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Abstract

Our brain, perhaps the most sophisticated and mysterious part of the human body, to
some extent, determines who we are. However, it’s a vulnerable organ. When subjected
to an impact, such as a traffic accident or sport, it may lead to traumatic brain injury
(TBI) which can have devastating effects for those who suffer the injury. Despite lots of
efforts have been put into primary injury prevention, the number of TBIs is still on an
unacceptable high level in a global perspective.

Brain edema is a major neurological complication of moderate and severe TBI, which
consists of an abnormal accumulation of fluid within the brain parenchyma. Clinically,
local and minor edema may be treated conservatively only by observation, where the
treatment of choice usually follows evidence-based practice. In the first study, the gravi-
tational force is suggested to have a significant impact on the pressure of the edema zone
in the brain tissue. Thus, the objective of the study was to investigate the significance of
head position on edema at the posterior part of the brain using a Finite Element (FE)
model. The model revealed that water content (WC) increment at the edema zone re-
mained nearly identical for both supine and prone positions. However, the interstitial
fluid pressure (IFP) inside the edema zone decreased around 15% by having the head in
a prone position compared with a supine position. The decrease of IFP inside the edema
zone by changing patient position from supine to prone has the potential to alleviate the
damage to axonal fibers of the central nervous system. These observations suggest that
considering the patient’s head position during intensive care and at rehabilitation should
be of importance to the treatment of edematous regions in TBI patients.

In TBI patients with diffuse brain edema, for most severe cases with refractory intracra-
nial hypertension, decompressive craniotomy (DC) is performed as an ultimate therapy.
However, a complete consensus on its effectiveness has not been achieved due to the high
levels of severe disability and persistent vegetative state found in the patients treated
with DC. DC allows expansion of the swollen brain outside the skull, thereby having
the potential in reducing the Intracranial Pressure (ICP). However, the treatment causes
stretching of the axons and may contribute to the unfavorable outcome of the patients.
The second study aimed at quantifying the stretching and WC in the brain tissue due to
the neurosurgical intervention to provide more insight into the effects upon such a treat-
ment. A nonlinear registration method was used to quantify the strain. Our analysis
showed a substantial increase of the strain level in the brain tissue close to the treated
side of DC compared to before the treatment. Also, the WC was related to specific gravity
(SG), which in turn was related to the Hounsfield unit (HU) value in the Computerized
Tomography (CT) images by a photoelectric correction according to the chemical compo-
sition of the brain tissue. The overall WC of brain tissue presented a significant increase
after the treatment compared to the condition seen before the treatment. It is suggested
that a quantitative model, which characterizes the stretching and WC of the brain tissue
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both before as well as after DC, may clarify some of the potential problems with such a
treatment.
Diffusion Weighted (DW) Imaging technology provides a noninvasive way to extract ax-
onal fiber tracts in the brain. The aim of the third study, as an extension to the second
study was to assess and quantify the axonal deformation (i.e. stretching and shearing)
at both the pre- and post-craniotomy periods in order to provide more insight into the
mechanical effects on the axonal fibers due to DC.
Subarachnoid injection of artificial cerebrospinal fluid (CSF) into the CSF system is
widely used in neurological practice to gain information on CSF dynamics. Mathematical
models are important for a better understanding of the underlying mechanisms. Despite
the critical importance of the parameters for accurate modeling, there is a substantial
variation in the poroelastic constants used in the literature due to the difficulties in
determining material properties of brain tissue. In the fourth study, we developed a
Finite Element (FE) model including the whole brain-CSF-skull system to study the
CSF dynamics during constant-rate infusion. We investigated the capacity of the current
model to predict the steady state of the mean ICP. For transient analysis, rather than
accurately fit the infusion curve to the experimental data, we placed more emphasis on
studying the influences of each of the poroelastic parameters due to the aforementioned
inconsistency in the poroelastic constants for brain tissue. It was found that the value
of the specific storage term Sε is the dominant factor that influences the infusion curve,
and the drained Young’s modulus E was identified as the dominant parameter second
to Sε. Based on the simulated infusion curves from the FE model, Artificial Neural
Network (ANN) was used to find an optimized parameter set that best fit the experimental
curve. The infusion curves from both the FE simulations and using ANN confirmed the
limitation of linear poroelasticity in modeling the transient constant-rate infusion.
To summarize, the work done in this thesis is to introduce FE Modeling and imaging tech-
nologies including CT, DW imaging, and image registration method as a complementary
technique for clinical diagnosis and treatment of TBI patients. Hopefully, the result may
to some extent improve the understanding of these clinical problems and improve their
medical treatments.
Keywords: Traumatic brain injury; Intracranial Pressure; Brain edema; Gravitational

force; Finite Element Model; Poroelastic parameter; Decompressive craniotomy;
Image registration; Water content; Strain level; Diffusion Weighted Imaging;
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1 Introduction

Traumatic brain injury (TBI) can cause devastating effects not only for those who suffer
the injury, but also for their family and loved ones. Despite lots of efforts have been put
into primary injury prevention, the number of TBI is still on an unacceptable high level
in a global perspective [69]. TBI is predicted to surpass many diseases as a major cause
of death and disability by the year 2020 [113]. Thus, more efforts are needed to reduce
primary injury. However, more importantly, clinical management of TBI patients aiming
at secondary injury prevention as well is of great importance for the individual patient.
Advances in imaging technology, such as Computerized Tomography (CT) and Magnetic
Resonance (MR) Imaging have improved the ability to diagnose lesions associated with
TBI, to support in deciding the treatment. The introduction of neurointensive care units
has further improved the treatment and outcome [69]. However, for some cases, there is
still a lack of effective treatment which poses challenges for neurosurgeons. One of such
conditions is brain edema which is a major neurological complication of moderate and
severe TBI consisting of an abnormal accumulation of fluid within the brain parenchyma.
Due to the fixed cranial volume, the most frequent consequences of edema is an increased
Intracranial Pressure (ICP), also called intracranial hypertension, leading to less blood
supply to the brain tissue, ischemia and irreversible neuro-functional impairment [60].
Edema and its associated complications account for approximately 50% of deaths in
patients with TBI [96].
Brain edema can be localized or diffuse depending on the injury occurring at the scene
of the accident. Clinically, local and minor edema may be treated conservatively only
by observation, where the treatment of choice follows evidence-based practice which is
predominantly based on clinical practice and personal experience [69, 116]. Monitoring
the ICP is an integral part of intensive care treatment following moderate and severe TBI
and maintaining the ICP below a certain level is critical to the outcome of the patient
[69]. The ICP value depends on the posture due to hydrostatic effects of gravity. In the
sitting position, for example, the pressure rises in the lower part of the body. Similarly, for
patients with intracranial hypotension, the symptoms are characteristically aggravated
by sitting up position and relieved by recumbency [60]. On admittance to hospital, the
patient with moderate and severe TBI is placed with the head in a 30-degree elevation
aiming at optimizing the ICP, the cerebral perfusion pressure, the venous drainage from
the head as well as the pulmonary function [69, 116]. These clearly demonstrate the
gravity effect on ICP. Inspired from this, it would be of major importance to evaluate
the influence of gravity to improve the treatment of TBI patients with regard to the ICP
which was the aim of Paper I.
In TBI patients with diffuse brain edema, for most severe cases with refractory intracranial
hypertension, decompressive craniotomy (DC) is performed as an ultimate therapy. DC
involves removal of a piece of skull bone and gives more room for the swelling brain to
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Chapter 1 Introduction

expand, thereby having the potential in reducing the ICP [2, 86, 123, 124]. The use of DC
has increased although complete consensus on its effectiveness has not been achieved due
to the high levels of severe disability and persistent vegetative state found in the patients
treated with DC [131, 138, 141]. A retrospective and prospective analysis including more
than 155 patients was presented recently showing no convincing difference in outcome
for patients treated with either conservative intensive care or with DC [40] and which
has arose a debate on how to interpret the data into clinical practice [125, 137, 141].
DC allows expansion of the swollen brain outside the skull. However, this treatment
causes stretching of the axons and may contribute to the unfavorable outcome for the
patients. Studies have found that DC might worsen the cerebral edema [41, 58]. The
Hounfield Unit (HU) values from CT images were closely related to the severity of brain
edema which appear as low-density areas on CT images due to excess water accumulation
[74, 119, 121]. Although the occurrence of brain edema can be demonstrated with CT
scans, the quantitative determination of water content (WC) could play an important
role in the evaluation of the severity of brain edema and the monitoring of the treatment
efficiency. This motivated the initiation of Paper II, aiming at quantifying the stretching
of brain tissue and WC which is important to have more insight into the potential damage
to the axons and thereby better understand the sequelae upon such a treatment.

Axons transmit electrical-chemical impulses between neurons and intact axons and are
critical for establishing a normal neurological function. However, when axons are stretched,
the capacity to transmit impulses is attenuated and even causes permanent loss of func-
tional capability in severe cases [75]. Many in vitro injury models have been developed
showing that axonal stretch causes neural injury from different aspects, such as neurofil-
ament structure alterations [37], immediate rise in intracellular calcium level after injury
[130], mechanical breaking of microtubules in axons [135] and axonal swelling formation
[129]. Bain et al. [6] demonstrated, using an optic nerve stretch model, that a strain level
of approximately 0.21 will elicit electrophysiological changes, while a strain of approxi-
mately 0.34 will cause morphological signs of damage to the white matter. These studies
have yielded considerable insight regarding axonal alterations in response to mechanical
stretch. In general, however, the axonal deformation is much more complex. It’s diffi-
cult to apply these cellular level thresholds to the tissue level since the axons within the
white matter does not necessarily lie in the same orientation with the stretching direction.
Therefore, incorporating the axonal fiber tracts in biomechanical models is necessary to
obtain the stretching along the axons making it comparable with thresholds obtained
from experiments. Furthermore, additional information of axonal fiber deformation such
as axonal shear strain can also be obtained. A clear visualization of the axonal fiber
deformation should have a prognostic value for the cognitive and neurological sequelae
of patients treated with DC. As an extension to Paper II, more emphasis was put on
quantifying the deformation of the axonal fiber tracts in Paper III.

Brain edema, either localized or diffuse, is associated with excess accumulation of wa-
ter in the intracellular or extracellular spaces of the brain. To better understand the
edema fluid formation and regression, a grasp of the whole cerebrospinal fluid (CSF)
circulation system is necessary. As a consequence, the last study of this thesis, Paper
IV, is concerned with numerical simulation of constant-rate infusion using a Finite El-
ement (FE) Model including the whole CSF system. Constant-rate infusion tests are
one of the important procedures for neurologists and neurosurgeons to decide whether
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Introduction

the patient is likely to benefit from a shunt surgery for hydrocephalus patients [45, 78].
Subarachnoid injection of artificial CSF is widely used in neurological practice to gain
information about CSF dynamics such as intracranial compliance and CSF outflow re-
sistance [46, 140]. Mathematical models are important for a better understanding of the
underlying mechanisms. Theory of linear poroelasticity has been widely used in clinical
related biomechanical models since the early studies on FE modeling of hydrocephalus
and vasogenic brain edema [108, 109, 134]. Despite the critical importance of the param-
eters for accurate modeling, there is a substantial variation in the poroelastic constants
used in the literature due to the difficulties in determining material properties of brain
tissue. Thus, the aim of this study was to investigate the capacity of the current model
with a more realistic geometry to predict the steady state mean ICP. For transient analy-
sis, rather than accurately fit the infusion curve to the experimental data, we place more
emphasis on studying the influences of each of the poroelastic parameters due to the
aforementioned inconsistency in the poroelastic constants for brain tissue. Furthermore,
based on the simulated infusion curves from the FE model, Artificial Neural Network
(ANN) was used to find an optimized parameter set that best fit the experimental curve.
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2 Objectives

The overall purpose of this thesis is to introduce FE Modeling as a complementary tech-
nique to existing imaging technology within the field of clinical neuroscience.
The specific objectives of the thesis are divided into the following:

• Investigate the gravity influence for optimal head positions in the treatment of
edema patients (Paper I).

• Quantify the strain level and water content in brain tissue for patients treated with
decompressive craniotomy (Paper II).

• Investigation of the strain level on axonal fibers due to decompressive craniotomy
(Paper III).

• Study the influence of poroelastic constants on Intracranial Pressure (ICP) during
constant-rate infusion (Paper IV).
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3 Craniospinal System and Traumatic
Brain Edema

3.1 Craniospinal System

3.1.1 Brain Anatomy

The brain is subdivided into four major components: cerebrum, diencephalon, cerebellum
and brain stem. The cerebrum is the largest part of the brain, and is divided into two
hemispheres which are connected by a bundle of axons called corpus callosum. The
diencephalon consists of the thalamus, hypothalamus and epithalamus. The cerebellum
is also called the “little brain”, it controls the coordination of movement and motor
learning. The brain stem continues with the spinal cord connected through the foramen
magnum. Fig. 3.1 is a sagittal T1 Weighted MR image of a healthy adult brain with main
parts of the brain. The imaging data was acquired on a healthy volunteer with approval
of the local ethics committee.

