFC Volume RMF Volume PRE Volume LaO Volume
MPS-95 0.0009 0.002 0.0003 -0.0001
[-0.0004, 0.0022] [0.0004, 0.0029] [-0.001, 0.0017] [-0.0014, 0.0012]
MPSR-95 0.148 0.280 0.073 0.087
[-0.109, 0.400] [0.039, 0.514] [-0.188, 0.331] [-0.164, 0.339]
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0.055 0.103 0.013 0.016
MPSXMPSR-95 [-0.024, 0.131] [0.0317, 0.175] [-0.065, 0.092] [-0.06, 0.0916]
CSDM 25 0.003 0.004 -0.0001 -0.0005
[-0.0002, 0.006] [0.0007, 0.007] [-0.004, 0.003] [-0.004, 0.003]
LiO Volume CN Volume SPC Volume POST Volume
MPS-95 0.0002 0.0001 -0.0003 -0.0003
[-0.001, 0.0014] | [-0.0012, 0.0013] | [-0.0013, 0.0006] | [-0.0013, 0.0007]
MPSR-95 0.187 0.061 -0.125 -0.087
[-0.0417, 0.415] [-0.183, 0.304] [-0.311, 0.057] [-0.288, 0.116]
0.031 0.005 -0.037 -0.028
MPSXMPSR-95 [-0.038, 0.102] [-0.070, 0.079] [-0.095, 0.019] [-0.088, 0.034]
CSDM 25 -0.0015 -0.0005 0.0005 -0.0019
[-0.004, 0.002] [-0.004, 0.003] [-0.002, 0.003] [-0.005, 0.001]
PCN Volume STC Volume ITC Volume FSG Volume
MPS-95 0.0016 -0.0017 0.001 0.0011
[0.0004, 0.0028] | [-0.0031, -0.0002] | [-0.0004, 0.0024] | [0.0001, 0.0021]
MPSR-95 0.377 -0.329 0.115 0.240
[0.147, 0.609] [-0.603, -0.047] [-0.162, 0.392] [0.0477, 0.431]
0.111 -0.097 0.042 0.066
MPSxMPSR-95 [0.042, 0.181] [-0.180, -0.012] [-0.040, 0.126] [0.008, 0.125]
CSDM 25 0.0043 -0.0036 0.002 0.0014
[0.001, 0.007] [-0.007, 0.0001] [-0.002, 0.006] [-0.001, 0.004]
SFC Thickness RMF Thickness PRE Thickness LaO Thickness
MPS-95 0.0000 0.0001 -0.0013 0.0003
[-0.0012, 0.0012] | [-0.0009, 0.0012] | [-0.0025, -0.0001] | [-0.0007, 0.0013]
MPSR-95 -0.044 0.013 -0.127 -0.086
[-0.277, 0.194] [-0.186, 0.217] [-0.353, 0.105] [-0.279, 0.110]
-0.009 0.006 -0.059 -0.005
MPSXMPSR-95 | 1 4 079, 0.063] | [-0.055,0.067] | [-0.128,0.011] | [-0.063, 0.054]
CSDM 25 -0.0011 0.0010 -0.0033 0.0010
[-0.004, 0.002] [-0.002, 0.004] [-0.006, 0.0003] [-0.002, 0.004]
LiO Thickness CN Thickness SPC Thickness | POST Thickness
MPS-95 0.0000 -0.0007 0.0003 0.0009
[-0.0009, 0.0009] [-0.0018, 0.0004] [-0.0006, 0.0013] [0, 0.0018]
MPSR-95 -0.008 -0.098 0.135 0.140
[-0.187, 0.172] [-0.298, 0.105] [-0.0494, 0.328] [-0.040, 0.318]
0.0000 -0.038 0.041 0.050
MPSxMPSR-95 [-0.056, 0.055] [-0.099, 0.025] [-0.015, 0.100] [-0.005, 0.103]
0.0002 -0.0016 0.0004 0.003

CSDM 25

[-0.002, 0.003]

[-0.004, 0.001]

[-0.002, 0.003]

[0.001, 0.005]
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PCN Thickness STC Thickness ITC Thickness FSG Thickness
MPS-95 -0.0012 0.0000 -0.0003 0.0001
[-0.0023, 0.000] [-0.001, 0.001] | [-0.0013,0.0007] | [-0.0009, 0.0011]
MPSR-95 -0.228 0.046 -0.187 0.064
[-0.447,-0.007] | [-0.162,0.245] | [-0.372,0.004] | [-0.131, 0.258]
-0.074 0.002 0.031 0.011
MPSXMPSR-95 | 1 4 140, -0.006] | [-0.060,0.063] | [-0.089,0.027] | [-0.047,0.070]
CSDM 25 -0.0018 -0.003 0.0005 -0.0014
[-0.005, 0.001] | [-0.003,0.002] | [-0.002,0.003] | [-0.004,0.001]
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Appendix Figure M: Scatter plots for male and female total brain volume (left) and ICV (right) against

age showing no correlation between volumes and subject age.
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B. Material Properties

B.1 Stiffness Sensitivity

A sensitivity study was conducted to determine the effect of the number of bins used to define
relative stiffnesses on the deformation response of the CAB-20MSym brain model. The original
CAB-20MSym model used 10 bins to define relative stiffnesses, and the model was updated
based on 1, 5, 10, 15, 20, 35, and 50 bins for relative stiffness. Using the MRE134 template shear
stiffness image, the distribution of the truncated data (excluding stiffness less than the 15™
percentile and greater than the 98" percentile) was divided into these updated bin numbers and
normalized to the median stiffness of the MRE134 template. The CAB-20MSym calibrated median
stiffness was scaled by the bin centers of these different distributions to update the heterogenous
material properties throughout the brain tissue. Using a consistent neuroanatomy (CAB-20MSym
template model) and the remaining material properties of the baseline CAB-20MSym model, the
models with varied bin numbers were exercised using the same head kinematic input as Chapter

3 and Chapter 4.
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To determine convergence, first, the absolute change of MPS across all elements in neighboring
bin-numbered models (e.g., percent change between 1 bin model and 5 bin model, then 5 bin
model and 10 bin model, etc.) was calculated between the 7 simulated models. Next, the volume
of elements with less than a 1% change in MPS (strain = 0.01) compared to the previous (e.g.,
less detailed) model was calculated. A threshold of 99% (i.e., 99% of the elements between two
models did not have a change of MPS greater than 1%) was used to define convergence. The
difference between the 10 bin model and the 15 bin model produced 93.4% of the elements with
less than a 1% absolute difference between MPS (Appendix Figure O). The 10 bin model was the

least complex model needed to converge to consistent MPS values (Appendix Figure P).

