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Abstract

Elevated intracranial pressure (ICP) in closed head injury may lead to a vegetative
state and even death. Current methods available for measuring ICP may cause infec-
tion, haemorrhage or not reliable. A patient-specific correlation between ICP and an
external vibration response was used for ICP evaluation, which based on finite ele-
ment (FE) modeling. In FE modeling, a two dimensional FE model of human head
was built in ANSYS. Geometry information was obtained from a magnetic resonance
image of the human head, while the material properties were acquired from literatures.
Vibration responses, e.g., displacement, velocity, acceleration and equivalent strain,
were obtained for applied ICPs in FE analyses. Correlations between ICP and vibra-
tion responses were established. Effects of impact magnitude and impact duration
were studied. Response sensitivity was defined to find a vibration response that is
sensitive to ICP change. A procedure based on response sensitivity was proposed for

ICP evaluation.
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Chapter 1

Introduction

Head injury in human is a major cause of fatality in different age groups all over the
world even various protective devices have been adopted [1]. Incidents of head injury
occur in traffic accidents, sports, violence, construction, falls, recreation and some other
situations [2, 3]. Based on second-injury status of skull bone, head injuries are roughly
classified as open head injury, or penetrating head injury, and closed head injury (CHI),
or non-penetrating head injury [4, 5]. For an open head injury, an object hits the head
and the object breaks the skull and penetrates into the brain. Sharp objects (e.g., a knife)
and small objects of high velocity (e.g., a gunshot) usually cause the injuries [6]. Indica-
tions of open head injury are obvious, e.g., bleeding and skull fracture. Therefore, open
head injury patient usually receives immediate attention and timely treatment. CHI usu-
ally results from rapid acceleration or deceleration, with or without external impact, and
most often occurs in traffic accidents and falls [7, 8, 9]. In closed head injuries, the in-
teraction force between skull and brain does not lead to skull fracture, but it damages the

brain or causes haemorrhage. External signs of CHI, like slightly geometry changes of



1.1 Intracranial pressure and its characteristics

human head, are much less obvious than those of open head injury. Therefore, it is diffi-
cult to detect and treat CHI in time. Intracranial pressure (ICP) is a paramount parameter
that reflects the severity and physiological state of a CHI patient. Timely ICP evaluation
of a CHI patient is crucial to prevent permanent disability and death. To better under-
stand the ICP effects on closed head injury, Section 1.1 introduces ICP and its character-
istics. In Section 1.2, the current available methods for measuring and monitoring ICP
are reviewed. Objective and outline of the thesis are described in Section 1.3 and Sec-

tion 1.4, respectively.

1.1  Intracranial pressure and its characteristics

Intracranial pressure has long been recognized as a significant observation indicator in
clinics and in research for Neurosurgery. Information and parameters derived from ICP
provides direct insight into the pathophysiology of the impaired brain, and waveform of

ICP offers valuable information about impending trends in CHI patient [10].

1.1.1  ICP and closed head injury

To make the understanding of ICP definition and the mechanism of CHI better, the ana-
tomical structure of human head is analyzed here. Fig.1.1 shows an anatomical cross-
section of human head. From the outermost layer to the innermost layer, there mainly are
scalp, skull, dura mater, superior sagittal sinus and brain. The skull is composed of cra-
nium and mandible. The volume space that is enclosed by the skull which mainly con-

tains brain, cerebrospinal fluid (CSF) and blood are considered fixed [10]. Cerebrum,
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corpus callosum, thalamus, pons and cerebellum are the main components of brain, and
they are labeled in Fig. 1.1. Intracranial pressure is the pressure exerted on the brain’s in-
tracranial blood circulation vessels and it could be regarded as the environmental pressure
in the cranium [10, 11, 12, 13]. Volumes of brain, CSF and blood are the main factors in-
fluencing ICP. The Monro-Kellie doctrine dictates the pressure-volume relationship be-
tween ICP, volume of CSF, blood and brain [14]. The Monro-Kellie hypothesis states
that the constituents within the cranium compartment which mainly are brain, CSF and
blood are maintained in a state of volume equilibrium, meaning that any increase in the
volume of one cranial constituent must be compensated by a volume decrease of the oth-
ers [14]. CSF and blood volume are the main buffers for volume increase of the brain.
For instance, an increase in lesion volume occurring in epidural hematoma is compen-
sated by the decrease of CSF and venous blood [14]. In a healthy human, volume changes
in one intracranial constituent that could be compensated by others is less than 120 ml
(the value may vary slightly with different people) [14]. The volume changes which

could not be compensated would lead to ICP change.