Cerebrum

Cerebellum

Diencephalon

Spinal cord

Brain Stem

LV

TV

FV

CM

SAS

Figure 3.1: Sagittal T1 Weighted MR Image of a healthy adult brain showing the brain
anatomy and typical flow of cerebrospinal fluid (CSF).
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Chapter 3 Craniospinal System and Traumatic Brain Edema

3.1.2 Cellular Structure of Brain Tissue

Brain tissue is mainly composed of two types of cells, i.e., neurons and glial cells. The
neuron networks are composed of a huge number of neurons which forms the brain func-
tions including creation, memory, and emotion. The neurons are composed of a cell body
and the extended dendrites called axons. The cell body mainly forms the gray matter,
while axons form the white matter.
Glial cells support the neurons, protect and repair the injured neurons. Most of the
volume between neurons is occupied by glial cells and blood vessels, left is about 20%
of the brain volume called extracellular space (ECS), which contains water, ions, neuro-
transmitters, metabolites, peptides, and extracellular matrix molecules [18]. Because of
the small volume fraction of ECS, even small extracellular volume changes will affect ion
concentrations and therefore neuronal excitability [103]. ECS can be decreased to 5% due
to e.g.trauma, ischemia, mostly caused by swelling of astrocyte cells. Although swelling
of neuronal dendrites also occurs, the astrocyte cell in gray matter is usually considered
as the major cell type that swells [82].

3.1.3 Brain Vasculature

The brain is rich in blood vessels, including arteries, veins, capillaries, and microvascu-
ature is presented both on the surface and within the brain. Blood flow is slowest in
the small vessels of the capillary bed, thus allowing time for exchange of nutrients and
oxygen to surrounding tissue by diffusion through the capillary walls and to take away
carbon dioxide and waste. Around 75% of the total blood volume of the brain is in veins.
They are compressible which can distend and contract in response to the blood available
in the circulation. Besides the blood vasculature inside brain tissue, the dural folding
forms the sagittal sinus where CSF is absorbed, which is somewhat different from other
veins of the body as they are less collapsible.
Compared with blood vessels in other parts of the body, brain capillaries are relatively
impermeable due to tight junctions between endothelial cells lining in the blood vessels,
which is called the blood-brain barrier (BBB). The intact BBB is of great importance for
a normal neurological function. It protects the brain from outer toxins entering the brain.
Disruption of BBB could be provoked by mechanical insult to the brain. The opening of
BBB increases blood vessel permeability and allows fluid evacuated to the ECS and this
is related to the cause of vasogenetic brain edema [97].

3.1.4 CSF Circulation, Generation and Absorption

The choroid plexus is considered as the main production site of CSF today. It is formed
by a capillary complex with an outerlayer of epithelial cells, and presents at both the
third and fourth ventricles. CSF is a colorless, water like liquid which fills and circulates
inside the ventricles, the cranial and spinal subarachnoid space (SAS). Fig. 3.1 illustrates
the flow of CSF through the central nervous system. CSF shows darker color in the T1
weighted MR imaging. From the lateral ventricles (LV), CSF passes through the paired
interventricular foramina of Monro (blue arrow) into the third ventricle (TV). Then CSF
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3.1 Craniospinal System

Figure 3.2: Vasculature of the brain [1].

flows down the single mid-line aqueduct of Sylvius (yellow arrow) into the single midline
fourth ventricle (FV). CSF leaves the ventricular system through the two lateral foramina
of Luschka and the mid-line foramen of Magendie. CSF exits through the foramen of
Magendie (green arrow) and entering the cisterna magna (CM). Within the SAS, CSF
flows over the convexities of the brain and the folia of the cerebellum, and around the
brain stem (curved arrows). From the CM, CSF also courses inferiorly to surround the
spinal cord (orange arrow). CSF flows outwards from the tentorium, then to the superior
sagittal sinus (SSS) where most of it is absorbed by the arachnoid villis [46].
The rate of CSF production is reported to be relatively constant [46, 94]. Arachnoid
granulations are the major sites where CSF is absorbed into the venous blood, located
mainly at the SSS and the spinal nerve roots [50, 57]. They protrude through the dura
into SSS and act as one-way valves. As CSF pressure increases, more fluid is absorbed.
When CSF pressure falls below a threshold value, the absorption of CSF ceases. In this
way, the CSF pressure is maintained at a relatively constant level for healthy human
subjects.

3.1.5 Intracranial Pressure

Intracranial Pressure (ICP) is defined as the pressure within the cranial vault relative
to the ambient atmospheric pressure and is an important index to be monitored in the
intensive care management of TBI patients [17]. The pressure in the ventricular system
is usually taken as the standard for ICP, while other monitors measuring parenchyma,
subarachnoid, subdural, and epidural pressure also exist in the current state of technology
[25]. The pressure inside the CSF space is equal throughout the cranial and spinal CSF
spaces with a communicating CSF pathways due to the low resistance of fluid flow in
CSF-filled space [60]. However, a brain tissue pressure gradient may develop between the
focus of pressure elevation and the surrounding brain tissue in occurrence of a localized
space-occupying lesion, such as contusion, localized brain edema or hemorrhage. This is
due to the high resistance for pressure transmission in the brain tissue (see Fig. 3.3). It
has been found that for edema induced by cold injury, the local tissue pressure can be
elevated up to 15 mmHg [118].
Under normal circumstances, CSF and parenchyma pressure tend to be similar and is
reported to be within the range of 7-15 mmHg [44]. For TBI patients with increased ICP,
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Chapter 3 Craniospinal System and Traumatic Brain Edema

Figure 3.3: CSF pressure versus brain tissue pressure (adapted from [60]). Pv : Pressure
inside the ventricles; PSAS: Pressure inside SAS; Pc: Brain tissue pressure in the center
of the lesion; Pp: Pressure in the peripheral brain tissue.

the longer the ICP exceeds 20–25 mmHg, poor outcome for the patient becomes more
obvious [69]. Note that these pressures are mean ICP. In reality, however, the ICP is a
pulse wave driven from the cardiac output causes pulsatile changes of vascular volume
[60]. ICP is dependent on age, body posture and clinical conditions [44, 60]. Hydrostatic
effects of postures on the mean ICP value, for example, in the sitting position, the pressure
rises in the lower part of the body, and a lumbar pressure ranging from 24 to 46 mmHg has
been reported [60]. In addition, for patients with intracranial hypotension, the symptoms
are characteristically aggravated by sitting up position and relieved by recumbency [60].
This suggest an influence of gravity on ICP.

3.1.6 Pressure-volume Curve and Brain Compliance

The cranial volume consists of brain tissue, CSF and blood. According to Monro-Kellie
doctrine, as the cranial volume is enclosed in the rigid skull with a constant volume, an
increase in one of the compartments is only possible by the decrease of volume in another
compartment [60]. Thus, as an intracranial mass lesion or edematous brain expands,
brain compensation mechanisms, such as increased CSF absorption, compression of the
venous thin-walled vessels are activated. Also, CSF can be displaced into the SAS as
it does not fit the canal closely, and is surrounded by a layer of loose areolar tissue
and a plexus of epidural veins. The spinal SAS was reported to be able to compensate
for 30-80% of cranial pressure increase, because of the distensibility of spinal dura and
CSF displacement from cranial to spinal space [83]. However, once the compensation
mechanisms have been exhausted, ICP will increase exponentially with the intracranial
volume. Hence a small increase of water content due to the brain edema will cause a
substantial increase in ICP [61] which further leads to herniation and death in the most
severe cases [101].
Brain compliance, C , is defined as:
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C = dV

dp0
(3.1)

where dV is a change in cranial volume (e.g. CSF volume) for a change in the ICP
dp0. The compliance can be measured by recording the ICP (denoted here by p0) while
increasing the CSF volume either by injection of additional fluid or by inflation of a
balloon. For constant-rate infusion, the volume of fluid infused should be the effective
volume [146, 147].

3.2 Traumatic Brain Edema

3.2.1 Neuropathology of Brain Edema

Brain edema is a major neurological complication of moderate and severe traumatic
brain injury (TBI). It consists of an abnormal accumulation of fluid within the brain
parenchyma. Edema and its associated complications account for approximately 50% of
deaths in patients with TBI [96]. Traumatic brain edema that frequently accompanies
TBIs are either localized around a contusion, or more diffuse. CT scanning is usually the
first imaging modality for TBI patients and the brain edema is characterized by a darker
density on the image (Fig. 3.4).
Vasogenic and cytotoxic edema are the two major types of edema after TBI. Vasogenic
edema is due to BBB disruption, resulting in an increased extracellular water accumula-
tion, while cytotoxic edema is defined as an increased intracellular water collection [96].
As the etiology of vasogenic edema is relatively well understood, the treatment is there-
fore fairly effective. However, the mechanisms of cytotoxic brain edema are still unclear,
which makes the treatment of choice inadequate. Research has shown that the brain
swelling observed in patients with TBI appears to be predominantly cellular [101]. This
makes the clinical treatment of TBI edema more complicated.

Figure 3.4: Axial slices of CT images of two patients after decompressive craniotomy.
Localized edema around hemorrhages for Patient 1 (left). Diffuse brain edema for
Patient 2 (right).
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(a) Patient 1. (b) Patient 2.

Figure 3.5: Reconstructed surface of two patients treated with decompressive cran-
iotomy. By removing part of the bone flap, the brain tissue is allowed to expand
outside the skull thereby reduce the ICP.

Diffusion Weighted (DW) imaging has been used to distinguish these two different types
of edema. A decrease in the ECS as found in cytotoxic edema leads to a decrease in the
apparent diffusion coefficient (ADC) since the diffusion of water inside cells is slower. In
contrast, vasogenic edema with a larger ECS will increase the mobility of water molecules,
thereby leading to a higher ADC value [18].

3.2.2 Management and Treatment of Brain Edema

Clinically, local and minor edema may be treated conservatively only by observation,
while more extensive edematous areas demand intensive care, where the treatment of
choice usually follows evidence-based practice [69, 116]. Monitoring the ICP is an integral
part of intensive care treatment following moderate and severe TBI. The longer the ICP
exceeds 20–25 mmHg, poor outcome for the patient becomes more obvious [69]. On
admittance to hospital, the patient with moderate and severe TBI is placed with the head
in a 30-degree elevation aimed at optimizing the ICP, the cerebral perfusion pressure and
the venous drainage from the head as well as the pulmonary function [69, 116].
For most severe TBI patients with refractory ICP, decompressive craniotomy (DC) is
performed as an ultimate therapy by removing part of the skull bone thereby giving the
swelling brain more room to expand. The use of DC has increased substantially in an
effort to reduce the ICP following cerebral injury. However, complete consensus on its
effectiveness has unfortunately not been achieved among clinicians due to the high levels
of severe disability and persistent vegetative state found among the patients with DC
[40, 138, 141]. Brain tissue is allowed to expand outside the skull (Fig. 3.5) thus causing
axonal stretching which was suggested to contribute to the unfavorable outcome for the
patient [40].
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4 Poroelasticity and Finite Element
Modeling (Paper I, IV)

4.1 Governing Equations

Brain tissue is modeled as a poroelastic material consisting of an elastic solid skeleton
composed of neurons and neuroglia, permeated by the interstitial fluid [79, 128, 134].
The governing poroelastic equations for a fully saturated pore fluid flow are based on
conservation of fluid mass for the fluid phase and force equilibrium equations for the
solid phase [19, 73].
For the fluid phase, mass conservation gives:

dζ

dt
+∇ · q = Qs (4.1)

where Qs is a fluid source and ζ is fluid mass increment caused by either the dilation of
the solid skeleton or by the compressibility of fluids in the pores due to pressure changes,
q is the fluid flux vector.
The interstitial fluid flow was modeled with Darcy’s law,

q = −κ
µ
∇p (4.2)

where p is the interstitial fluid pressure (IFP).
The final equation governing the fluid phase of a poroelastic material can be written as:

Sε
∂p

∂t
+∇ · (−κ

µ
∇p) = −α ∂

∂t
εb +Qs (4.3)

where Sε is the specific storage term, κ is permeability, µ is the fluid viscosity, and εb is
the volumetric strain of the solid skeleton.
The equilibrium equation for the solid phase gives:

−G∇2ui −
G

(1− 2ν)
∂uk
∂xixk

= −α ∂p
∂xi

(4.4)

where α is the Biot coefficient, G is the shear modulus which for an isotropic material is
related to Young’s modulus E and Poisson’s ratio ν according to G = E

2(1+ν) . Note that
all the elastic constants in the poroelastic equation are the drained values.
The parameter α can be interpreted as an effective stress coefficient because this coeffi-
cient enables the conversion of a multiphase porous medium into a mechanically equivalent
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single-phase continuum according to σ′ = σ+αp [73, 112], where σ′ is the effective stress
added on the solid skeleton, σ is the total stress. For a fully saturated system, it is likely
that α should be close to 1.
The Skempton coefficient B, representing the ratio of fluid pressure increment and con-
fining pressure pc is defined as [73]:

B =
(
∂p

dpc

)
undrained

(4.5)

Sε is related to α and B via [73]:

Sε = α(1− αB)
KB

(4.6)

where K = E
3(1−2ν) is the bulk modulus of the solid skeleton. Sε, represents the amount

of interstitial fluid that can be forced into an unchanging volume of parenchyma per unit
increase of fluid pressure [91]. The more compliant a system, the value of Sε tends to be
larger.
The macroscopic level parameters α, B and Sε define the solid-fluid system as a “lumped”
model. For an ideal isotropic and homogeneous porous media, they are related to the
micromechanical ones according to [48, 73]:

α = 1− K

Ks

(4.7)

B =
1− 1

Ks

φ( 1
Kf
− 1

Ks
) + ( 1

K
− 1

Ks
) (4.8)

Sε = φ

Kf

+ α− φ
Ks

(4.9)

where φ is the porosity, Kf is the bulk modulus of the fluid, Ks is the bulk modulus of
the solid grains, which here are the brain cells.