171



10 *Diff Between 1 and 5 Bins 10 Diff Between 5 and 10 Bins 10 Diff Between 10 and 15 Bins
X X 2 X

2 2 2
5 § © § B
£ £ £
K] ° K]
w 2 w w
B B 4 s
] ] 2
E E E 05
5 5 5
H z E
4 0 o
o 2 4 6 8 10 o 05 1 15 2 0 05 1 15
MPS Diff. of Corresponding Elements MPS Diff. of Corresponding Elements MPS Diff. of Corresponding Elements
10 Diff Between 15 and 20 Bins 10 Diff Between 20 and 35 Bins 10 Diff Between 35 and 50 Bins
x 6 X s X
. 5
6
4
3
2 2 2
5 5 3 g ¢
£ £ E
K] s K]
o 2 o )
5 5 2 5
g 3 g
2 2 g,
£ 5 £
El e 2
0 0 0 L
o 05 1 15 0 02 04 06 08 1 o 02 04 06 08 1
MPS Diff. of Corresponding Elements MPS Diff. of Corresponding Elements MPS Diff. of Corresponding Elements

Appendix Figure O: Distributions of percent difference between corresponding elements
between two neighboring models of increasing stiffness complexities. The solid line at 1%
difference highlights the volume of element above and below this threshold.
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Appendix Figure P: (Left) MPS-95 of each of the 7 models against the number of bins used to
define relative shear stiffness materials in the model. (Right) Percentage of elements with
change in MPS less than 1% for increasing complexities of models.
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B.2 Damping Ratio Sensitivity

A sensitivity study was conducted to determine the effect of the number of bins used to define
relative damping ratio on the deformation response of the CAB-20MSym brain model. The original
CAB-20MSym model used one set of relaxation parameters to define the damping response
throughout the entire brain tissue. For this sensitivity, the model was updated based on 1, 5, 10,
15, 20, 35, and 50 bins for relative damping ratios. Using the MRE134 template damping ratio
image, the distribution of the truncated data (excluding voxels with stiffness less than the 15"
percentile and greater than the 98" percentile) was divided into these updated bin numbers and
normalized to the median damping ratio of the MRE134 template (Appendix Figure Q). To define
the CAB-20MSym damping response, a four-term Prony series was fit to ex vivo brain tissue
mechanical data. Using the bin centers of these relative damping ratios, the tan(delta) response
of the ex vivo mechanical response across multiple frequencies was scaled, and new relaxation
parameters were fit to these scaled tan(delta) curves (Appendix Figure R). Using a consistent
neuroanatomy (CAB-20MSym template model) and the remaining material properties of the
baseline CAB-20MSym model, the models with varied bin numbers were exercised using the

same head kinematic input as Chapter 3 and Chapter 4.

The same convergence thresholds were applied as above in the stiffness sensitivity study. The
percent of elements with less than a 1% absolute MPS difference between the 10 bin and 15 bin
models was greater than 99%, so the 10 bin damping ratio model was selected (Appendix Figure

s).
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bins.
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Appendix Figure R: Scaled (dashed lines) and refit tan(delta) responses (solid lines) for one bin
(left) and 5 bins (right) used to define damping ratios throughout the FE brain model.
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Appendix Figure S: (Left) MPS-95 of each of the 9 models against the number of bins used to
define relative damping ratio materials in the model. (Right) Percentage of elements with less
than 1% MPS change for increasing complexities of models.
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B.3  Additional Methods Figures
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Appendix Figure T: Absolute measures of shear stiffness (left) and damping ratio (right)
distributions for the MRE134 template in the 10 bins used to define relative properties.
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Appendix Figure U: Stiffness (left) and damping ratio (right) distributions for the MRE134
template (gray) compared to the distribution of all the voxels in the female subject scans (pink)
not included in the development in the MRE134 template but included in this cohort (i.e., Bayly
and Johnson 2021 subjects). Distributions are normalized to represent the probability of a single
voxel falling within one bin, and bin widths are consistent between the population distribution
and the MRE134 template distribution.
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Appendix Figure V: Stiffness (left) and damping ratio (right) distributions for the MRE134
template (gray) compared to the distribution of all the voxels in the male subject scans (blue)
not included in the development in the MRE134 template but included in this cohort (i.e., Bayly
and Johnson 2021 subjects). Distributions are normalized to represent the probability of a single
voxel falling within one bin, and bin widths are consistent between the population distribution

and the MRE134 template distribution.

B.4  Statistical Models

The equations for the multivariate Bayesian linear mixed model to determine the effect of sex and
age on each of the material property features, accounting for a random study effect.

Snff (Bonff + ujsotiff) + Bsnff (scale(Ageij)) + ,BZStiff(Sexij) + eisjtiff
YljUff wM (B(S)‘tiff wM + usuff WM) + Bsuff wM (Scale(Agel])) + ,Bsuff WM(Sex 1) + Esnff WM

Stiff GM Stiff GM | _ Stiff GM Stiff GM Stiff GM Stiff GM
Y s (BO s +ujolff )+ﬁ s (scale(AgeU))+ﬁ s (Sexu)+e s

Ylfnff IQR __ (Bgtiff IQR + usnff IQR) + ﬁsnff IQR (Scale(AgeU)) + ﬂsnff IQR(Sexij) + eisjtiff IQR

YR = (BOR + uiy®) + pPR (scale(Ageij)) + BPR (Sex;;) + ep®
Yi?R WM _ (BDR wM uDR WM) + pPRWM (scale(AgeU)) + BDR WM(SexU) + eDR wM
Yil]?R GM _ (BDR GM uDR GM) + pPRGM (scale(Ageij)) + DR GM(SexU) + eDR GM

DR IQR (Sexl]) n EDR IQR

yPRIQR _ (BDR QR | DR IQR) + ﬁDR IQR scale(Age;;) ) +

tj

Quad 1 Quad 1 Quad 1 Quad 1 Quad 1 Quad 1
Y = (Bo up ) + By (Sexy;) + €

scale(Agei]))
scale(Agei})) Quad 2 (Sex”) + eQuad 2

Quad 4(Sexl]) + EQuad 4

Quad 2 __ Quad 2 Quad 2 Quad 2
Y; - (BO + ujo ) + .81

/N N /N N

d4 a4 a4 d4
yuadt = (B et 4 ul ) + g2 (scale(Age;;) ) +
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The equations for the multivariate Bayesian linear mixed model to predict deformation metrics
based on independent material property features, age, and sex accounting for a random study
effect.