Cerebrum

_— Scalp

Corpus callosum £ 4 / _— Skull

Thalamus | I .\ Duramater

——Superior sagittal sinus

~—Cerebellum

Figure 1.1: Anatomical structure of the human head (sagittal plane)

(Modified from Human-Anatomy.com)
3



1.1 Intracranial pressure and its characteristics

In human head, brain is protected by some components, such as the skull, the CSF,
the meninges and the blood brain barrier. The main function of skull is to protect the
brain from penetrating injuries. From the point view of mechanics, the CSF acts as a cu-
shion to protect the brain from an impact. The skull and the CSF may be also considered
as damping materials and they absorb a certain amount of kinetic energy induced by an
impact [4]. To some extent, the meninges, layers of tissue that separate the skull and the
brain, can further attenuate kinetic energy induced in an impact. Although the hard skull
can effectively protect the brain against penetration, it cannot completely prevent Kinetic
energy from the impact to reach the brain [4]. Under an impact, the motion of the brain
will lag behind that of the skull due to mechanical property differences between the skull
and the brain [4, 15]. This type of relative motion produces dynamic strains and stresses
in the brain, and excessive stresses or strains will damage the brain blood vessels and re-
sult in intracranial bleeding and causes CHI [4]. A helmet is similar to the skull to pre-
vent brain from injury. That is, a helmet hinders direct impact to the head from external
object, but it cannot completely eliminate kinetic energy of the impact transmitted to the
skull and then to the brain. Therefore, helmets cannot effectively prevent the relative mo-
tion between the skull and the brain, which may lead to a CHI. This may explain why
helmets and some protective apparatus are effective to prevent open head injuries, but
have less effect in preventing closed head injuries.

Intracranial bleeding in CHI will lead to elevated ICP. The mechanical mechanism is
described in the following. Adopting Monro-Kellie hypothesis, human skull is considered
as a shell-like container which is very rigid and the enclosed volume is fixed. The base

for the hypothesis is that the bones of the skull have much higher Young’s modulus than
4



1.1 Intracranial pressure and its characteristics

that of brain and other intracranial constituents [15, 16, 17]. Therefore, the enclosed vo-
lume by the skull would not increase correspondingly when the skull is overfilled with in-
ternal bleeding and swollen brain tissue. Without corresponding skull enclosed volume
change, the pressure inside the skull would be elevated. That is the elevated ICP. The
more internal bleeding and swollen brain tissue, the more volume change of the intra-

cranial constituents, and the higher ICP.

1.1.2  Importance of monitoring ICP in closed head injury

The physiological importance of ICP lies in its effect on cerebral perfusion pressure (CPP)
and its influence on stable cerebral blood flow (CBF) [10]. CPP is the net pressure gradi-
ent causing blood flow to the brain (i.e., brain perfusion), and stable CBF is the normal
amount of blood supply to the brain in a given time. If a patient has an elevated ICP, the
CPP will be lower than that of a normal person for the given level of mean blood pressure
(MBF) (CPP=MBF-ICP) [18]. However, in undamaged brain, mechanisms exist to main-
tain an adequate and stable CBF despite a wide range of CPP. This phenomenon is
known as auto-regulation [18]. However, auto-regulation only works over a limited range
of CPP. The CPP in severe closed head injury is out of the work range of auto-regulation
mechanism. Fig.1.2 shows that CBF is approximately linearly dependent on CPP if auto-
regulation fails to work. The failure of auto-regulation causes progressive reductions of
CBF and leads to ICP’s elevation. In other words, elevated ICP indicates the failure of
auto-regulation. Once ICP rises to the mean blood pressure, stable cerebral blood flow

cannot be maintained, and the brain dies [19]. Apparently, a CHI will be worsened by
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elevated ICP. Hence, ICP evaluation provides us significant information about the sever-

ity of closed head injuries.