4.2 FE Modelling of the CSF System

4.2.1 FE Modelling of the Human Brain and CSF

A Finite Element (FE) model of the adult human head (the KTH head model [84]) has
been developed, including the meninges, brain tissue, cerebrospinal fluid (CSF) including
a simplified neck with the extension of the spinal cord. The FE mesh used in this study
was modified from the KTH head model with addition of aqueduct, foramina of Magendie
and foramina of Luschka to construct a fully connected CSF circulation system (Fig. 4.1)
[92]. The hexahedral elements in the original KTH head model was split into tetrahedral
elements and imported into COMSOL Multiphysics (Comsol Multiphysics, 2010, version
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Figure 4.1: (a) FE head model including the meninges, brain, cerebrospinal fluid (CSF),
aqueduct, foramina and neck with the extension of the spinal cord. (b) The CSF
circulation system.

4.0a) where all the simulations were performed. Shell elements were used to model the
falx, tentorium and spinal dura mater. For both solid and shell elements, 2nd order
shape functions were used with a total number of 946488 degrees of freedom (DOF)
for the model. The transient infusion analysis was solved using an implicit method;
the backward differentiation formula (BDF) which is a standard available method in
COMSOL.

4.2.2 Boundary Conditions

The outer layer of the solid phase of the CSF is fixed due to the rigid skull constraint.
The dura mater surrounding the spinal cord CSF is attached to the simplified neck. The
outer surface of the neck is set free since the spinal dural sheath can accept a quantity of
CSF as it does not fit the canal closely, being surrounded by a layer of loose areolar tissue
and plexus of epidural veins [66] (Fig. 4.2, left). The ventricle wall is set free to move.
Fluid pressure inside the ventricle acts as a total pressure p on the ventricle wall which is
supported by the solid skeleton (σ′) of the brain tissue and the interstitial fluid pressure
(p) inside brain tissue according to −p = σ′−αp. For example, α = 1 gives σ′ = 0 and the
pressure will be totally supported by the interstitial fluid in the brain tissue. Otherwise,
if α < 1, the ventricle fluid pressure will be supported by both the interstitial fluid and
the solid skeleton of brain tissue. At the interface between the simplified non-porous
neck and the porous subarachnoid space (SAS), the total stress from the porous SAS was
added to the neck (Fig. 4.2, right) shows the choroid plexus in the model where CSF is
produced and CSF is absorbed at the SSS and the spinal nerve roots.

4.2.3 Modeling of Normal CSF Dynamics and Infusion

CSF is produced mainly at the choroid plexus in the lateral and third ventricles. It
flows along the aqueduct of Sylvius to reach the fourth ventricle, and then flows out into
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Figure 4.2: Boundary conditions in the FE model. Solid phase boundary condition.
Outer layer of CSF (dura) is set to fixed due to the rigid skull constraint. Falx and
tentorium edges were set to fixed where it is connected to skull (left). Fluid phase
boundary conditions: CSF is absorbed at both arachnoid villi at super sagittal sinus
(69%) and at spinal nerve roots (31%) (right).

the SAS. CSF flows around the tentorium downwards to the spinal SAS and some flows
upwards to the superior sagittal sinus (SSS) where most of it is absorbed by the arachnoid
granulations [46]. The rate of CSF production is reported to be at a relatively constant
rate. Arachnoid granulations are the major sites where CSF is absorbed into the venous
blood, located mainly at the SSS and the spinal nerve roots [50, 57]. They protrude
through the dura into SSS and act as one-way valves. As CSF pressure increases, more
fluid is absorbed. When CSF pressure falls below a threshold value, the absorption of
CSF ceases. In this way, the CSF pressure is maintained at a relatively constant level for
healthy human subjects.
The model incorporates a balanced CSF production and absorption for the normal CSF
circulation system [92]. A constant rate of CSF production Qprod = 0.38 ml/min [94] was
defined as Qs in the fluid governing equation (Eq. (4.3)) at the choroid plexus in both
the lateral and third ventricles in the FE model (Fig. 4.2).
CSF absorption is linearly dependent on the pressure difference between the pressure at
the SSS and the venous blood pressure pb (650 Pa) [128] according to:

κ

µ

(
∂p

∂xi

)
= Cb (pb − p) (4.10)

According to the compartment model, the value of outflow conductance (Cb) can be
calculated according to Qprod +Qinf = Cb(PICP2−PICP1) [78], where Qinf is the infusion
rate and PICP1 and PICP2 are the steady state pressures before and during infusion,
respectively. A value of 0.10 ml/min/mmHg calculated from experimental data [94] was
used. This value is close to the average value of 0.11 ml/min/mmHg reported by [3]. In
the model, the absorption occurs at both SSS (69%) and spinal nerve roots (31%) by
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splitting Cb proportionally and the value used in the model was adapted according to the
selected absorption boundary.
With extra fluid injected into the system, Intracranial Pressure (ICP) will be raised thus
resulting a higher absorption rate and eventually a new equilibrium state is established at
a higher ICP level. Infusion is equivalent to an extra CSF production since the ventricular
system is communicating with the SAS. Thus, infusion was modeled as an extra fluid
source (Qinf ) added to the normal CSF production rate (Qprod) and yields Qs = Qinf +
Qprod in Eq. (4.3).

4.2.4 Modeling of Gravity and Edema

Formation of brain edema involves fluid movement from the vasculature directly into the
intracellular space (cytotoxic brain edema) or extracellular space (vasogenic edema) [96].
The circulation of CSF tends to be disturbed for edema patients with high ICP. However,
the detailed mechanisms behind edema and disturbed CSF circulation are out of range
of this study. A fluid source was used to simulate the extra fluid accumulation. In this
model, we consider the influence of gravity on a patient with edema at the posterior part
of the brain for the supine and prone positions. The model was based on the normal CSF
circulation model with addition of a focal edema at the posterior part of the brain.
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5 Strain Level Quantification from
Image Registration (Paper II, III)

A general introduction of image registration will be given first followed by introducing
the Diffemorphic Demons (DD) algorithm. From the displacement field obtained from
DD registration, the Lagrangian finite strain tensor is derived.

5.1 Image Registration - An Introduction

Image registration is to find a spatial transformation that brings one moving image into
alignment with a fixed image to a best match [43]. Methods for medical image regis-
tration can be divided into those using parametric transformation functions and those
using non-parametric ones [4]. The parametric methods are characterized by featuring a
transformation function that is described by a quite limited number of parameters, such
as rigid and affine transformations. In contrast to parametric registration with only a few
parameters needed to be determined, non-parametric methods involve finding a transfor-
mation function describing the displacement of the point represented by the voxel, thus
usually millions of parameters need to be determined. Unlike a rigid or affine transforma-
tion which is a global transformation that applies to the whole domain, non-parametric
registration allows to account for more complex shape change, such as local distortion and
deformation. Thus, it has found its wide application in clinics such as to guide treatment
and monitor disease progression.

Non-parametric registration aims at finding a displacement vector of each of the voxels
that “best” matches the images together. The goodness of the match is based on a
cost function, which is maximized or minimized using some optimization algorithm (e.g.
Powell’s Method, Steepest Gradient Descent, Conjugate Gradient Method etc. [43]).
Performing the registration is an iterative process that involves transforming the moving
image many times by adjusting different parameters until a matching criterion (e.g. the
sum of squared differences between the images [4]) is optimized.

Non-parametric image registration is an ill-posed problem and is generally with no unique
solution which can lead to many displacement fields. A regularization term is needed to
guide how the image should be deformed in order to turn the problem to a well-posed
problem. Continuum based method, such as linear elasticity [7] and viscosity fluid [36]
has been proposed. Demons method was first introduced by Thirion [136] and based on
the concept of “demons” that was introduced in the 19th century by Maxwell to illustrate
a paradox of thermodynamics. One of the main limitations of the demons algorithm is
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Figure 5.1: An example illustrates Diffemorphic Demons registration on binary images
with resolution of 750×659. The image on the left depicts the undeformed moving
image followed by the deformed moving image (middle 1) and the fixed image (middle
2). The image on the right shows the obtained displacement field result by applying it to
a rectilinear grid which drives the moving image to the fixed image. The displacement
field is overlayed with the deformed moving image (right).

that it doesn’t provide diffeomorphic transformations1. As an extension of the demons
algorithm, an efficient non-parametric diffeomorphic demons image registration algorithm
was proposed which allows a smooth local variation and large deformations [143]. It’s
these different physical models that differentiate the non-parametric registration methods
from each other.

Elastic models treat the source image as a linear elastic solid and deform it using forces de-
rived from an image similarity measure [7]. The image is deformed until the internal force
inside the elastic solid is equilibrated with the corresponding external image matching
force. This method tends to over-penalize on the displacement thus doesn’t allow large
deformation. DD algorithm, on the other hand, allows for large deformation and has
been widely used in brain image registration which accounts for large variations between
different subjects accounting for the localized deformation [143]. An example illustrates
the non-parametric image registration using DD registration algorithm (Fig. 5.1).

Image registration has found its wide applications, in functional MRI which align different
modality images of the same patient and atlas based segmentation by morphing using
probability atlas [30]. Another important application is to track the displacement of
the object from one state to another from which the strain level can be quantified non-
invasively. This has been used widely to calculate the strain level in the form of the
Lagrangian finite strain tensor in different organs such as the lung and heart [21, 52, 59,
59, 62, 114, 144, 145]. Image registration methods has also been used with intra-operative
MR images to quantitatively investigate the brain deformation and the approach provides
the deformation throughout the entire brain [42, 62–64, 107].

1Diffeomorphism is a Lie group of invertible and differentiable bijective transformations. A diffeomor-
phic dense displacement field indicates no tearing or folding in the physical space after deformation
[143].
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5.2 Diffemorphic Demons Algorithm

5.2 Diffemorphic Demons Algorithm

The core components of the DD registration algorithm including similarity measures and
the regularization model is described here.

5.2.1 Similarity Criterion

Given a fixed image F (·) and a moving image M(·), intensity-based image registration
is posed as an optimization problem that aims at finding a spatial mapping that will
align the moving image to the fixed image. The transformation s(·), RD → RD, p 7→ s(p),
models the spatial mapping of a particular point p from the fixed image space to the
moving image space [142]. The similarity criterion Esim(F,M ◦s) measures the quality or
the goodness of the matching of a given transformation. In this study, binary images are
used, and the sum of the square difference (SSD) suffices for our application as defined
in Eq. (5.1).

Esim(F,M ◦ s) = 1
2 ‖F −M ◦ s‖

2 = 1
2Ωp

∑
p∈Ωp

|F (p)−M(s(p))|2 (5.1)

where M ◦ s represents the morphed moving image 2, ΩP is the region of overlap between
F andM ◦s. The problem now becomes an optimization problem to find a transformation
s over a given space that minimizes the similarity energy function Esim.

5.2.2 Diffeomorphic Demons Model

In order to end up with a global minimization of a well posed criterion, the similarity
energy function in Eq. (5.1) was modified by introducing an auxiliary variable (i.e. corre-
spondence c) in the registration process [32]. The introduction of this auxiliary variable
c decouples the complex minimization into simple and efficient steps by alternating opti-
mization over c and s. Considering a Gaussian noise on the displacement field, the global
energy then becomes [142]:

E(c, s) = 1
σ2
i

Esim (F,M ◦ s) + 1
σ2
x

dist(s, c)2 + 1
σ2
T

Ereg (s) (5.2)

where σi accounts for the noise on the image intensity, σx accounts for a spatial uncer-
tainty of the correspondences and σT controls the amount of regularization that is needed.
dist(s, c) =‖ c− s ‖ and Ereg(s) =‖ 5s ‖.
The model assumes that so-called “demons” at every voxel from the fixed image are
applying forces that push the voxels of the moving image into matching up with the fixed
image. The transformation s is driven by a “demons force” derived from the assumption
of image intensity conservation [136]. The original demons algorithm has been modified
and which allows to retrieve small and large dense displacement field defined as [31]:

2◦ is the composition operation, M ◦ s means apply the transformation s on the moving image M .
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U(p) = F (p)−M(s(p))
‖ ∇F (p) ‖2 +α2(F (p)−M(s(p)))2∇F (p) (5.3)

U(p) is the displacement (corresponding to transformation s as defined in Eq. (5.4)) at
point p defined in the fixed image, where α is a positive homogenization factor. The
updated unconstrained dense displacement field is computed based on an optical flow
computation at each voxel at every iteration. The resulting updated field is added to the
global deformation field and the displacement field is regularized by applying a Gaussian
smoothing filter.
In order to solve the displacement field U, the global energy defined in Eq. (5.2) needs
to be minimized. This energy function allows the whole optimization procedure to be
decoupled into two simple steps. The first step solves for the correspondence c by opti-
mizing 1

σ2
i
Esim + 1

σ2
x
‖ s− c ‖2 with respect to c and with s given. The second step solves

for the regularization by optimizing 1
σ2

x
‖ s − c ‖2 + 1

σ2
T
Ereg(s) with respect to s and c

given [143].
The transformation s in the original Demons method [136] is not constrained and doesn’t
provide diffeomorphic transformations. A diffeomorphic extension to the demons frame-
work was proposed by adapting the optimization procedure to a space of diffeomorphic
transformations. It’s performed by using an intrinsic update step which computes the
vector field exponentials of the Lie group of diffeormorphims (see [142] and [143] for
details).
The displacement field is iteratively updated while introducing elastic regularization by
smoothing the deformation field with a Gaussian filter between iterations. The DD
algorithm has been fully integrated in the open source software Slicer 3D [115] which was
used in this study. The selection of the regularization parameters is crucial in Demons
registration. Strong regularization constraints hinder large deformations and provide a
poor intensity match. In contrast, parameters leading to a weak regularization do not
constrain the deformation enough and often lead to non diffeomorphic results [65].