Yilj\(IPS—95 — (BI(\)/IPS—% + u]{\gPS—%) + ﬁ{VIPS—%(AgeU) + ﬁéVIPS—‘BS(Sexij) + ﬁéVIPS—QS(Stiffij)
+ BYPSTOS(Stif f WM;;) + BYPS=93(Stif f GM;;) + Be'*S~%5(Stiff IQR;;)
+ BYPS=95(DR;;) + BYPSS (DR WM;;) + BYPS=95(DR GM;;)
+ BIPST95(DRIQR;;) + PP (Quad 1;;) + BI57S~2°(Quad 2;5)
+‘8{V:1))PS—95(Quad 4ij) + €{\]_/IPS—95

YiIJ\(IPSR—95 — (BI(\)/IPSR—‘)S + u%PSR—‘)S) + B{WPSR_QS(AQBU) + ﬁéVIPSR—‘JS(SexU) + BéWPSR_gs(Stiffij)
+ BYPSR=9S(Stif f WM;;) + BYPSR=95(Stif f GM;;) + BE'PSR=95(Stif f IQRy;)
+ ﬁéVIPSR—95(DRij) + ﬁg/IPSR—‘BS(DR WML]) + ﬁéWPSR_QS(DR GML])
+ BI67 R (DR IQR;;) + BIP*R~*%(Quad 1;;) + B15PSF 2% (Quad 2;)
+ﬁ1"§P5R‘95(Quad 4ij) + E{\]_/IPSR—95

MPSXMPSR—-95 __ MPSxMPSR-95 MPSxMPSR-95 MPSxMPSR—-95 MPSxMPSR-95
v = (5"~ +ujp ) + BPSx (Ageij) + By'Ps> (Sex;;)

+ ‘Bél/IPSxMPSR—‘)S(Stifﬁj) + ﬁiWPSxMPSR‘%(Stiff WML-]-)

+ ﬁé\/IPSxMPSR—QS(Stiff GMij) + ﬁg/IPSxMPSR—%(Stiff IQRij)

+ ﬁé\/IPSxMPSR—QS(DRij) + 'Bg/IPSxMPSR—‘BS(DR WMij) + ﬁéWPSXMPSR‘%(DR GMij)
+ BMPSXMPSR=95(ppR IQRij)+ BMPSXMPSR=95( (10 1ij)

+ BMPSXMPSR=95((y a4 Zij) + pMPSXMPSR=95((y a4 4ij) n e{\]{IPSxMPSR—t;s

Yigspm—zs — (Bgsum—zs + uj%SDM—ZS) + ‘BlcSDM—ZS(AgeU) + ﬁZC'SDM—ZS(Sexij) + ,83C5DM‘25(Stiffij)
+ BESPMTE(Stif f WM;) + BESPMT25(Stif f GM;) + BESPM~25(Stif f IQR;;)
+'B§,‘SDM—25(DRU) + 'BgSDM—ZS(DR WMU) + 'BgSDM—ZS(DR GMiJ')

+ Bi5"M72°(DR IQRy;) + PTPM 725 (Quad 1) + B3P 2% (Quad 2;)
+BEP%(Quad 4y) + €

178



B.5 Biomechanical Factors Analysis
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Appendix Figure W: Scatter plots showing relationships between the mean MRE stiffness and
mean model stiffness (left) and the mean MRE damping ratio and mean model damping ratio (right)
for both male (blue) and female (pink) models.

Appendix Table H: Estimated coefficients for the population-level effects of the multivariate
Bayesian linear mixed model and the 95% credible interval (Crl) for the estimated parameter
included in square brackets for each material property biomechanical factor. Bolded coefficients
are significant based on the Crl. Positive sex coefficients imply male response was greater.

Biomechanical

Factor Intercept Age Sex
Mean Stiffness [2?6?%?8] [—O?(l);(?Z)?OS] o 830%214]
iean Stffiness (GM 2328 011, -0.05 10,03, 0.44]
Mean Stiffness (WM) [ 22897351] [-0?2;93%04] [O.Si(,)é%ls]
Mean DR 0.222 0.002 -0.006
[0.16, 0.28] [0.0, 0.004] [-0.01, -0.002]
Mean DR (GM) o fé?%fz?] [0.0%.303‘01] [-o.-(())i(,)%éoo]
Mean DR GWM) [0-%?%%29] [-0.08208002] [-0.(32;98.7003]
Quad. 1 Percentage [17?;'357_0] o 3%52‘;813] [-2_.%3',1(()).56 .
o zrwns| |z am
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S A S 16.05 -1.704 -0.363
[2.8, 29.5] [-2.4, -1.0] [-1.62, 0.91]
. 1.068 -0.006 0.028
(IR e [0.88, 1.2] [-0.03, 0.02] [-0.02, 0.07]
0.126 0.003 -0.005
JOIRIPIR [0.08, 0.17] [0.001, 0.01] [-0.01, -0.001]

Appendix Table I: Estimated coefficients for the group-level (study) effects of the multivariate
Bayesian linear mixed model and the 95% credible interval (Crl) included in square brackets for

each material property.

Study Standard Deviation

Biomechanical Factor

Estimate
Mean Stiffness [O_gdg?%_?;]
Mean Stiffness (GM) [0.%?3,134]
Mean Stiffness (WM) [O_C?ic’)%?gg]
Mean DR [o_%-gflg.l]
Mean DR (GM) [0.%2,45.1]
Mean DR (WM) [0.%2&31]
Quad. 1 Percentage [4%;%27(_31]
Quad. 2 Percentage [3%;93%‘_17]
Quad. 4 Percentage [4%2,.0325?6]
IQR Stiffness [o,(())'?ilgA]
QR OR 001, 609
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B.6 Biomechanical Factors and Deformation Analysis
0.42
r=0.786
oal © ® e r=0.729
. ﬂ. o] ®
0.38 8% 29 ©
5 ] B %
v @ R )
v 0.36 @ -]
s °o §oe%9%s
0.34 o8B 0 @
o %’
0.32 ®
0.3 : : : : : :
0.06 0.08 0.1 012 0.14 0.16 0.18
IQR Damping Ratio - MRE
20
® r=0.775
r=0.686
18t ©
o ° » %,
2 %% ® e
% ‘% .f-*-;_ 3 L] e @
@ 14 ) o %% o
- et 7 R
12
o &
10 g - . - - g
0.06 0.08 0.1 0.12 0.14 0.16 0.18

IQR Damping Ratio - MRE

80 r
: S
75| r=06
710t
o
w
g 65 °
@
'.
60 _ \9‘:0
55 : : : : : ;
006 008 01 042 014 016 018
IQR Damping Ratio - MRE
0.42
R r=0.786
04 ® r=0.729
) ’. o] °
o 0.38 %% 028 ©
o % 0% § '.
- =] n
Z 0.36 @ ) <. ° °e o
8 ° o862 °% o
0.34 | o8 °
e y8°°
032} A
0.3 : . : . - .
006 008 01 042 014 016 018

IQR Damping Ratio - MRE

Appendix Figure X: Scatter plots for the deformation metrics against the IQR damping ratio
for male (blue) and female (pink) models. Linear regression for both male and female models
shown, with correlations provided.
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Appendix Figure Y: Scatter plots for the deformation metrics against the IQR stiffness for
male (blue) and female (pink) models. Linear regression for both male and female models

shown, with correlations provided.