A Non auto-regulation
CBF ’
Auto-regulation
Low CPP PP
High ICP ¢

Figurel.2: Effect of cerebral perfusion pressure on cerebral blood flow

CBF= cerebral blood flow, CPP= cerebral perfusion pressure;
(Adopted from Management of head injuries by B. Jennett and G. Teasdale, 1981,
F.A.Davis, Philadelphia.)

1.1.3  Normal range of intracranial pressure

Up to date, a universal “normal value” for ICP does not exist for all age groups. ICP is
fluctuant owing to cardiac impulse, body position and breathing [20, 21, 22]. The normal
range of ICP obtained from different investigators is different. Mick measured the normal
range of ICP is 0 ~ 4 millimetres of mercury (mm Hg) and it becomes a concern when it
reaches 20 mm Hg [22]. It is considered life threatening when ICP reaches 25 mm Hg for
more than 2 minutes [22]. The normal range of ICP obtained by Merrit is 3 ~ 15 mm Hg

[23]. Paraicz pointed out that for older children and adults, ICP value less than 15 mmHg
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is considered as normal, exceeds 20 mmHg are unequivocally high, and ICP greater than
40 mmHg are considered as a severe condition [12, 24].

The normal value of ICP obtained by different investigators is different due to the fol-
lowing possible reasons. First, physical difference exists among the tested people. Even
all the subjects are in the same age and all are in normal conditions, their physical differ-
ences may lead to different ICPs. Second, the methods used by the investigators are dif-
ferent. The methods employed are lumbar acupuncture, skull puncture, using ultrasound
cephalohemometer, etc. Third, age is another major factor affecting ICP. There is a grad-
ual increase in the normal ICP from birth through childhood with values of approxi-
mately 2 mmHg in the newborn, up to 5 mmHg by the end of infancy, and between 6 and
13 mmHg for the child up to 7 years old [12, 24]. The last but not the least reason is the
body posture [25]. In a horizontal position, the normal ICP in healthy adult subjects was
reported to be within the range of 7 ~ 15 mmHg [21, 25, 26]. In a vertical position, it is
negative with a mean value around -10 mm Hg, but not lower than -15 mm Hg [25, 26,
27]. A change in the position of head or neck may significantly alter the cerebral venous

blood volume and thus the ICP [20, 28, 29].

1.1.4  Elevated intracranial pressure

Elevated ICP, namely, exceeds the normal ICP range. Elevated ICP is a primary cause of
irreversible brain damage [30]. When ICP exceeds its normal range, the brain may dam-
aged by excessive mechanical stresses. If ICP reaches 30 mm Hg, venous drainage is im-

peded and edema develops in uninjured brain tissue which leads to ICP increases in turn
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[19]. Sufficiently high ICP may lead to intracranial haematoma or cerebral edema, shift
brain, displace brain stem, compress brain tissue and restrict blood supply to the brain
[31]. Brain tissue is quite fragile since it consists of a complex network of neurons and
blood vessels interspersed within a matrix of supporting cells [32], and an elevated ICP
would crush it. Delayed treatment of high ICP may lead to permanent disability and even

death [30].

1.2  Existing methods for monitoring or measur-
ing ICP

Since there is no obvious external indication of CHI, and the human head has complex
structure and complicated cranial contents, it is difficult to detect the physiological state
of a CHI patient. Fortunately, advanced medical imaging technologies, such as magnetic
resonance imaging (MRI), computed tomography (CT) and ultrasonic imaging techniques
make the understanding of CHI much better than before [33, 34, 35, 36, 37]. However,
medical images cannot reveal the injury severity quantitatively; it can only reflect the in-
jury condition roughly. Measuring ICP is a significant way to detect patient’s physiologic
state and assess the effectiveness of a therapy to the patient [38].