5.3 Displacement Field and Lagrangian Finite Strain
Calculation

From the Diffeomorphic Demons registration, the transformation s, corresponding to a
displacement field U(X), is obtained from Eq. (5.3). The displacement field is defined
on every voxel in the fixed image and morphs the fixed image to the moving image. The
strain tensor could then be calculated based on the theory of continuum mechanics (see
Appendix: A for more detail). A Lagrangian reference frame was assumed at the fixed
image space.

s : x = X + U(X) (5.4)

The displacement field U(X) = [UX , UY , UZ ] for each voxel, obtained from the image
registration, gives a reasonable alignment to bring the fixed image at point p with coordi-
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nates X(X, Y, Z) to its corresponding point in the moving image at coordinates x(x, y, z)
[143]. The displacement gradient is defined as [70]:

grad(U) = dU
dX

=


dUX

dX
dUX

dY
dUX

dZ
dUY

dX
dUY

dY
dUY

dZ
dUZ

dX
dUZ

dY
dUZ

dZ

 (5.5)

The deformation gradient defined as

F = dx
dX

= d(X + U(X))
dX

= I + dU
dX

= I + grad(U) (5.6)

The Lagrangian finite strain tensor E is defined as

E = 1
2
(
FTF− I

)
(5.7)

The Lagrangian finite strain tensor, E, is a 3×3 symmetric tensor representing the defor-
mation of a point. Different scalar indices can be derived from the tensors, especially the
principal strains which represent the maximum and minimum normal strains experienced
at a point, are characterized by the tensor eigenvalues. The corresponding eigenvectors
reveal the principal strain directions. Thus, they characterize the orientation of the strain.
The Jacobian operator can be used to measure local relative volume change. It is defined
at the point p as the determinant of the Jacobian matrix of the deformation field as

J = det(F) = det (I + grad(U)) = det

 1 + dUX

dX
dUX

dY
dUX

dZ
dUY

dX
1 + dUY

dY
dUY

dZ
dUZ

dX
dUZ

dY
1 + dUZ

dZ

 (5.8)

The determinant of the Jacobian matrix of the deformation field, J, represents the local
relative volume. Where J < 1, local contraction is implied, J = 1 implies no volume
change and J > 1 implies local expansion [106].
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6 Water Content Quantification from
CT Images (Paper II)

Brain edema is a major neurological complication of traumatic brain injury (TBI) com-
monly including a pathologically increased Intracranial Pressure (ICP) associated with
poor outcome. The presence of traumatic brain edema, in its various forms is of great
clinical importance and is found to be related to the severity of brain injuries. Although
the localized occurrence of edema can be demonstrated by medical imaging techniques,
such as Magnetic Resonance (MR) or Computed Tomographic (CT) images, quantifica-
tion of water content (WC), as is an aspect that could play an important role in the
evaluation of the dynamics of brain edema and the monitoring of the efficiency of treat-
ment, is much more demanding. This part of the thesis is concerned with WC extraction
from CT images. A brief introduction of WC extraction from medical images including
MRI and CT will be given first, followed by CT physics and then the procedures for WC
mapping.

6.1 Water Content Extraction from Medical Images - An
Overview

6.1.1 Water Content Extraction from MR Imaging

MR imaging has been widely used in measurement of WC non-invasively [15, 53, 54, 85,
110] based on the principle that MR signal intensity is proportional to the number of
protons in the tissue which in turn is proportional to WC [110]. The image intensity
we see directly from the MR images can not be directly related to WC since they are
dependent on the scanning parameters. First, different pulse sequences result in different
mathematical expressions for signal intensity. Within the same pulse sequences, the
image is also influenced by different parameters. T1 or T2 relaxation time, however, is
an intrinsic property of the tissue and has been shown to closely relate to WC. T1 or T2
relaxation time map could be obtained by using special protocols and repeat the scanning
using different pulse sequence parameters.
Evaluation of WC from T1 relaxation time was initialized by Bell et al. from 1980s [15, 54]
due to the sensitivity of the T1 relaxation time to WC. The development of a theoretical
framework for relating measured relaxation times to WC as well as the validation of the
model predictions in a series of phantom and animal studies can be found in [55]. The
method has been further studied by several researchers and was found to be a reliable
method for the noninvasive characterization of brain edema [55, 100]. T2 relaxation time
has also been related to WC in previous studies [53, 95].
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Another MR imaging technique, Diffusion Weighted (DW) imaging has also been used to
study WC by relating the derived parameter, apparent diffusion coefficient (ADC) with
WC. ADC reflects overall diffusivity and a higher ADC is related with a higher WC.
Experiments showed a linear relationship between ADC and WC [87, 127].

6.1.2 Water Content Extraction from CT Image

Although WC extraction from MR imaging has shown very promising results. For se-
vere TBI patients, however, MR scanning is not recommendable for unstable patients.
Furthermore, using this method, MR scanning needs to be repeated with different pulse
sequence parameters to obtain the relaxation times and special protocols are needed thus
reducing its clinical application. CT imaging, however, is usually the first imaging modal-
ity for TBI patients [69, 90]. Therefore, this part of the thesis explores the possibility
of quantifying WC from CT images in order to evaluate the progression or regression of
brain edema for patients treated with decompressive craniotomy.
WC of the edematous brain is one of the major determinants of CT attenuation. Hounsfield
unit (HU) value from CT image has been reported to be closely related to WC [74, 119,
121]. Measuring CT attenuation allows localization and quantification of edema as well
as study of sequential tissue changes in the living brain when correlated with pathological
specimens [119]. The HU value from CT image is closely related to the severity of brain
edema which appears as low-density areas on CT images due to excess water accumula-
tion [74, 119, 121]. The HU value was found to decrease linearly when the tissue water
is elevated. In regard to ischemic brain edema, with each 1% increase in tissue WC,
attenuation will decline by approximately 2 HU [74] which give the relative variation of
WC with HU values. Although the aforementioned studies give the relative change of
WC based on changes of HU values, the absolute WC is of greater clinical importance for
the evaluation of brain edema dynamics. However, the relationship between the absolute
WC and HU value from CT images, hasn’t been studied previously.

6.2 CT Physics

The approach presented here depends heavily on HU values from CT images. Therefore,
for the sake of completeness, a short description of CT principles will be given before the
quantitative WC mapping procedure is described.

6.2.1 X-ray Attenuation and HU Value

CT imaging is created by directing X-rays at an object from multiple orientations and
measuring the resultant decrease in intensity. The intensity is characterized by Beer’s
Law, which describes intensity reduction as a function of X-ray energy, path length, and
material linear attenuation coefficient. A specialized algorithm is then used to reconstruct
the distribution of X-ray attenuation in the volume being imaged [29, 80].
When an X-ray beam with initial intensity of I0 is focused on a subject, the approaching
X-rays are either scattered, absorbed or transmitted through the subject, and the intensity
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of the transmitted X-ray denoted by I is measured by the detector [33]. Consider the case
of a monoenergetic photon X-ray passing through a slice of tissue with the attenuation
coefficient µi. The output intensity I is given by:

I = I0exp

[∑
i

− (µixi)
]

(6.1)

where xi is the distance traveled by the X-ray beam [49].
The linear attenuation coefficient for the energy spectrum of a typical diagnostic X-ray
beam for air, bone, muscle, blood and water are: µair = 0, µbone = 0.48 cm−1, µmuscle =
0.18 cm−1, µblood = 0.178 cm−1, µwater = 0.195 cm−1[29]. This clearly shows that the
linear attenuation coefficient µ is dependent on the material of interest, i.e, the chemical
composition. However, note that the linear attenuation coefficient of a material µ is also
dependent on the X-ray energy. A higher energy will usually result in a lower µ value
[16, 51].
Clinically, CT images are produced with highly filtered, higher-kV X-ray beams with
an average energy of 75 keV. At this energy in muscle tissue, photoelectric and Comp-
ton scattering account for the majority of the attenuation encountered. About 90%
X-ray attenuation is due to Compton scattering and 10% due to photoelectric absorp-
tion. Therefore, HU values and hence CT images receive their contrast mainly from the
physical properties of tissue that influence Compton scattering [29].
The monochromatic total energy attenuation coefficient µ(E) is a summation of the
attenuation due to Compton scattering µc(E) and photoelectric absorption µp(E) defined
as [26]:

µ(E) = µc(E) + µp(E) (6.2)

The attenuation coefficient is a function of X-ray energy (E) Eq. (6.2). Given a material
with known chemical composition, one can possible to get the attenuation coefficients
µ, µc, µp from the mass attenuation coefficients and mass energy-absorption coefficients
table [16]. The total mass attenuation coefficients for a mixture could be obtained by
adding the coefficients for each element weighted by the compositions fraction [16, 26].
A more complete table for mass attenuation coefficients for element media, compounds
and mixtures can be found in [72].
HU values provide information on the X-ray attenuation characteristics of the material
relative to that of water (µw) [26, 29] which is defined as:

HU = 1000(µ− µw)/µw (6.3)

Accordingly, the HU value for air should be -1000 and 0 for water in the absolute HU
scale.
Hc and Hp describe the Compton and photoelectric coefficients in exactly the same way
as HU describes total attenuation according to [28]:

Hc = 1000(µc − µcw)/µcw, Hp = 1000(µp − µpw)/µpw (6.4)
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Figure 6.1: An axial and sagittal section from a patient CT image. Before gantry cor-
rection, seriously distortion is seen in the sagittal plane (left). After gantry correction,
the distorted image is corrected (right).

6.2.2 Image Reconstruction of Attenuation Coefficient

By changing the angles of the X-ray photons, CT scanners record “projection” measure-
ments of the transmission of X-ray photons through an object [51] which provides the
information of the linear attenuation coefficient for the whole domain of interest. Several
reconstruction algorithms have been developed to solve the individual linear attenuation
coefficient for each point of the matrix including backprojection method, iterative re-
construction, Fourier reconstruction etc. [49]. Image reconstruction has a fundamental
impact on image quality and therefore on radiation dose. For a given radiation dose it is
desirable to reconstruct images with the lowest possible noise without sacrificing image
accuracy and spatial resolution [150].

6.2.3 CT Scan Parameters

During the CT scan, radiologists need to balance image quality and dose by selecting
appropriate scan parameters and dose reduction methods to be used during scan data
acquisition [151]. The most commonly used parameters which need to be adjusted are
listed:

• Gantry angle. Gantry-tilted CT scanning is used to avoid unnecessary exposure
to the vulnerable tissues such as the eyes [93]. If the gantry angle is not zero,
the images are distorted. A gantry correction is needed in order to get a correct
geometry. By applying an affine transformation matrix with a correct shear factor
according to the gantry tilt direction, the image will be corrected. An example
shows the image before and after gantry correction in Fig. 6.1.

• Tube voltage (kV). Different voltage generates X-ray with different energies and
energy spectra [81]. The maximum energy of the generated X-ray photon in kilo-
electron volt (keV) is numerically equal to the applied kilovolt peak (kVp). Most
CT scanners have a limited range of kVp choices when performing CT scans. Rou-
tine body CT for adult patients is generally performed at 120 to 140 kVp. The use
of 80 kVp is a widely accepted level when attempting to reduce radiation doses in
pediatric patients [5].
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• X-ray tube current (mA) and exposure time (ms). X-ray tube current (mA) controls
the X-ray intensity. The tube current (mA) is usually adjustable over a wide range
from 10 mA to 800 mA. The effect of tube current (mA) on image quality is more
straightforward than that of tube voltage (kV) [5].

• Reconstruction kernels. Different reconstruction kernels such as “soft”, “standard”,
“soft tissue” have been used in order to get a better contrast for different types
of tissues, which are also called “convolution kernels”, since this act as a filtering
function. The raw data are mathematically filtered before being backprojected (one
method for image reconstruction) onto the image matrix. This involves convoluting
the projection data with a convolution kernel. Different kernels are used depending
on the clinical applications such as soft tissue imaging or bone imaging. Bone
kernels have less high-frequency roll-off and hence accentuate higher frequencies in
the image at the expense of increased noise [20].