182



0.42

MPSxMPSR-95

r=0.651
r=0.663
(=}
]
0 10 20 30 40
Quadrant 2 Percentage
L ® r=0.660
r=0634
2 e
¥ o ° e
e ? °q
.}’.h e .. 1] ..
o @ ‘t:‘.’ o ®
e o
% w X
[ I @
) &
0 10 20 30 40
Quadrant 2 Percentage

MPSR-95
&

3

CSDM-25
o
(9]
&

r = 0.665
.‘f&' % o,
“.i B 19)] @
(=]
i o \‘.!0. ° o
e 5]
L] ~ W‘% ® @
e ]
® P e
0 10 20 30 40 5C
Quadrant 2 Percentage
L ° r=0.651
L =0.663
o % oo ° )
2L ge ©
&ﬁ:o &°
o :_g 0 o
.... @ "'..L i e =]
[ D
.
e ]
e
0 10 20 30 40 5C

Quadrant 2 Percentage
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both male and female models shown, with correlations provided.
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Appendix Figure BB: Scatter plots for the deformation metrics against the percentage of
brain volume in quadrant 4 for male (blue) and female (pink) models. Linear regression for
both male and female models shown, with correlations provided.

Appendix Table J: Estimated coefficients for the population-level effects of the multivariate
Bayesian linear mixed model and the 95% credible interval (Crl) for the estimated parameter
included in square brackets for age, sex, and each material property feature on the deformation
metrics. Bolded coefficients are significant based on the Crl. Positive sex coefficients imply male
response was greater.

Intercept Age Sex

MPS-95 [0.32;60.36] [0?60.833] [-0-0_8;’)%%001]

MPSR-95 [62.23,'%55.35] [o.ogé?%%m [-o.é%,lgjllzl

MPSXMPSR-95 [13.4112;1174.87] [-0.08'21,05212] [-o.égé%ﬂM]

CSDM 25 [0.2%,38.39] [o.ogi?%%OS] [-0585‘9??003]
Stiffness Mean Stiffness GM Stiffness WM Stiffness ICV

MPS-95 0049 o028 5 0 52,0,
[0.088,-0.01] | [0.007,0.049] | [0.003,0.042] | [0.002, 0.005]
MPSR95 | 113350052 | [0.695, 7912 | [0.996.583] | [0.23,125]

MPSXMPSR-95 | 1%l | 0722578 | [0.85.3.007] | [0.089, 048
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20.032 0.044 0.003 0.013
CSDM 25 [0.196,0.132] | [-0.042,0.131] | [-0.078,0.083] | [0.007, 0.019]
DR Mean DR GM DR WM DR ICV
PS.05 0.017 0.02 20,017 0.007
[0.072,0.103] | [-0.066,0.027] | [-0.06,0.026] | [0.005,0.009]
-2.601 0.877 1.22 2141
MPSR-95 [10.29, 5.05] | [5.049,3.287] | [-5.13, 2.70] [1.47,2.78]
0.479 20.899 117 0.744
MPSXMPSR-95 | 1 4 45 '5.42] [-3.57, 1.699] [-3.66,1.23] | [0.546, 0.994]
20.204 0.072 0.042 0.012
CSDM 25 0.165, -0.525] | [-0.098,0.243] | [-0.115,0.201] | [0.005, 0.019]
Quad. 1 Percent. Quad. 2 Percent. Quad. 4 Percent.
0.015 0.004 0.002
MPS-95 [0.01, 0.02] [-0.001, 0.009] [-0.002, 0.007]
3.506 0.396 0.453
MPSR-95 [2.106, 4.855] [1.12, 1.92] [-0.85, 1.74]
1.464 0.17 0.22
MPSxMPSR-95 [0.979, 1.927] [-0.358, 0.698] [-0.229, 0.673]
0.068 0.031 0.003
CSDM 25 [0.053, 0.084] [0.014, 0.049] [-0.012, 0.018]
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C. Head Kinematics
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Appendix Figure CC: Original (top) and corrected (bottom) linear acceleration traces for Gold
Standard 2 female PMHS kinematics. Corrected signals: b11492 (0.13 sto 0.23 s), b11494
(0.1375 s t0 0.23 s), b12805 (0.114 s to 0.1501 s), and b12806 (0.135 s to 0.2 s).
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Appendix Figure DD: Original (top) and corrected (bottom) angular velocity traces for Gold
Standard 2 female PMHS kinematics. Corrected signals: b11492 (0.13 sto 0.23 s), b11494
(0.1375 s t0 0.23 s), b12805 (0.114 s to 0.1501 s), and b12806 (0.135 s to 0.2 s).
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GS2 - Male PMHS
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Appendix Figure EE: Original (top) and corrected (bottom) linear acceleration traces for Gold

Standard 2 male PMHS kinematics. Corrected signals: b11469 (0.143 s to 0.215 s), b11511
(0.135st0 0.22 s).
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GS2 - Male PMHS
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Appendix Figure FF: Original (top) and corrected (bottom) angular velocity traces for Gold
Standard 2 male PMHS kinematics. Corrected signals: b11469 (0.143 s to 0.215 s), b11511
(0.135st0 0.22 s), b11468 (0.18 s to 0.257 s), and b11510 (0.229 s to 0.3 s).
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Appendix Figure GG: Original linear acceleration (top) and angular velocity (bottom) traces for
Gold Standard 2 female THOR kinematics.
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Appendix Figure HH: Original linear acceleration (top) and angular velocity (bottom) traces for
Gold Standard 2 female HIIl kinematics.
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GS2 - Male THOR
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Appendix Figure II: Original linear acceleration (top) and angular velocity (bottom) traces for
Gold Standard 2 male THOR kinematics.
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Appendix Figure JJ: Original linear acceleration (top) and angular velocity (bottom) traces for
Gold Standard 2 male HIll kinematics.
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C.1.2 Gold Standard 3 Traces
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Appendix Figure KK: Original linear acceleration (top) and angular velocity (bottom) traces for
Gold Standard 3 female PMHS kinematics.
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GS3 - Female THOR Near-Side
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Appendix Figure LL: Original linear acceleration (top) and angular velocity (bottom) traces for
Gold Standard 3 female THOR kinematics.
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GS3 - Male PMHS Near-Side
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Appendix Figure MM: Original (top) and corrected (bottom) linear acceleration traces for Gold
Standard 3 male PMHS kinematics. Corrected signals: b11518 (0.1324 s to 0.196 s)
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GS3 - Male PMHS Near-Side
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Appendix Figure NN: Original (top) and corrected (bottom) angular velocity traces for Gold
Standard 3 male PMHS kinematics. Corrected signals: b11518 (0.1324 s to 0.196 s)
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Appendix Figure OO: Original linear acceleration (top) and angular velocity (bottom) traces for
Gold Standard 3 male THOR kinematics.
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C.13 Recline 25° — 32 kph

Recline 25 - Female FO5 PMHS 32 kph
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Appendix Figure PP: Original linear acceleration (top) and angular velocity (bottom) traces for
Recline 25 degrees at 32 kph for female PMHS kinematics.
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1I§ecline 25 - Female Obese PMHS 32 kph
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Appendix Figure QQ: Original linear acceleration (top) and angular velocity (bottom) traces for
Recline 25 degrees at 32 kph for obese female PMHS kinematics.
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Recline 25 - Male M50 PMHS 32 kph
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Appendix Figure RR: Original linear acceleration (top) and angular velocity (bottom) traces for
Recline 25 degrees at 32 kph for male PMHS kinematics.