Methods ranged from pressure sensor to ultrasonic technique have been developed for
measuring or monitoring ICP. The methods can be either classified as invasive or non-
invasive. Implanting a tiny sensor in the cranium or connecting an inserted needle to a
monometer externally are two typical invasive ways [20, 28, 29]. For non-invasive meth-

ods, there are many ways have been explored for ICP determination with different bases.
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For example, strain measurement, ultrasonic technology, acoustic property analysis, etc.
In this section, several representative and commonly used methods for monitoring or

measuring ICP are discussed.

1.2.1 Invasive methods

The main idea of an invasive method is producing a direct access to intracranial pressure.
Typical sites for invasive measurement of ICP are lateral ventricles [39], extradural space
and subdural or subarachnoid space [20]. Lumbar acupuncture, skull puncture, using ven-
tricular catheter (for adults), and making use of tonometry are common invasive methods
[20, 24, 40, 41]. In this article, lumbar acupuncture and skull puncture are discussed.
Lumbar acupuncture is good for intermittent measuring, while skull puncture is preferred
for continuous monitoring.

Lumbar acupuncture is a method to measure the pressure of CSF by an open-ended
manometer [20, 24]. It is probably the first technique used as a clinical tool to measure
ICP [20, 42]. In the spinal canal, free communication occurs between the spinal and cra-
nial compartments, and thus the measured CSF pressure reflects the ICP [24]. For the in-
timate relationship between ICP and CSF, lumbar acupuncture is generally accepted as a
method for measuring ICP. During a lumbar acupuncture operation, patient’s position is
extremely important. There are two commonly adopted positions. One is that the patient
lies on a bed on one side with his knees drawn up toward his chest. The other one is that
the patient sits on the edge of a bed or chair with his head and chest bent toward his knees.

In both of these positions, the space between the lower spine bones is widened, and a
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long and thin needle can be easily inserted into the spinal canal. When the needle is in
place, a small amount of CSF will drop from the needle. Then, a manometer is attached
to the needle to measure CSF pressure. For lumbar acupuncture, an accurate measure-
ment of CSF pressure relies on the right position and adequate relaxation of the patient
[40]. Under the guidance of a doctor, the patient may keep a right position for the meas-
urement. Nevertheless, a relaxation status may not easy to achieve. A major drawback of
this method is that sequelae may exist after the measurement. Headache is quite common
following a lumbar acupuncture [43, 44]. Complications, like Bleeding in the spinal canal,
damage to the spinal cord (particularly if the patient moves during the test) and subdural
hematomas may occur in lumbar acupuncture.

Due to ICP is fluctuant, continuous monitoring of ICP is obviously more helpful, es-
pecially when the patient is in a severe condition. Skull puncture is a method that could
be used for continuously monitoring ICP. In skull puncture, a hole is first punctured in
the skull and a transducer which is small in size and sensitive to pressure change is then
inserted into the skull through the hole [20, 28]. By the transducer, ICP is detected and
displayed or recorded by an instrument. The transducer adopted could base on different
physical principles [20]. For example, a pressure sensitive capsule (regarded as a form of
transducer here) is either fluid or gas-filled. When the capsule is put in the cranium, it is
pressed by ICP and the ICP is transformed into a hydraulic or gas pressure in the capsule.
Then the hydraulic or gas pressure is measured by an external connected instrument.
Strain gauge diaphragm is based on another physical principal. A strain will be produced

in the diaphragm when a pressure is acting on it. Based on mechanics of material strength,
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1.2 Existing methods for monitoring or measuring ICP

the strain magnitude is proportional to the magnitude of the pressure. In other words, the
strain magnitude reflects the ICP.

Invasive methods are normally reliable for measuring an absolute or specific ICP, not
for determining a relative or increased ICP. The main drawback of invasive methods is
the risk of infection, and haemorrhage may occur. Owing to these, invasive methods are

usually not adopted for susceptible cases of closed head injury.