6.3 Water Content Extraction

The extraction of WC is based on a relationship between WC and specific gravity (SG)
[111], and SG could be obtained from the HU in the CT images by a photoelectric
correction value 4Hp [26, 27, 119] according to the chemical composition and the X-ray
energy. SG then serves as a bridge to connect the HU value from CT image with that of
the WC. In order to make the HU values from different images comparable, both pre- and
post-craniotomy images were calibrated using a two-point calibration method using CSF
and air as references [22]. Different equations apply for gray and white matter due to the
chemical composition difference which makes it necessary to segment the images. This
was performed by using an atlas based method [30]. Morphing a segmented brain atlas
to the patient brain according to the cranial and lateral ventricle shape and the morphed
template gives the segmented image. This section will discuss the relationship between
SG and its relation to WC. SG is related to the HU values from CT images. Based on
this, the relation between WC and HU values from the CT images could be established.

6.3.1 HU Value and Specific Gravity

SG and HU value

SG is the ratio of the unknown density to that of water which is defined according to
[28, 119]

SG = n

nw

ρe
ρew

(6.5)

where n is the number of nucleons per electron which can be calculated according to the
chemical formula of the material. For water, nw = 1.8015. ρe is the electron density with
unit of electrons/cm3. The electron density ρe is defined as ρe = ρN(Z/A)eff , where
Z is the effective atomic number, A the effective atomic mass, N is Avogadro’s number
(6.023e23, a constant), ρew is the electron density of water, and ρ is the density [126].
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%H %C %N %O %Na %P %Cl %K

White matter 10.56 17.80 1.88 68.72 0.124 0.434 0.124 0.36

Gray matter 10.58 10.09 1.79 76.46 0.15 0.35 0.15 0.43
Table 6.1: Chemical composition of cerebral white and gray matter [27]. The percentage
is the weight fraction of each of the elements.

The Compton scattering is proportional to electron density, and the electron density of
the material can be related to Hc according to [28, 119]:

ρe/ρew = (1 +Hc/1000) (6.6)

Combining Eq. (6.6) with Eq. (6.5) leads to [28, 119]:

SG = n/nw(1 +Hc/1000) (6.7)

The HU value is related to Hc by a photoelectric correction 4Hp according to [28, 119]:

Hc = HU −4Hp (6.8)

For a material with known chemical composition, the value of HU and Hc can be calcu-
lated from the mass-attenuation coefficients and the photoelectric correction value 4Hp

can then be calculated. In this way, the SG value is related to the HU value from the CT
images.

Photoelectric correction (4Hp) for gray and white matter

The chemical composition of cerebral white and gray matter listed in Table. 6.1 are taken
from [27].
The CT machine generated X-ray spectrum is usually poly-energic. Images obtained at a
tube voltage of 120 kVp corresponds to an effective energy of approximately 70 keV [102].
µc/ρ is the Klein-Nishina function for Compton scattering (Incoherent scattering) and it
represents the photoelectric absorption, which also includes the coherent scattering bind-
ing energy corrections [26, 27]. The values of the mass attenuation coefficients µc/ρ, µp/ρ
for the elements found in brain tissue at 70 keV was obtained from the Photon Cross
Sections Database which provides mass attenuation coefficients for all of the elements
Z = 1 to 92, and for compounds and mixtures of radiological interest [16] as listed in
Table. 6.2.
According to the weight fraction of the elements for gray and white matter from Table. 6.1,
the total mass attenuation coefficients were calculated by adding the coefficient of each
element weighted by the composition fraction listed in Table. 6.3.
In order to get the linear attenuation coefficients, a density value for normal gray and
white matter is needed which are ρ = 1.0433 g/cm3 for gray matter and ρ = 1.0398 g/cm3
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H C N O Na P Cl K

µc/ρ(cm2/g) 0.3167 0.1565 0.1559 0.1554 0.1466 0.1457 0.1431 0.1439
µp/ρ(cm2/g) 0.000565 0.0107 0.0155 0.0218 0.0510 0.1297 0.1885 0.2695

Table 6.2: Mass attenuation coefficients of the elements of the brain tissue at 70 keV.

WM GM Water

µc/ρ (cm2/g) 0.1725 0.1724 0.1734
µp/ρ (cm2/g) 0.0191 0.0201 0.0194

µ/ρ 0.1916 0.1925 0.1928
Hc 34.45 37.33 -
Hp 20.70 77.09
HU 33.07 41.34
4Hp -1.386 4.0098

Table 6.3: Calculation of 4Hp for gray matter and white matter.

for white matter, respectively [23]. The mass attenuation coefficients in Table. 6.3 were
then converted to linear attenuation coefficients by multiplying the density. The value of
Hc and Hp and HU are calculated according to Eq. (6.3) and Eq. (6.4) with the results
listed in Table. 6.3.

6.3.2 Relationship between Specific Gravity and Water Content

WC is defined as:

%WC = (Wt −Wd)/Wt × 100 (6.9)

Where Wt is the weight of the fresh tissue, Wd is the dried weight.
The relationship between SG and WC is related according to [99, 111]:

WC = (m(1/SG) + b)× 100 (6.10)

The slope m = SGs/(SGs − 1), and intercept b = 1/(1− SGs). Where SGs is the SG of
the tissue solids. SG relates to the relative WC of the tissue. Based on the experimental
values obtained by Marmarou et al. [98, 99], an equation relating SG and WC for both
gray and white matter could be established. The average measured SG is 1.146 for white
matter, and 1.26 for gray matter. Using these constants, the final equations relate WC
to SG values in an abbreviated form as following:

WCWM = 784.93/SG− 684.93 (6.11)
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WCGM = 484.62/SG− 384.62 (6.12)

According to the above equations, the calculated WC for normal gray matter is 79.89%
(SGGM = 1.0433), and WC for normal white matter is 69.93% (SGWM = 1.0398). These
values correspond well with the reported values from the literature with values of 79.7%
for gray matter and 69.9% for white matter [54].

6.3.3 Calibration of the HU Values from CT Images using Air and
CSF as References

Two-point calibration of HU values using CSF and air as references

It’s difficult to correlate HU values from one investigation to another and from one CT
scanner to another. There are many factors affecting the reconstructed linear attenuation
coefficient µ and the HU value showing on the CT images, especially since µ is energy
dependent. Other factors include short and long term changes in X-ray dose, instability
of the detector system and calibration error of the detector system in relation to water.

In order to convert the HU values to a true HU scale (Hw = 0;Ha = −1000), a two-point
calibration using air and water was proposed [28] according to Eq. (6.13):

HU = 1000(Hm −Hw)/(Hw −Ha) (6.13)

where Hm is the measured Hounsfield value reading from the CT images.

In clinics, however, CSF instead of water, has been used as reference [22] in order to make
the HU values from different CT images comparable. In this work, we used a slightly
modified equation using CSF and air as references according to

HU = H̄CSF + (Hm −Hm_CSF ) ∗ (−1000− H̄CSF )
(Hm_air −Hm_CSF ) (6.14)

where H̄CSF is the average HU value of CSF in the two set of images to be compared
(e.g. pre- and post craniotomy images). It’s important to make this calibration since this
will not only allow to make the HU value differences meaningful, but also the absolute
HU value.

Convert the measured HU values to the true HU scale using CSF and air as
reference

A series of ROI was manually selected in different slices at the voxels where it’s purely
CSF. Totally 24 ROIs were selected and the same procedure was made for ROIs of air.
It’s necessary to avoid the places with metal streak artifacts and select only the areas
which is pure air. The mean HU value of CSF for different CT images were summarized
Table. 6.4.
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Patient 1 Patient 2
CSF air CSF air

Precraniotomy 5.5217 -999.4390 4.8060 -997.7925
Postcraniotomy 1.9581 -998.9121 2.3675 -1.0001e+03

Average 3.7399 - 3.5868 -
Table 6.4: Mean values for CSF and air in pre and post-craniotomy scans for two TBI
patients .

WM GM
SG = 1.006(1 + (HU − (−1.3860))/1000) SG = 1.006(1 + (HU − 4.0098)/1000)

WC = 784.93/SG− 684.93 WC = 484.62/SG− 384.62
Table 6.5: Final equations relating HU values with water content for gray and white
matter.

From the result in Table. 6.4, the HU value for air is very close to -1000, and the HU
value for CSF is between 2 - 6 which is very close to the value obtained in [22] which is
between 2 and 4 for infants from 0-5 years of age. Other reported values lies in between
0 - 10 [71]. This indicates that the CT scanner should have already been calibrated to
fit the HU scale.

6.3.4 Relationship between HU Values and Water Content

After the HU value from the CT images has been calibrated using the procedure described
in Section 6.3.3, the WC could then be directly related with HU values using the final
equations listed in Table. 6.5.

6.3.5 Segmentation of Gray and White Matter

As different equations apply for gray and white matter, it is necessary to segment the
gray and white matter. The common CT image segmentation is based on the gray values
determined by the HU values. The HU value differences makes the CT image darker for
white matter then for gray matter. However, due to the lack of clearly defined edges,
segmenting these structures remains a challenging task that will not be accomplished
by designing algorithms that rely solely on information present in the image but also a
priori information is needed [47]. This is especially difficult for the CT image of edema
patients where the WC variation already changes the HU values. We used a template
based method. First the MRI image from a normal brain with similar age was segmented
using probability map as a priori information combined with expectation-maximization
(EM) algorithm method using the open source software Slicer3D [115]. The ventricle and
cranial shapes were used to morph to the pre- and post-craniotomy stage. The morphed
segmented gray and white matter of the normal MRI is the segmented image for the
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Figure 6.2: CT image and the segmented results for Patient 1 evaluated at pre-
craniotomy (upper row) and Post-craniotmy (lower row) .

Figure 6.3: CT image and the segmented results for patient 2 evaluated at Pre-
craniotomy (left column) and Post-craniotmy (right column).
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patients with the results showing in Fig. 6.2 and Fig. 6.3 for Patient 1 and Patient 2,
respectively.
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7 Fiber Tractography from Diffusion
Weighted Imaging (Paper III)

Diffusion Weighted (DW) Imaging, is a Magnetic Resonance (MR) technology that non-
invasively measures the random motion of hydrogen atoms within water molecules in all
three dimensions. After its development it has found wide applications in clinics. It’s
capable of detecting subtle abnormalities in various of diseases such as stroke, multiple
sclerosis, dyslexia, and schizophrenia [89]. Different indices derived from DW images have
been found to provide more information of traumatic brain injury (TBI) patients which
is usually invisible when using other MR imaging techniques [24, 122]. From DW images,
diffusion tensor could be derived based on which fiber tractography can be extracted
representing the white matter fiber bundle connections in the brain. Fiber tractography
has been used for tumor resection surgery planning in order to get around the most
important fibers in the brain. Fiber tracts contribute to the anisotropic properties of
brain tissue and the orientations of fiber tracts have been integrated in biomechanial
modeling which are of great importance to have more insight into the axonal injuries [34,
38, 39, 149]. In this chapter, the basic principles of DW imaging will first be given followed
by diffusion tensor analysis, and finally a method to extract fiber tracts is described.

7.1 Diffusion Physics

The random movement of particles suspended in a fluid or gas is refereed to as a Brownian
motion. In a homogeneous, barrier-free medium, provided that the number of molecules is
sufficiently large, the squared diffusion displacements r, averaged over all the molecules
in the ensemble, is directly proportional to the observation time τ . In n dimensional
space:

r2 = 2nDτ, n = 1, 2, 3 (7.1)

where r2 is the mean squared displacement of the molecules. The scalar proportionality
constant D is known as the diffusion coefficient and depends on the medium viscosity,
the particle size and the temperature [68]. Consider, for example, pure water which is
known to have a self-diffusion coefficient of approximately D = 3× 10−3 mm2/s at body
temperature (37o). If water molecules are followed to diffuse freely in three dimension,
the displacement over an interval, say τ = 50 ms 1, the square root of r2 according to
Eq. (7.1) is 0.03 mm. The resultant distance water molecules migrate, if they were free,
is much greater than the cellular dimension [35]. Thus, when water molecules migrate in

1Represents the measurement interval commonly used for in vivo diffusion imaging procedures.
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the brain tissue, it’s inevitable that the water molecules will be hindered by the axonal
membranes and the myelin sheaths.
Diffusion is said to be isotropic when the displacement due to Brownian motion is direc-
tionally independent. In this case, a scalar value D is sufficient to represent the diffusion
characteristic in brain tissue, such as gray matter, where the measured apparent diffusiv-
ity is largely independent of the orientations of the tissue. However, in white matter, for
example, the diffusivity is dependent upon the orientation of the tissue. No single scalar
can characterize the orientation-dependent water mobility in these tissues. Instead, a
symmetric effective or apparent diffusion tensor is needed in such cases [9, 88].

7.2 Diffusion Weighted Imaging and Diffusion Tensor
Analysis

7.2.1 Diffusion Weighted Imaging

From a series of DW images, the effective diffusion tensor, D, can be estimated using the
relationship between the measured signal intensity at each voxel and the applied magnetic
field gradient sequence [9, 12]. The diffusion tensor is symmetric (i.e. Dij = Dji),
thus it contains only six unique values. Given this, at least six non-collinear diffusion
gradient directions are required to determine the diffusion tensor [10, 35]. In order to
improve the quality of the diffusion tensor calculation, a larger number of non-collinear
diffusion gradient directions should be used which gives an “over estimation” for the
diffusion tensor. In this case, different methods exist to solve the diffusion tensor, such
as least square and weighted least square. For detailed theory about DW imaging (see
[9, 10, 12, 89] for more detailed information on DW imaging).