202



C.l4 Recline 45° — 15 kph

Recline 45 - Female PMHS 15 kph
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Appendix Figure SS: Original linear acceleration (top) and angular velocity (bottom) traces for
Recline 45 degrees at 15 kph for female PMHS kinematics.
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Recline 45 - Female PMHS 15 kph
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Appendix Figure TT: Original linear acceleration (top) and angular velocity (bottom) traces for
Recline 45 degrees at 15 kph for obese female PMHS kinematics.
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Recline 45 - Male Obese PMHS 15 kph
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Appendix Figure UU: Original (top) and corrected (bottom) linear acceleration traces for
Recline 45 degrees at 15 kph for male obese PMHS kinematics. Corrected signal: b13157 (0
st00.011s)
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Recline 45 - Male Obese PMHS 15 kph
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Appendix Figure VV: Original (top) and corrected (bottom) angular velocity traces for Recline
45 degrees at 15 kph for male obese PMHS kinematics. Corrected signal: b13157 (0 s to
0.011 s)
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C.15 Recline 45° — 32 kph

Recline 45 - Female PMHS 32 kph
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Appendix Figure WW: Original linear acceleration (top) and angular velocity (bottom) traces
for Recline 45 degrees at 32 kph for female PMHS kinematics. Corrected signal: b13116
(0.182st00.2)
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Recline 45 - Female Obese PMHS 32 kph
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Appendix Figure XX: Original linear acceleration (top) and angular velocity (bottom) traces for
Recline 45 degrees at 32 kph for obese female PMHS kinematics.
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25 Recline 45 - Male M50 PMHS 32 kph
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Appendix Figure YY: Original linear acceleration (top) and angular velocity (bottom) traces for
Recline 45 degrees at 32 kph for male PMHS kinematics.
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Recline 45 - Male Obese PMHS 32 kph
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Appendix Figure ZZ: Original linear acceleration (top) and angular velocity (bottom) traces for
Recline 45 degrees at 32 kph for obese male PMHS kinematics.

C.2 Head Kinematics Additional Information

Appendix Table K: Information for each of the head kinematics used in the head kinematics

chapter.
C(cazr:g;ir;n Source I\? Srl:]feer Surrogate D(ig?])v Sex Anthropometry
UVA b11468 PMHS 30 M M50
UVA b11469 PMHS 30 M M50
UVA b11473 THOR 30 M M50
UVA b11474 THOR 30 M M50
UVA b11484 HIll 30 M M50
UVA b11491 PMHS 30 F FO5
GS2 UVA b11492 PMHS 30 F FO5
UVA b11493 PMHS 30 F FO5
UVA b11494 PMHS 30 F FO5
UVA b11495 PMHS 30 F FO5
UVA b11508 HIll 30 M M50
UVA b11509 PMHS 30 M M50
UVA b11510 PMHS 30 M M50
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UVA b11511 PMHS 30 M M50

UVA b12803 PMHS 30 F FO5

UVA b12804 PMHS 30 F FO5

UVA b12805 PMHS 30 F FO5

UVA b12806 PMHS 30 F FO5

UVA b12807 PMHS 30 F FO5

UVA b12821 THOR 30 F FO5

UVA b12822 THOR 30 F FO5

UVA S0365 HIll 30 F FO5

UVA S0366 HIll 30 F FO5

UVA b11518 PMHS 30 M M50

UVA b11519 PMHS 30 M M50

UVA b11520 PMHS 30 M M50

MCW b13162 PMHS 30 F FO5

MCW b13163 PMHS 30 F FO5

GS3 MCW b13164 PMHS 30 F FO5
MCW b13167 PMHS 30 F FO5

MCW b13168 PMHS 30 F FO5

UVA b11514 THOR 30 M M50

UVA b11517 THOR 30 M M50

MCW NSFSD0151 THOR 30 F FO5

MCW NSFSD0153 THOR 30 F FO5

UMTRI b12796 PMHS 32 M M50

Recline25 UMTRI b13109 PMHS 32 M M50
32kph MCW b13121 PMHS 32 F Obese
MCW b13156 PMHS 32 F FO5
MCW b13111 PMHS 15 F Obese
Reclineds MCW b13113 PMHS 15 M Obese
15kph MCW b13115 PMHS 15 F FO5
MCW b13117 PMHS 15 F FO5
MCW b13157 PMHS 15 M Obese

UMTRI b12795 PMHS 32 M M50

UMTRI b13110 PMHS 32 M M50
Recline45 MCW b13112 PMHS 32 F Obese
32kph MCW b13114 PMHS 32 M Obese
MCW b13116 PMHS 32 F FO5

MCW b13118 PMHS 32 F FO5

UMTRI b13124 PMHS 32 M M50

C.3 Statistical Methods

The equations for the multivariate Bayesian linear mixed model to determine the effect of sex,
BMI, and surrogate type on each of the head kinematic features, accounting for a random study
effect.

YACCK = (BECCX +ujg™ X)) + BAC X (BML;y) + B5CC X (Sex;;) + B X (Surrogate;;) + €/ ¥

YACCY = (BECCY +ufe™C ) + BLCCY(BMI;) + B5CC Y (Sex;) + B¢ Y (Surrogate;;) + €ff“C

211



Yiz]‘}CCZ — (BACCZ +uACCZ) +,BACCZ(BMIU) _|_'Bé4CCZ(Sex”) +,B§4CCZ(SurrogateU) + EACCZ

YACC (Baec + u]“})cc) + B¢ (BMI;;) + ,B’fwc(Sexu) + ﬁg“CC(SurrogateU) + eACC

)/ij'lRSX — (BARSX + uARSX) + ﬁARSX(BMIU) + BZARSX(Sexl]) + Bé‘lRSX(SurrogateU) + EARSX

VARSY — (BARSY 4 yARSY) 4 BARSY(BM, ) + BARSY (Sex;;) + BARSY (Surrogate,) + €ARSY

Y{]‘}RSZ — (BARSZ + uARS Z) + BARS Z(BMIU) + ﬂZARSZ(SexU) + B?’ARSZ(SurrOgateU) + eARSZ
YARS (B§RS + ARS) + BRS(BMI;;) + P3RS (Sex;;) + P4RS (Surrogate;;) + eARS

Alpha X Alpha X Alpha X Alpha X Alpha X Alpha X
Y; P = ( P P + ujop ) + B; P (BMIU) + B, P (Sexij) + B3 P (Surrogateij)
Alpha X

1

AlphaY AlphaY AlphaY AlphaY AlphaY AlphaY

Y; P = ( 0 P + ujop ) + B P (BMIU) + B, P (S 11) + B3 P (Surrogateij)
AlphaY

1

+ €

+ €

Alpha Z Alpha Z Ath Alpha Z Alpha Z Alpha Z
Y pha =( o TS gy P )+B PREZ(BMI;;) + By P “(Sex;) + By T “(Surrogate;;)
AlphaZ

+ €

Alph Alph Alh Alph Alph Alph Alph
Yij pha =( 0 pha p a)+ﬁ p a(BMIU) + 55 p a(S U) + ;3 p a(SurrogateU) + € pha

Yi?TIC — (BgTIC + uBTIC) _l_BfTIC(BMIU) +BZBTIC(SexU) +B§”C(Surrogateu) + EBTIC
YUBTIC (BUBTIC +uUBTIC) +‘8UBTIC(BMIU) +,82UB”C(S€XU) +,8§’B”C(Surrogateu) + eUBTIC

YL-?AMAGE — (BgAMAGE + ujDOAMAGE) + 'BlDAMAGE(BMIij) + ﬁé)AMAGE(SexU) + ﬁgDAMAGE(SurTOgateij)

DAMAGE
+ €

The equations for the multivariate Bayesian linear mixed model to predict deformation metrics
based on independent head kinematic features, BMI, sex, and surrogate type accounting for a

random study effect.
YMPS —95 _ (BMPS 95 +uMPS 95) + pMPs- 95(BMIU) + Bl P5‘95(Sexij) + pMPS=95 (Surrogate)
+ pMPs- 95(ACC Xij) + BE'PST9S(ACC i) + BT T3(AcC i)
+ BIPSTOS(ACCy;) + BYPS(ARS Xyj) + BYPSTO5(ARS Yiy) + BIPS°5(ARS Z;))
+ BIA/{PS—QS(ARSU) + ,B%PS_gS(Alpha Xij) + ,Bll‘gps'gs(Alpha Yi}')
+ ﬁMPs—cas(Alpha Zu) + ﬁ{”PS_gS(Alphaij) + ﬁlzvéps—%(BﬂCij) + '311‘/;1’5—95(UBr1CL-]-)
+ BIPSO5(DAMAGE;) + €lfPS=%

212



Yvil}lPSR—QS — (BI(;/IPSR—QS + u%PSR_QS) + ,B{WPSR_‘)S(BMIU) + ,BéVIPSR_QS(Sexij)

+ BYPSR=95(Surrogate) + BYPSR=95(ACC X;;) + BYPSR-93(ACC V;;)

+ ﬁg”PSR“’S(ACC Zij) + ﬂéwPSR_gs(ACCij) + ﬂéVIPSR_%(ARS Xij)
b BEPROS(ARS ) + BSOS (ARS Zy) + PP (ARS,)

+ BIPSR=95(Alpha X;;) + BIPSR=9%(Alpha Yy;) + BIAPSR %5 (Alpha Z;;)

+ BIPSR=95(Alphay;) + BIEPSR=95(BriCy;) + BIEPSR95(UBrIC;;)

+ ﬁ%PSR_gS(DAMAGEU) + e{\]_/IPSR—95

MPSxMPSR—-95 _ -95 MPSxMPSR—-95 -95 -95
Yl} X — (BI(;/IPSXMPSR 9 +uj0 X )+'B{V1PSXMPSR 9 (BMIU) _|_'BéVIPSxMPSR 9 (Sexi]-)

+ ﬁéVIPSxMPSR—95(SurTOgate) + ,BiwpstPSR_()S(ACC Xij) + ﬂéwpstPSR_gs(ACC Ylj)
+ BéwpstPSR_gS(ACC Zl]) + Bé”PSXMPSR_gS(ACCij) + ﬁéwpstPSR_gs(ARS Xl])

+ ‘BévlpstPSR_gs(ARS Ylj) + ‘B%PSJCMPSR—‘)S(ARS Zij) + lglﬂ/:ILPSxMPSR—95(ARSL_j)

+ ﬁlll/éPSxMPSR—95(Alpha Xl]) + ﬁ:{l/:IJ)PSxMPSR—95(Alpha YL])
+ ﬁﬁPSXMPSR_QS(Alpha Zz]) + 'B{VIISPSXMPSR—‘BS(Alphaij) + BllVéPSxMPSR—95(BT.ICij)
+ ﬁ%PSXMPSR_gS(UBTICij) + ﬁ%PstPSR_gs(DAMAGEij) + e{lj'IP.S'xMP.S'R—95

YiS:SDM_ZS — (B(C)’SDM—ZS + ujCOSDM—ZS) + BlCSDM_ZS(BMIij) +BZCSDM_25(Sexij)

+ B§SPM-25 (Surrogate) + BESPMT23(ACC Xy;) + BSPPM 25 (ACC Yy)

+ BgSDM_ZS(ACC Zl]) + BgSDM_ZS(ACCij) + ﬁSCSDM_ZS(ARS Xl])
+ RSP (ARS Vi) + BSOS (ARS Zy) + PPN (ARS,)

+ BEPM=25(Alpha Xi;) + B PM 25 (Alpha V) + B3 PM25(Alpha Z;;)

+ BEEPM725 (Alphay;) + BLsPM25(BrICy;) + B PM 25 (UBTIC;;)

+ ﬁngM—ZS(DAMAGEij) + EiC]fSDM—25

C.4 Statistical Model Results

Appendix Table L: Estimated coefficients for the population-level effects of the multivariate
Bayesian linear mixed model and the 95% credible interval (Crl) for the estimated parameter
included in square brackets for e head kinematic biomechanical features. Bolded coefficients are
significant based on the Crl. Positive sex, surrogate, and BMI coefficients imply male, cadaver,
obese response was greater.