7.2.2 Diffusion Tensor Analysis

Once the diffusion tensor D is determined, different indices can be derived to provide
information for each voxel in the image. The diffusion tensor is a real, symmetric second
order tensor. Mathematically, this entails a linear rotation of the diffusion tensor to
diagonalize it thereby setting off-diagonal elements to zero [89].

D =

 Dxx Dxy Dxz

Dyx Dyy Dyz

Dzx Dzy Dzz

 = [e1e1e3]

 λ1 0 0
0 λ2 0
0 0 λ3

 [e1e1e3]T (7.2)

where λ1, λ2 and λ3 are eigenvalues (λ1 > λ2 > λ3) and the corresponding eigenvectors
are e1, e2, e3. The eigenvalues of the diffusion tensor provide diffusion coefficients along
the orientations defined by its respective eigenvectors [89]. λ1 represents the greatest
diffusion value along a fiber axis, denoted by the direction vector e1. λ2, λ3 represent
the diffusion value along two axes perpendicular to e1. Because D is symmetric and
positive definite, its three eigenvectors (principal coordinate directions) e1, e2, and e3 are
orthogonal [11].
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A number of rotationally invariant scalar parameters can be extracted from the diffusion
tensor. The apparent diffusion coefficient (ADC) along any direction g can be calculated
according to:

ADCg = gT ·D · g = λ1 (g · e1)2 + λ2 (g · e2)2 + λ3 (g · e3)2 (7.3)
The Mean Diffusivity (MD), representing the average diffusion in a voxel, can be cal-
culated as the mean of the eigenvalues of diffusion tensor, D. MD is equivalent to the
average of three ADCs measured in three orthogonal directions [8] which is defined as:

MD = Dxx +Dyy +Dzz

3 = λ1 + λ2 + λ3

3 = λ̄ (7.4)

where λ̄ is the mean of the eigenvalues of the diffusion tensor.
The Fractional Anisotropy (FA) is the most commonly used anisotropy measure and is a
normalized expression of the tensor eigenvalues [8] according to Eq. (7.5).

FA =

√√√√√3
((
λ1 − λ̄

)2
+
(
λ2 − λ̄

)2
+
(
λ3 − λ̄

)2
)

2 (λ2
1 + λ2

2 + λ2
3) (7.5)

FA approaches 0 for perfectly isotropic (λ1 = λ2 = λ3) conditions and FA = 1 for perfectly
anisotropic tensors (λ1 � λ2, λ3). For example, for white matter of the corpus callosum,
which is known to be rich of fiber bundles of the brain, FA ≈ 0.7− 0.8 [35].

7.3 Fiber Tractography

Once the fractional anisotropy (FA) and the preferred diffusion direction has been cre-
ated, it is possible to perform fiber tracking or diffusion tensor tractography. Streamline

Figure 7.1: Extracted axonal fiber tracts (left). Axonal fiber tracts with three eigenvec-
tors of the diffusion tensor, i.e., axonal fiber orientation (N1 ), and two perpendicular
vectors, N2 and N3 (middle). A magnified picture shows the eigenvectors of the diffu-
sion tensor (right).
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tractography is one of the methods for fiber tract estimation [104, 105]. Streamline trac-
tography uses the maximum orientation described by the eigenvector e1 associated with
the largest eigenvalue λ1, as an estimate of local tract orientation. It assumes that λ1
associated with the maximum eigenvector is the main fiber direction.
DW images were performed at a 3D scanner (Siemens Trio-Tim, Erlangen, Germany)
acquired with a repetition time of 5.2 s, an echo time of 91.4 ms, b value of 1000 s/mm2

and a resolution of 2 × 2 × 3.6 mm for an image size of 184 × 232 × 151. T1 Weighted
images were taken at the same time on a healthy volunteer with the approval of the local
ethics committee. The DW images were taken using 30 gradient directions and the diffu-
sion tensors were estimated from the DW images using a standard least square method
implemented in the open source software Slicer 3D which provides a comprehensive tool
for DWI and diffusion tensor processing [115]. The final extracted white matter tractog-
raphy using the streamline method [13, 104, 105], contains the polylines (Fig. 7.1, left)
with the corresponding diffusion tensor at each fiber point (Fig. 7.1, middle). The major
eigenvector of the diffusion tensor, λ1 with its corresponding eigenvector N1 is associated
with the tangent to the fiber path and the two other eigenvectors, λ2 and λ3 (N2 and
N3) are directly perpendicular to the fiber path (Fig. 7.1, right).
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8 Results

The main results from the individual studies will be presented separately.

Results of Paper I : Influence of gravity for optimal head
positions in the treatment of head injury patients

In Paper I, gravitational force was suggested to have a significant impact on the pressure
of the edema zone in the brain tissue. A Finite Element (FE) model including the
meninges, brain tissue and a fully connected cerebrospinal fluid (CSF) system was used
in this study. Brain tissue was modeled as a poroelastic material consisting of an elastic
solid skeleton composed of neurons and neuroglia, permeated by interstitial fluid. Falx
and tentorium, formed by the dura mater, was modeled with shell elements. The model
includes the CSF generation at the choroid plexus present in both the lateral and third

Figure 8.1: Gravity effects on edema located at the posterior part of the brain. a
Pressure distribution for supine (upper) and prone (lower) position in the model. b
IFP (upper) and water content increment (lower) distribution along the white matter
for both the supine and prone positions.
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ventricles, and absorption through arachnoid villies at the superior sagittal sinus (SSS)
and the spinal nerve roots (see Chapter 4 for modeling details).

To better understand the influence of gravity, modeling of the normal CSF circulation is
a prerequisite. Therefore, normal CSF circulation both with and without gravity were
simulated first. In the model of normal CSF circulation without gravity, the Intracranial
Pressure (ICP) ranges between 1,070-1,097 Pa, which is within the normal range for
healthy adults. When gravity was added to the model, pressure was higher at lower
parts of the brain in the gravity direction for both the supine and prone positions. This
indicates that hydrostatic pressure due to gravity affects the pressure distribution under
normal CSF circulation state. The normal CSF model served as a baseline model for the
subsequent edema model.

The effect of head positions (supine and prone position) due to gravity was investigated
for a localized brain edema at the posterior part of the brain. Results from the model
showed a higher localized interstitial fluid pressure (IFP) at the edema zone due to extra
edema fluid accumulation for both positions (Fig. 8.1 a). However, the average IFP in
the edema zone decreased around 15%, from 3,331 Pa to 2,824 Pa, when changing from
the supine to prone position. For the supine position, the IFP decreased from the edema
zone the whole way to the frontal part of the brain. For the prone position, the IFP
at tissue adjacent to the edema showed a similar tendency as for the supine position.
However, IFP started to increase at a certain distance (Fig. 8.1 b upper) from the edema
zone due to hydrostatic pressure induced by gravity. The tissue pressure gradient forces
the interstitial fluid away from the edematous zone to other parts of the brain. When IFP
increases, the brain tissue is swelling due to the pressure gradient acting on the tissue
skeleton. The predicted water content increment is about 10% at the centre of the edema
and decreases towards other areas of the brain (Fig. 8.1 b). The value of water content
increment is nearly identical for both positions.

Results of Paper II: Increased strain levels and water
content in brain tissue after decompressive craniotomy

In Paper II, stretching of brain tissue and the water content (WC) were investigated as
these are of significant importance to evaluate and understand the consequences of pa-
tients treated with decompressive craniotomy (DC). Two patients were included in this
study. The stretching of brain tissue was quantified retrospectively based on the Com-
puterized Tomography (CT) images of the patients before and after DC by a nonlinear
image registration method presented in Chapter 5. WC was related to specific gravity
(SG), which in turn was related to the Hounsfield unit (HU) value in the CT images by
a photoelectric correction according to the chemical composition of the brain tissue. The
detailed procedures for WC quantification can be found in Chapter 6. Only the results for
Patient 1 is presented here. The results for Patient 2 can be found in appended Paper II.
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Figure 8.2: Procedures and results of displacement field analysis.

Figure 8.3: Displacement and strain level of the brain tissue in areas abutting the skull
base for Patient 1. Displacement magnitude (left). 1st Principal strain (right).
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Displacement field analysis

To quantify the Lagrangian finite strain tensor, a first step is to calculate the displacement
field. The procedures and results for displacement field analysis is presented in Fig. 8.2.
The reconstructed surfaces of the segmented binary images are shown in Fig. 8.2 (left col-
umn). A representative slice is presented to illustrate the registration results in Fig. 8.2
(middle column). Before Diffemorphic Demons (DD) registration, there is a large dis-
crepancy between the overlayed images around the ventricles. After DD registration, the
discrepancy is nearly invisible indicating a good alignment, and the structural change of
brain tissue occurring between different stages was accurately captured. From the DD
registration, a 3D matching field (displacement field) was obtained which represents the
motion of the brain tissue in order to deform the brain shape from one stage to another
(Fig. 8.2, right column).

Strain level quantification

The DC initiated an external motion of the brain tissue and with displacements up to 16
mm (Fig. 8.3, left). In contrast, the maximum strain level was localized around the skull
edge of the DC indicating that the neurons in this area were under serious stretching
(Fig. 8.3, right).
The strain level was quantified in the entire brain tissue with results presented in Fig. 8.4
(upper row). In the pre-craniotomy brain, the strain level is large around the ventricular
system which makes the neurons around the ventricles either stretched or compressed
(Fig. 8.4, Pre-Craniotomy). Following DC, the strain level increased substantially at
the treated side compared to that before the treatment (Fig. 8.4, Post-Craniotomy).
The strain level in the central region has increased further up to over 80% around the
ventricular wall. Also, the strain is more widespread compared to the pre-craniotomy.
Moreover, an increase in strain level on the opposite side of the DC was also observed,
however, to a much lesser extent compared to the treated side. The strain can be further
analyzed by plotting the strain along the cross-lines before and after DC (Fig. 8.4, a –
c) showing the significant influence of the treatment on the strain level. The increased
strain level differs significantly depending on where the analysis is taking place. The
strain level in the vicinity of the DC shows a higher level after treatment (Fig. 8.4, a and
b), while other areas with a longer distance from the DC presents an increase in strain
level, to a lesser extent (Fig. 8.4, c).

Water content quantification

In comparison to normal conditions of WC, which is around 70% for white matter and
80% for gray matter [54], the WC shows a slightly increased concentration in the brain
tissue of the traumatic brain injury (TBI) patient after DC (Fig. 8.5, upper row) reaching
a WC of up to 90 percent in some areas of the brain tissue. When comparing the WC
before and after treatment, the increased WC is more obvious in the white matter of the
frontal lobe where a hemorrhage was seen from the CT image. For other parts of the
brain, the increased WC is distributed in a relatively similar way in both hemispheres
regardless of the area of DC. A probability density function (PDF) was used to depict the

44



Results

Figure 8.4: Strain distribution at a representative axial slice in the healthy, pre-
craniotomy and post-craniotomy period (upper row). Evaluation of the increased strain
levels before and after treatment along the crossline in three different areas of the brain
tissue (a, b, c, lower row).
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Figure 8.5: Quantitative water content (WC) maps for 4 consecutive transverse slices
through the brain in the pre-craniotomy (upper row) and post-craniotomy (lower row)
period for Patient 1. The probability density function (PDF) of WC for the entire
brain shows a shift of WC toward a higher level in the post-craniotomy period.

relative frequency at a given water content level. The PDF provided a profile of water
content distribution of the entire brain which was characterized by two distinct peaks,
one for white matter and one for gray matter (Fig. 8.5). The development of edema is
characterized by more voxels at higher water content which is equivalent to a shift of the
profile to the right. The average WC in the whole brain is significantly increased after the
DC compared to that seen before the treatment (Fig. 8.5). The average WC of the white
matter had increased (p < 0.001) from 70.6% ± 5.7% to 73.1% ± 5.9%, and for grey
matter (p < 0.001) from 82.5% ± 3.6% to 84.5± 5.9%, respectively (mean ± standard
deviation).

Results of Paper III: Decompressive craniotomy causes
significant increase of strain in axonal fibers

1st Principal strain at axonal fibers for both the pre- (Fig. 8.6, left, Pre-Craniotomy)
and post-craniotomy stage (Fig. 8.6, left, Post-Craniotomy) are presented. For the pre-
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Figure 8.6: Displacement and 1st Principal strain at axonal fibers with the values plotted
for the fiber points at the region of the treated part.

craniotomy stage, due to the compression of the ventricles, the fibers surrounding the
ventricles were most seriously distorted and the strain level at a longer distance to the
ventricle is less pronounced. The strain distribution patterns changed after DC. The
strain level in the vicinity of the DC shows a higher level after the treatment. A magnified
image shows the displacement and the strain of the fibers for both the pre- and post-
craniotomy period (Fig. 8.6, right). Greatest axonal fiber displacement of up to 12 mm
was found at the treated part of the craniotomy (Fig. 8.6, right, upper). It’s seen that the
average 1st Principal strain at these axonal fibers is around 0.3 with a maximum value
around 0.49 (Fig. 8.6, right, lower).