Intercept Sex Surrogate BMI
Peak ACCX | 1o o0 sy (0.64. 5.67) t067.522 | [7.89.087
Peak ACCY | 11 53 g gg) 22,200 | (198,317 | pa72 008
PekACCZ | 11350 252 | 1056646 | [35L 490 | [15.00, 3.42
Peak ACC [15.52 ,' 52?5.64] [0.227',95?.68] [-1.123',,1;44] [-12.;374‘;,7512.88]
Peak ARS X [2.8?,%%.58] [0.529',44?.33] [-1.6%,7;.16] [-5.5%,217.24]
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30.49 -0.64 -0.20 -3.45
PRER AR [26.44, 34.80] [-3.80, 2.62] [-3.96, 3.55] [-8.61, 1.61]
5.35 2.75 5.42 1.58
PR ARS & [1.27, 9.16] [-4.28, -1.25] [3.46, 7.28] [-1.72, 4.46]
31.12 -0.91 1.14 -2.65
AR [27.61,34.75] | [-3.84,2.10] [-2.44, 4.60] [-7.37, 2.05]
1277.62 103.52 -235.16 -83.69
Peak Apha X | 7a5'08 1771.61] | [273.10, 477.19] | [-686.13, 222.50] | [-688.01, 511.89]
1423.91 135.35 391.96 -399.16
Peak Alpha 'Y | 11056 58, 1800.13] | [-169.14, 435.68] | [26.38, 754.84] | [-883.34, 81.01]
1014.73 -215.87 136.02 259.68
Peak Apbha Z | \o) 1’54 1494.60] | [-606.80, 173.12] | [-333.08, 594.25] | [-340.94, 882.45]
1864.09 96.46 184.32 -84.33
Peak Alpha | 135091 2367.02] | [-316.72, 511.08] | [-314.40, 679.67] | [-719.25, 565.45]
BriC 0.26 -0.01 0.02 -0.01
[0.22, 0.29] [-0.04, 0.01] [-0.01, 0.05] [-0.05, 0.03]
UBIIC 0.21 0.00 0.02 -0.03
[0.18, 0.24] [-0.02, 0.03] [-0.01, 0.05] [-0.07, 0.00]
0.16 0.03 0.01 -0.01
Plalliaci= [0.12, 0.20] [-0.02, 0.03] [-0.01, 0.04] [-0.05, 0.03]

Appendix Table M: The intraclass correlations for each of the head kinematic features.

X Y z Peak Resultant
ACC 0.695 0.529 0.066 0.480
ARS 0.534 0.085 0.682 0.025
Alpha 0.071 0.037 0.045 0.043
BriC UBTrIC DAMAGE
Injury Metric 0.136 0.051 0.251
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D. Final Sensitivity

D.1 Statistical Methods
The equations for the multivariate Bayesian linear mixed model to predict biomechanical factors

based on age and sex.

VIV = (BIV) + BV (scale(Age)) + BTV (Sex,) + €
YRELWM — (GReLWM) | pRELWM (scale(Age;)) + fROIWM (Sex;) + eRelWM
YiStiff = (Bgtiff) + ,Bftiff(scale(Agei)) + ﬁ;tiff(Sexi) + eisaff
VPR = (BYY) + BPR(scale(Age))) + BF (Sex;) + €PF

Yisn'ff IQR _ (BgtiffIQR) _l_ﬁftiffIQR(Scale(Agei)) _l_BZStiffIQR(Sexi) n eisrifleR

yPRIQR (BEY) + ,BfR ICR (scale(Age))) + ,BfR IR (Sex;) + E?R Ier

4

YiQuadl — (BOQuadl) +BlQuad1(SCClle(Agei)) + BZQuadl(Sexi) + eiQuadl

YiQuadZ — (BOQuadZ) +BlQuad2(SCClle(Agei)) + BZQuadZ(Sexi) + eiQuadz

Quad4
i

YiQuad4 — (BOQuad4) + BlQua'M(scale(Agei)) + ﬁzQuadél(Sexi) + €

The equations for the multivariate Bayesian linear mixed model to predict deformation metrics

based on independent biomechanical features, age, and sex.

YMPS=95 = (BMPS=95) 4 pMPS=95(Age;) + BYFPS™95(Sex;) + YPS=95(ICV) + BYMPS~95(Rel WM,)
+ BUPSTOS(SLif f;) + BUPSTOS(DR;) + BYPST5(Stif f IQR;) + BYPS~°°(DR IQR;)
+ BYIPST5(Quad 1) + BIFS°(Quad 2,) + BFS5(Quad 4))
+ BMPS=95(DAMAGE;) + €MPS~°5

YiMPSR—95 — (BI(;/IPSR—QS) + ﬁ{\/IPSR—95(Agei) + ﬁéWPSR_QS(Sexi) + ,BéWPSR_QS(ICV)
+ TSRS (Rel WMy) + B5'PSF 20 (Stif f;) + B&'PSF~°° (DRy)
+ BYPSRES(Stif f IQR,) + B'PSF°*(DR IQR;) + B'P*~°%(Quad 1;)
+ ﬁ%PSR‘gs(Quad 2i)+ ‘Blﬂ/{PSRJ)S(Quad 4i)+ ‘B%PSR_gs(DAMAGEi) + €{VIPSR—95

YiMPSxMPSR—QS — (BI(;/IPSJCMPSR—QS) + ﬁ{VIPSXMPSR—gS(Agei) + ﬂéWPSXMPSR_QS(Sexi)

+,B§V1P5xMPSR_95(1CV) + ,BiwpstPSR‘95(Rel WMi) +ﬁ£4PSXMPSR_95(Stiffi)

+ BMPSXMPSR=95(pR ) 4 BMPSXMPSR=95(Gti ¢ f [QR,) + BMPS*MPSR=95(DR IQR,)

+ ﬁé\/IPSxMPSR—%(Quad 1i)+ ,B%PSXMPSR_gS(Quad 2i)+ ﬁ{"{PSXMPSR‘gs(Quad 41‘)
+ Bll\/éPSxMPSR—‘)S(DAMAGEi)_'_ e{\/IPS)CMPSR—‘)S
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YiCSDM—ZS — (BgSDM_ZS) + ﬁlCSDM—ZS(Agei) + 'BZCSDM—ZS(Sexi) + ﬁ—gSDM_ZS(ICV)
+ ﬁfSDM_ZS(Rel WML) +ﬁ5CSDM_25(Stiffi) +ﬁ6CSDM—25(DRi)
+ BESPM=Z3(Stif f IQR;) + B§SPM~25(DR IQR,) + B§SPM~25(Quad 1;)
+ BESPM=25(Quad 2;) + BEPM25(Quad 4;) + BEPMT25(DAMAGE;) + efSPM~25

D.2

Effect of Sex on Biomechanical Factors

Appendix Table N: Estimated coefficients for the population-level effects of the multivariate
Bayesian linear mixed model with the 95% credible interval (Crl) for the estimated parameter
included in square brackets for each biomechanical factor. Bolded coefficients are significant
based on the Crl. Positive sex coefficients imply male response was greater.

Intercept Sex Age
. 1456.44 70.45 -39.98
[1426.2, 1486.6] | [27.14,113.05] | [-61.33,-18.67]
Relative WM [0_35%',33355] [-o.é%g,og.%)oe,] [-0.06%?%001]
Mean Stiffness 2. 627-,722.77] [_0.02'3?’25 090] [_0.1_8:1_8.12]
Mean DR 0. 2(1"202.22] [-0.0_2%,()-107.009] [0.023(,)%7031]
Stiffness IQR [1.017',112 16] [-0.(?5'8?3.6064] [-0-1_(1J,' 939049]
IR IO 0. 1‘1‘,15_ 12] [-o.dgé?%?gozz] [o.ofé(,)%)e.som]
Quad. 1 Percent [31_23,.131.76] [0.93;,155.36] [-3.552:?2.69]
S, BIREEE [18.1?,2%.34] [-5-6‘;3;63613-64] [8-63-?%-67]
Quad. 4 Percent [11;5,'%_42] [-4.8-5;8—(1).68] [0.3%1',45.50]

D.3

Additional Kinematic Features Estimated Parameters

Appendix Table O: Estimated coefficients for the population-level effects of the multivariate
Bayesian linear mixed model and the 95% credible interval (Crl) for the estimated parameter
included in square brackets for age, sex, and each biomechanical features (with peak resultant
angular velocity) on the deformation metrics. Bolded coefficients are significant based on the Crl.

Positive sex coefficients imply male response was greater.
Rel. WM
Intercept Sex Age ICV Volume
MPS-95 0.215 0.0014 0.0045 0.011 0.0014
[0.21, 0.22] | [-0.0069, 0.0097] | [-0.0027, 0.012] | [0.0074, 0.015] | [-0.0021, 0.005]
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MPSR-95 28.390 0.308 0.565 1.16 0.161
[27.00,29.80] | [-1.90,2.51] | [-1.40,2.53] | [0.13,2.19] | [-0.83, 1.56]
4.159 0.139 0.140 0.344 0.312
MPSXMPSR-95 | 1373 459) | [-0.56,0.84] | [-0.48,0.76] | [0.018,0.67] | [-1.33, 1.96]
CSDM-25 0.059 0.0043 0.0037 0.010 0.0006
[0.044, 0.075] | [-0.022, 0.030] | [-0.018, 0.026] | [-0.002, 0.022] | [-0.011, 0.012]
Mean Stiffness Mean DR Stiffness IQR DR IQR
MPS-95 0.0034 -0.032 0.0042 0.0013
[-0.017, 0.023] [-0.061, -0.0028] [-0.0054, 0.014] [-0.013, 0.016]
1.403 -2.50 0.522 0.419
NIPEIRREE [-3.65, 6.45] [-9.01, 4.16] [-2.05, 3.07] [-3.48, 4.42]
0.312 -0.516 0.231 0.068
SIFERRIRSIRAES [-1.33, 1.96] [-2.72, 1.80] [-0.59, 1.05] [-1.18, 1.32]
CSDM-25 0.017 -0.025 0.0077 0.0027
[-0.045, 0.081] [-0.12, 0.070] [-0.023, 0.038] [-0.045, 0.049]
Quad. 1 Percent | Quad. 2 Percent | Quad. 4 Percent Peak ARS Res.
MPS-95 0.016 0.020 0.0094 0.076
[0.0022, 0.030] [-0.0006, 0.039] [-0.0046, 0.023] [0.073, 0.079]
2.497 1.726 0.589 12.313
HlEsiRet [-1.12, 6.13] [-3.22, 6.73] [-2.911, 4.064] [11.44, 13.16]
0.693 0.381 0.131 2.509
MIEEGIIERECE [-0.47, 1.84] [-1.26, 1.99] [-1.04, 1.25] [2.24, 2.78]
CSDM-25 0.027 0.024 0.0060 0.048
[-0.017, 0.071] [-0.040, 0.088] [-0.039, 0.050] [0.039, 0.058]

Appendix Table P: Estimated coefficients for the population-level effects of the multivariate
Bayesian linear mixed model and the 95% credible interval (Crl) for the estimated parameter
included in square brackets for age, sex, and each biomechanical features (with peak resultant

angular acceleration) on the deformation metrics. Bolded coefficients are significant based on the
Crl. Positive sex coefficients imply male response was greater.

Intercept Sex Age ICV Rl i

Vol

MPS-95 0.21 0.003 0.004 0.011 0.001
[0.21, 0.22] [-0.012, 0.018] | [-0.009, 0.017] | [0.004, 0.017] | [-0.005, 0.008]

MPSR-95 28.45 0.19 0.66 1.18 0.16
[27.27,29.63] | [-1.71, 2.09] [-0.93, 2.44] [0.36, 2.00] [-0.62, 0.94]

4.18 0.095 0.17 0.35 0.03
MPSXMPSR-95 | 13 81 4.54] | [-0.51,0.69] | [-0.34,0.67] | [0.10,0.61] | [0.21,0.28]

CSDM-25 0.06 0.002 0.005 0.011 0.001
[0.05, 0.08] | [-0.022,0.026] | [-0.015, 0.025] | [0.0001, 0.02] | [-0.009, 0.01]

Mean Stiffness Mean DR Stiffness IQR DR IQR
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MPS-95 0.003 -0.021 0.0057 0.0013
[-0.036, 0.043] [-0.080, 0.039] [-0.013, 0.025] [-0.027, 0.030]
1.65 -3.27 0.34 0.46
MIPSIRE [-2.84, 6.24] [-9.30, 2.97] [-1.88, 2.54] [-3.00, 3.89]
0.39 -0.83 0.16 0.08
MPSXMPSR-95 | 11 07, 0.87] [-2.93, 1.33] [-0.55, 0.87] [-1.00, 1.20]
CSDM-25 0.020 -0.041 0.005 0.0031
[-0.041, 0.083] [-0.14, 0.060] [-0.024, 0.034] [-0.041, 0.048]
Quad. 1 Percent | Quad. 2 Percent | Quad. 4 Percent Peak Alpha Res.
MPS-95 0.016 0.012 0.0055 0.071
[-0.010, 0.043] [-0.026, 0.051] [-0.022, 0.032] [0.066, 0.076]
2.69 2.33 0.92 12.77
NIFEIRREE [-0.54, 5.80] [-2.01, 6.57] [-2.21, 3.97] [12.10, 13.44]
0.76 0.63 0.26 2.73
SIFERRIRSIRAES [-0.27, 1.77] [-0.82, 2.06] [-0.76, 1.27] [2.52, 2.94]
0.029 0.036 0.013 0.059
Celblvizs [-0.014, 0.073] [-0.029, 0.10] [-0.033, 0.057] [0.051, 0.067]
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