The evaluation of axonal stretching at the treated part of craniotomy is of great interest
since it’s suggested to contribute to the unfavorable outcome for the patients [40, 131].
Thus, strain levels at two representative regions of the axonal fibers at the treated part
are plotted to illustrate more clearly how these different strain measures differ from each
other (Fig. 8.7). Region 1 was selected at the place where the axonal fibers are close to
the skull edge, while region 2 is further away from the skull edge. 1st principal strain
is always with the largest value among all strain measures which should be expected.
Generally, the axonal effective shear strain is smaller than the axonal strain, however,
this is not always the case. At some fiber points, the axonal effective shear strain is
indeed larger than axonal strain.

1st principal strain was found up to 0.34 at some point at region 1, with an axonal strain
of 0.28 and axonal effective shear strain of 0.12 at the same point. For region 2, the
maximum corresponding strain levels are 0.2, 0.17 and 0.06. The axonal effective shear
strain at region 1 is much higher than in region 2 representing a larger “tearing” effect
to the axonal fibers due to the skull edge. At region 2, the axonal strain is close to
1st principal strain indicates that the axonal orientation at these points is close to the
maximum stretching direction (i.e. 1st principal strain direction).
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Figure 8.7: Strain levels at the two regions of the selected axonal fibers points. The
horizontal axis is the fiber point index (Id), and the strain values vary as a function of
the location in the axons. Strain levels at axonal fiber tracts at region 1 (right, upper).
Strain levels at axonal fiber tracts at region 2 (right, lower).

Results of Paper IV: Influences of Brain Tissue
Poroelastic Constants on Intracranial Pressure (ICP)
during Constant-Rate Infusion

In Paper IV, the influences of brain tissue poroelastic constants on ICP during constant-
rate infusion were investigated. Basically, the same FE model was used as in Paper I.
However, more poroelastic parameters are required in this study for a transient procedure.
Due to a substantial variation in previously used poroelastic constants, the influence of
the main poroelastic parameters including the Biot coefficient α, Skempton coefficient B,
drained Young’s modulus E, Poisson’s ratio ν, permeability κ, CSF absorption conduc-
tance Cb, and external venous pressure pb was studied to investigate the influence on the
time-pressure response.
A normal CSF circulation model is a prerequisite before the onset of the infusion. In
the normal CSF circulation model, the pressure in the brain lies between 1,157-1,183 Pa
(Fig. 8.8) which corresponds well with the CSF resting pressure found from the experi-
ment, and reported to be 1,200 Pa [94].
For the infusion models, the parameters of α,B,E and ν affect the infusion curves sub-
stantially (Fig. 8.9). However, the value of the specific storage term Sε inevitably varies
according to a change of these parameters. Thus, the results of using different parameters
for α,B,E and ν should not only be taken as the influence of the varying parameters
alone, but also the resultant value of Sε. Thus, we investigated how the parameters
would affect (or if it will affect) the solution if the value of Sε remains the same in order
to eliminate the dominant factor Sε and study the influence of the other parameters alone.
The value of Sε = 4.4748× 10−7 Pa−1 was chosen corresponding to the standard param-
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Figure 8.8: Steady state pressure distribution from the normal CSF circulation model.
(a) Pressure distribution in the transversal plane. (b) Pressure distribution in the
sagittal plane. The normalized streamlines show CSF flow pathways.
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Figure 8.9: Influence of parameter variation on the transient infusion process. Three
of the four parameters α,B,E and ν were kept constant and the other parameter was
varied. (a) Influence of the Biot coefficient, α. (b) Influence of the Skempton coefficient,
B. (c) Influence of the Young’s modulus, E. (d) Influence of the Poisson’s ratio, ν.
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Figure 8.10: The storage term Sε = 4.4748 × 10−7 Pa−1. was kept constant while the
influence of other parameters was studied. (a) Influence of E and ν. (b) Influence of
α and B. (c) Influence of α and ν. (d) Influence of B and ν. (e) Influence of E and
B. (f) Influence of E and α.
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eters with E = 9010 Pa, ν = 0.35, α = 0.9955 and B = 1. To get the same value for
Sε, two parameters have to be varied at the same time, which gives six combinations in
total with the simulated results given in Fig. 8.10. In the models with Sε kept constant
while the value of E and ν were varied, a smaller E, which corresponds to a larger ν,
resulted in a shorter time to reach a steady state. When the value of E becomes smaller
than a critical value, the curve shows a physically unrealistic pressure jumping (Fig. 8.10,
a). The pressure profile was not much affected by a variation of α and B (Fig. 8.10, b).
The larger value of ν, the faster the pressure comes to steady state (Fig. 8.10, c). There
are intersections between the curves with different values of B and ν indicating that the
influence of B and ν plays a similar role on the pressure curve (Fig. 8.10, d). Again, the
smaller E is, the faster the pressure comes to steady state (Fig. 8.10, e). When varying
E and α, the smaller E is, the faster it comes to steady state (Fig. 8.10, f) which should
be expected since α doesn’t influence the solution much as seen from (Fig. 8.10, b) and E
was identified as the dominant factor second to Sε which is consistent with the tendency
in Fig. 8.10, a and e).
Based on the simulated infusion curves, ANN was trained to model the infusion pro-
cess. The predictions from the identified ANN were used to optimize the poroelastic
parameters to best fit the experiment. The optimized parameter set obtained from the
Artificial Neural Network (ANN) was then input into the FE model to further verify
the performance of the ANN. However, also the result for the optimized parameters still
shows discrepancy compared with the experiment, which further confirms that linear
poroelasticity is incapable of fully capturing the transient infusion process.
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9 Discussion
Paper I: Influence of gravity for optimal head positions in the treatment of head
injury patients

The results from Paper I showed that gravity has a significant impact on the pressure
of the edema zone in the brain tissue. Considering the patient’s head position during
intensive care and at rehabilitation should be of importance to the treatment of edematous
regions in TBI as well as in stroke patients.
In the paper, a localized edema at the posterior part of the brain was simulated, where
we showed that the IFP inside the edema zone decreased around 15% by having the
head in prone position compared with a supine position, while water content increment
at the edema zone remained nearly identical for both positions. The conclusions can
be generalized to edema localized at other parts of the brain but with different optimal
positions.
Research shows that an elevated hydrostatic pressure of 30 mmHg triggers a series of
neurochemical responses in cultured retinal ganglion cells which might lead to further
neuronal apoptotic cell death and neurodegenerative diseases [76, 77]. From a mechanical
point of view, increased IFP may lead to larger deformation of the neuronal membranes
because of increased IFP between the extracellular and intracellular fluid. Increased IFP
due to edema compresses the vasculature, which in turn decreases the blood flow and
may cause brain ischemia. A relief in the IFP might potentially alleviate the damages to
the nerves and improve the outcome for patients following TBI.
Hydrostatic pressure effect of gravity has been used in clinics, for example, patients with
moderate and severe TBI are placed with the head in a 30 degree elevation aiming at
optimizing the cerebral perfusion pressure, the venous drainage from the head as well
as the pulmonary function [116, 117]. Patient positioning is an important factor in the
prevention of further secondary injury for TBI patients. Keeping ICP below a certain
level is critical to the treatment of TBI patients. The result may change the existing best
evidence synthesis of neuroclinical care of edema patients following TBI considering the
the importance of controlling ICP level.

Paper II: Increased strain levels and water content in brain tissue after
decompressive craniotomy

Brain tissue stretching due to decompressive craniotomy (DC) In TBI patients with
diffuse brain edema, for the most severe cases with refractory intracranial hypertension,
DC is performed as an ultimate therapy. The use of DC has increased although complete
consensus on its effectiveness has not been achieved due to the high levels of severe
disability and persistent vegetative state found in the patients undergoing DC. The DC
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allows expansion of the swollen brain outside the skull [40, 131] which causes stretching
of the axons and this was speculated to contribute to the unfavorable outcome of patients
treated with DC [40].
Two patients were evaluated in the study. For both patients, decompressive craniotomy
caused substantially high strain level in brain tissue at the treated part. The brain
tissue strain level caused by the neurosurgical intervention was up to 80%, and 120% for
Patient 1 and Patient 2 respectively, at some regions of the treated part. The maximum
strain level was localized around the skull edge of the DC indicating that the neurons in
this area were under serious stretching. Bain et al. [6] demonstrated in an animal model,
that a strain level of approximately 21% will elicit electrophysiological changes, while
a strain of approximately 34% will cause morphological signs of damage to the white
matter. Considering this, the question how this high strain level of brain tissue found at
the post-craniotomy stage affects the neuronal function and the outcome of the patient
is unclear and is waiting for further experimental studies.
The strain level was obtained from nonlinear image registration using Diffemorphic Demons
(DD) algorithm. DD allows for large deformation and has been widely used in brain image
registration which accounts for large variations between different subjects and accounts
for the localized deformation [143]. Strain quantification by image registration has been
used in different organs such as the lung and the heart [21, 59, 62, 114, 144]. This method
has also been used to study brain tissue deformation during mild head impact on healthy
volunteers [14, 56]. Due to the limitation of image quality, CT images can not be directly
used for registration. Therefore, a method to first segment to a binary images to elimi-
nate the internal density variation was used. In this way, a similarity criterion using sum
of the square difference (SSD) suffices for our application. Before DD registration, there
is a large discrepancy between the overlayed images around the ventricle (Fig. 8.2). After
DD registration, the discrepancy is nearly invisible indicating a good alignment so that
the brain structural changes in between the different periods (Healthy to Pre-craniotomy,
Pre-craniotomy to Post-craniotomy) have been accurately captured, based on which the
strain level is quantified.
There are studies using image registration for tissue deformation with physical constraints
in the algorithms, such as incompressibility [120], or hyperelastic warping [145]. Brain
tissue is usually modeled as nearly incompressible material in FE impact models [67, 84].
However, in the case of decompressive craniotomy, the brain tissue is swelling and an
increased volume is seen from the images which in this case behaves more like a poroelastic
material [92]. There is a large uncertainty in brain tissue parameters, which also is
dependent on the problem of interest. A previous study using FE modeling of brain
deformation for image guided neurosurgery suggested that the mechanical constitutive
model is unimportant and the simplest linear elastic model for brain tissue was sufficient if
taking into account finite deformations and prescribing the deformation on the boundary
[148]. Considering this, although the present method doesn’t consider the mechanical
properties of the brain tissue, different parameters were tested in order to assure the
correspondence from the pre- to post-craniotomy images and a smooth factor which plays
a similar rule as the mechanical parameters was adjusted.

Water Content quantification Brain edema appears as low-density on CT images due
to excess water accumulation [74, 119, 121] and the HU value from CT images is closely
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related to the severity of brain edema. Although the occurrence of brain edema can be
demonstrated with CT scans, the quantitative determination of water content could play
an important role in the evaluation of the severity of brain edema and the monitoring of
the treatment efficiency. WC extraction from MRI has shown very promising results for
severe TBI patients. However, MRI scanning is not recommendable for unstable patients
and also most often CT images is the only imaging modality of choice.

In Paper II, we proposed a way to extract water content from CT images at both pre-
and post-craniotomy stages in order to gain more insight into edema development and
thereby the consequences of the surgical intervention. Both patients evaluated in this
study showed higher WC at post-craniotomy stage. This is in line with the clinical
findings that DC may lead to worsening of cerebral edema [41, 58, 133]. However, worth
noting that this development should not be interpreted as a direct cause of DC. Since
traumatic brain edema per se could develop over succeeding days after the TBI [132] even
without neurological intervention. DC allows expansion of the brain tissue outside the
skull. From a mechanical point of view it is clear that with an increased volume, more
space is available to accumulate more fluid, and the WC increment found in Patient
2 is as expected. For Patient 1, however, there is no preference of increased WC at
the treated part compared to the opposite hemisphere. This should indicate that the
increased WC due to mechanical expansion caused by DC played a limited role. Instead,
the development of brain edema is a complex consecutive pathological process depends
on the type of primary lesions and associated conditions [139]. Although the small data
set with only two patients included in this study did not allow conclusions about the
impact of DC on the development of brain edema, the approach proposed here could be
readily extended to include more patient data in future studies.

Water content extraction is heavily dependent on the HU values from the CT images. The
comparison of HU values from different scanners can be difficult, due to different scanning
parameters, such as the tube current (mA), tube voltage (kV), reconstruction kernel and
slice thickness. Furthermore, there is no single relationship between water content and
HU value, which is also dependent on the chemical composition. For example, despite
the higher water content, gray matter has a higher HU value than white matter thus is
seen brighter in the CT images. To overcome the first problem, a two-point calibration
using CSF and air was performed to make the HU values comparable between pre- and
post-craniotomy images. This step should eliminate most of the inter-scanner calibration
problem. Regarding the 2nd problem, we proposed a method to connect HU value with
SG with different photoelectric correction values for gray and white matter according to
their chemical composition, respectively [119]. SG in turn is related with WC [99]. Thus
a relationship between WC and the HU value from the CT images could be established.
The SG-WC relationship used was taken from [99], but a slightly different equation was
reported from another group [23]. Thus although the absolute water content obtained
in this study shows reasonable results, it should be interpreted with caution since it is
dependent on the SG-WC equation used. In this study, the aim was to investigate the
progression of edema, rather than emphasis on the absolute water content. Thus, the
method used applicable for our purpose. Furthermore, since the same set of equations
were used for pre- and post-craniotomy images, the conclusions drawn on water content
increment is independent on the choice of SG-WC equations.
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Paper III: Axonal fiber paths stretching in patients treated with Decomrepssive
Craniotomy

As an extension of Paper II, Paper III aimed at extracting the deformation of axonal
fibers. The stretching of axonal fiber tracts in the form of 1st Principal strain was quanti-
fied at both the pre- and post-craniotomy stage following decompressive craniotomy (DC).
Other strain measures, such as axonal strain (E1) which represents the stretch along the
axonal orientation and axonal effective shear strain (Eeffshear), representing a tearing
effect to the axons, were also calculated. Incorporating axonal orientation provides addi-
tional information regarding axonal deformation (Fig. 8.7). The extracted axonal strain
is the stretch along the axonal direction, in this way, it is comparable with the thresh-
old obtained from the experiments where single axon stretching was performed. The
extracted axonal fiber tracts could be morphed to the FE model to consider anisotropic
properties of the brain tissue. Based on this, multi-scale modeling could be attempted
to predict neuronal strain on the cellular level since TBI occur on the micro-level rather
than on the tissue length scales [38, 39].

The DW images for the patient were not available, thus we morphed the axonal fibers
extracted from a healthy brain into the specific patient’s brain by applying the displace-
ment field containing the inter-subject structure differences. However, DW images for
the same patient, whenever available, should be used which represents the fiber tracts for
the patient. Nevertheless, the conclusions drawn from the results of the axonal strains
should be relatively unaffected. The axonal stretches have been speculated to contribute
to the unfavorable outcome for decompressive craniotomy patients [40, 131]. A quantita-
tive model in our study should provide more insight into the problem. There is a lack of
studies on sustained axonal stretches and shear deformation under static loading, there-
fore, how this strain of axonal fibers might affect the neural function is waiting for further
experimental studies. Although it is often impossible to avoid decompressive craniotomy
for some seriously injured patients, awareness and a better understanding of the potential
dangers of the craniotomy should promote the prevention of further damage to the brain.
Furthermore, by further development of the technology, it is quite possible to judge the
outcome of strain levels already before the decompressive craniotomy is performed. This
may have the possibility to optimize the size as well as the area of the craniotomy.

Paper IV: Influences of brain tissue poroelastic constants on Intracranial Pressure
(ICP) during constant-rate infusion

Constant-rate infusion tests are one of the important procedures for neurologists and
neurosurgeons to decide whether the patient is likely to benefit from a shunt surgery for
hydrocephalus patients [45, 78]. The current model in Paper IV shows promising re-
sults in predicting the steady state pressure. Furthermore, the steady state pressures at
different infusion rates closely follow the experiments. For the transient analysis, a para-
metric study was performed to investigate the influence of the parameters on the infusion
curve. The results from the model the specific storage term Sε is the dominant factor
that influences the infusion curve, and the drained Young’s modulus E was identified as
the dominant parameter second to Sε. The influences of other parameters including κ,
Qinf ,Cb, and pb are relatively straightforward since each of them can be varied indepen-
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dently. Varying Qinf , Cb and pb gives similar infusion curve tendency, but a different
steady state pressure. By identifying the relative importance of each of the main poroe-
lastic constants gain us a better understanding of the basic biomechanics of infusion into
the CSF system before stepping into more advanced models considering more uncertain
factors.
For some sets of parameter values, there was a pressure jumping at the beginning of the
infusion (Fig. 8.10, a and e). This phenomenon should be similar to the Mandel-Cryer
effect [73] which describes an initial pressure rise at the center of the cylinder due to the
coupling from the solid phase to the fluid phase (−dεb/dt). However, the Mandel-Cryer
effect is physically existing while for constant-rate infusion, the pressure jumping should
be physically unrealistic according to experiments [78, 94] where no pressure jumping was
seen during the infusion process. In this case, the appearance of physically unrealistic
pressure jumping indicates that the set of parameters tested is not reasonable.
Although the steady state pressure model fits well with the experiments, the current
model using linear poroelasticity is incapable of fully capturing the transient infusion
process. This is due to the limitation of linear poroelasticity using constant parameters
resulting in a constant compliant system. In reality, however, the CSF system is nonlinear,
which is more compliant at lower pressure while less compliant at higher pressure. To
represent a more realistic CSF system, nonlinear poroelasticity model should be used. As
suggested from our model, a nonlinear (pressure dependent) specific storage term Sε is
the most dominant factor to be considered.
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10 Conclusions

Four clinical related problems were studied using Finite Element (FE) modeling and
Imaging techniques aiming at suggesting a better solution for the treatment of edema
patients (Paper I) and to provide more insight into the sequelae to the patients treated
with decompressive craniotomy (Paper II and Paper III). To strengthen the results from
Paper I, II and III, the numerical modeling of constant-rate infusion was investigated in
Paper IV. Key conclusions from the individual studies are reproduced here.

Paper I: Influence of gravity for optimal head positions in the treatment of head
injury patients. Gravity effect is suggested to play an important role in the IFP inside
the edema zone indicating that considering the patient’s head position during intensive
care and rehabilitation should be of importance to the treatment of edematous regions
in TBI patients. Also, the results should have substantial impact for the evaluation of
head position in stroke patients.

Paper II: Increased strain levels and water content in brain tissue after decompres-
sive craniotomy. Decompressive craniotomy causes significantly increased strain level
and water content in brain tissue. The axonal streching may cause electrophysiological
changes resulting in loss of neuronal function. Although it is sometimes not possible to
avoid decompressive craniotomy for severe TBI patients with increased ICP, awareness
and a better understanding of the potential dangers of the decompressive craniotomy
should promote the prevention of further damage to the brain. It is suggested that the
strain level following TBI and stroke should be considered as a new injury criteria.

Paper III: Decompressive craniotomy causes significant increase of strain in axonal
fibers. The distortion (stretching or shearing) of axonal fibers at the treated part of the
craniotomy may influence the axonal fibers in such a way that the neurochemical events
are jeopardized. It is suggested that such a quantitative model may have prognostic
value for the cognitive and neurological sequelae of patients treated with decompressive
craniotomy. Also, the evaluation of the strain level in axonal fibers should have substantial
impact on other diseases, such as hydrocephalus.

Paper IV: Influences of Brain Tissue Poroelastic Constants on Intracranial Pressure
(ICP) during Constant-Rate Infusion The current FE model shows promising results
in predicting steady state ICP. However, linear poroelasticity shows its limitation in
simulating the transient infusion curve. Specific storage term Sε is identified as the
dominant factor that influences the infusion curve, and the drained Young’s modulus is
the dominant parameter second to Sε. Based on the results here, it is suggested that
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Chapter 10 Conclusions

the FE model should be looked upon as a complementary method to existing imaging
technologies.
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11 Future work

Clinical related problems regarding traumatic brain edema, decompressive craniotomy,
and constant-rate infusion have been investigated in this thesis. Future directions that
should continue and extend the ideas presented in this thesis are listed below.

• The method of strain level quantification proposed in this thesis could be readily
extended to many other neurological disorders (e.g. hydrocephalus, hemorrhage,
stroke, tumor) for a better understanding of their mechanical effects. For exam-
ple, quantification of the ventricular stretch for hydrocephalus patients can aid the
decision-making for neurosurgeons whether a shunting should be performed or not.

• The brain tissue stretching due to decompressive craniotomy (DC) was quantified
based on the patient’s CT images in this work. From this, the most dangerous part
was identified to be at the skull edge where nervous tissues were most seriously
stretched. This approach is fact-based, thus it accurately captures the brain tissue
deformation. However, it’s a retrospective approach, of more interest would be to
predict the brain tissue deformation already before the DC is performed. For this,
further biomechanical models could be developed aiming at optimizing the bone
size and shape of the skull to be removed to achieve the required ICP release with
the least brain tissue stretching.

• The strain level could be quantified as proposed in this thesis, however, one impor-
tant question to be answered is: at which strain level threshold should the patient
need an urgent treatment? To obtain such thresholds (different threshold should
be expected for different neurological disorders), more patient data should be col-
lected based on which strain level could then be evaluated. From the obtained
strain levels together with the patients’ clinical outcomes, critical thresholds could
be established. In this way, strain level can be used as a new criteria in the future
to complement the currently used diagnostic index.

• Linear poroelasticity is incapable of fully capturing the constant-rate infusion curve.
The specific storage term and drained Young’s modulus have been identified as the
most influential parameters in Paper IV. Based on this, a nonlinear model could be
developed. Blood vessels could be included as a third phase to account for one part
of the nonlinear properties. Also non-linear elasticity of the solid skeleton should
be considered.

• Axonal fiber tracts have been extracted, which could then be morphed to the KTH
head model to consider anisotropic properties of the brain tissue. Based on this,
multi-scale modeling could be attempted to predict neuronal strain on the cellular
level since TBI occur on the micro-level rather than on the tissue length scales
considered in this thesis. This will also lead to a better understanding of the
development of brain edema in the TBI patients.
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Appendix A

Concepts of Displacement, Strain and
Stress Tensor
Basic concepts of continuum mechanics, including displacement, strain and stress tensor
will be briefly introduced for a better understanding of the strain level quantification
from image registration in Chapter 5.

Displacement

Displacement is a vector field relates a typical particle P from its position in the unde-
formed configuration (X) to its position in the deformed configuration (x) at time t (see
Fig. A.1) according to:

U(X, t) = x(X, t)−X (A.1)

Displacement field U in the above equation is a function of the referential position X and
time t which is defined as material description (Lagrangian description).
Displacement field can also be defined in the spatial description (Eulerian description)
which is a function of its current position x and time t according to:

u(x, t) = x−X(x, t) (A.2)

Given the motion of the particle is expressed by the mapping function χ, its current
position can be expressed as a function of X and t:

x = χ(X, t) (A.3)

Deformation gradient is then defined as:

F(X, t) = ∂x
∂X

(A.4)

Deformation gradient connects the line segment from its undeformed configuration (dX)
to the deformed configuration (dx) according to:

dx = F(X, t) · dX (A.5)
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Appendix A Appendix: Concept of Displacement, Strain and Stress Tensor

Figure A.1: Motion of a continuum body, from the undeformed configuration to the
deformed configuration (adapted from [70]).

Strain Tensor

In order to describe the deformation of an object, different tensors have been defined in
terms of deformation gradient tensor F. Lagrangian finite strain tensor, E, is defined as:

E = 1
2(FTF− I) (A.6)

The physical interpretation of E can be seen from following equation:

ds2 − dS2

dS2 = dX
dS
· EdX

dS
= N · EN (A.7)

Similarly, Euler-Almansi strain tensor, e, is defined as:

e = 1
2(I− F−TF−1) (A.8)

Its physical meaning can be seen from:

ds2 − dS2

ds2 = dx
ds
· edx
ds

= n · en (A.9)

where ds and dS is the length of a line segment before and after deformation, N and n
are the normalized vector representing the direction of the line segment along which to
calculate the deformation. From Eq. (A.7) and Eq. (A.9), one can see that once the strain
tensor is determined, the deformation along any direction can be calculated. Therefore,
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Appendix: Concept of Displacement, Strain and Stress Tensor

Figure A.2: Traction vectors acting on infinitesimal surface elements with outward unit
normals (adapted from [70]).

the strain tensor, despite with only 6 unique values, is capable of describing the complex
deformation status at a point along any direction.
A combination of Eq. (A.1) and Eq. (A.5) gives:

F = I + ∂U
∂X

= I +Grad(U) (A.10)

Inserting Eq. (A.10) in Eq. (A.6) gives,

E = 1
2(FTF− I) = 1

2

∂U
∂X

+
(
∂U
∂X

)T

+ ∂U
∂X

(
∂U
∂X

)T
 (A.11)

EIJ = 1
2 (UI,J + UI,J + UK,IUK,J) (A.12)

Similarly, we have

e = 1
2(I− F−TF) = 1

2

∂u
∂x

+
(
∂u
∂x

)T

+ ∂u
∂x

(
∂u
∂x

)T
 (A.13)

eij = 1
2 (ui,j + ui,j + uk,iuk,j) (A.14)

Stress tensor

The deformable continuum body occupying an arbitrary region Ω of a physical space with
boundary surface ∂Ω at time t, is shown in Fig. A.2. For every surface element,
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Appendix A Appendix: Concept of Displacement, Strain and Stress Tensor

df = tds = TdS (A.15)

t represents the Cauchy traction vector, and T represents the first Piola-Kirchoff traction
vector. The moment when the force df is applied, the surface element will deform to a
deformed state from surface area dS to ds, thus the Cauchy traction vector is also called
the true traction vector, and the first Piola-Kirchoff traction vector is called the pseudo
traction vector, and is represented as a dashed line in Fig. A.2, since it doesn’t exists in
reality.
According to Cauchy’s stress theorem, there exist unique second-order tensor Cauchy
stress tensor σ and first Piola-Kirchoff stress tensor P so that

t(x, t, n) = σ(x, t)n (A.16)

T(X, t,N) = P(X, t)N (A.17)
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