1.2.2 Non-invasive methods

To date, a variety of non-invasive methods are available for measuring ICP. The main
idea of a non-invasive method is to detect an externally measurable change, or second
change, caused by ICP change. For instance, an elevated ICP may change the travel ve-
locity of a sound wave in the head. Another example is that the perimeter of the head may
have a small change under an elevated ICP. By measuring perimeter change, the change
of ICP can be evaluated. Generally speaking, non-invasive methods are indirect, which
may introduce uncertainties and inaccuracy, as they involve the solution of an inverse
problem. One exception is the methods based on the palpation of the anterior fontanelle
[45, 46]. ICP relates directly with the open scale of neonate’s fontanelle. However, the
methods are not applicable to older children and adults.

ICP changes may affect the acoustic properties of brain tissue and cranium, dura mat-
ter thickness, blood flow, parameters of an optic nerve, vessels of the eye, properties of

skull bones, dynamic response of cerebral ventricle, etc. [30, 47, 48, 49, 50, 51, 52, 53,

11



1.2 Existing methods for monitoring or measuring ICP

54, 55, 56, 57, 58, 59, 60]. In the following, three methods that make use of vibrations
and acoustics are discussed.

Elevated ICP causes the thickness change of dura mater. Although the changes are
very small, they may still be measured by advanced technologies. One method is devel-
oped based on this fact. An ultrasonic cephalohemometer which contains an electrocar-
diograph, a pulser, an ultrasonic probe, a receiver and a processor [53] is used in the
method. The processor includes an A/D converter and an arithmetic unit. The electrocar-
diograph is used to detect the heart beat of the patient. The pulser triggered by heart beat
generates a voltage pulse which was converted into an ultrasonic wave pulse by the ultra-
sonic probe, and it is detected by the electrocardiograph. The receiver picks up the ultra-
sonic wave pulse which transverse into the cranium and the reflection waves. The proces-
sor processes the output from the receiver. By the A/D converter and the arithmetic unit,
the thickness of the dura mater can be calculated. Finally, by comparing the calculated
dura mater thickness with a reference value, dura mater thickness change is then obtained.
The reference value refers to the dura mater thickness when people have normal ICP.
Utilizing the correlation between ICP variation and dura mater thickness variation, the
increased ICP can be evaluated in reference to the dura mater thickness change [53]. One
problem in this method is that the reference value of dura mater thickness varies from in-
dividual to individual.

Making use of acoustic wave properties is another common non-invasive method.
The acoustic wave properties, such as sound velocity, acoustic transmission impedance
and resonance frequency are all relate to the ICP [50, 55, 58]. Take acoustic wave travel

velocity as an example. ICP affects the travel velocity of acoustic waves in the cranium
12



1.2 Existing methods for monitoring or measuring ICP

by itself; the higher the ICP, the larger the velocity [50, 55, 58]. In addition, elevated ICP
slightly changes the mass density of cranium parenchyma, which in turn influences
acoustic wave velocity. Therefore, change in the acoustic wave travel velocity in the hu-
man head provides indication of elevated ICP. One non-invasive method based on using
acoustic wave properties is Bridger’s method, which is briefly described as follows [50].
Two acoustic signal transmitters are mounted at the two temples of human head, and
one acoustic signal receiver is mounted at the forehead. Electronic signals which gener-
ated by a signal analyzer and amplified by an power amplifier are sent to the acoustic
signal transmitters. Driven by the electronic signals, the acoustic signal transmitters gen-
erates acoustic waves. After traveling through the head, the acoustic waves are picked up
by the receiver. Elevated ICP is indicated by the attenuation of the acoustic signals. Other
indications of elevated ICP are shift in frequency, reduction or elimination of resonance
peaks or new peaks in the signal patterns. Some drawbacks exist in this method. First, the
externally mounted receiver, sensor, transmitter and amplifier may be affected by the en-
vironment noise. Therefore, the received signal may have a poor signal-to-noise ratio.
Second, the characteristics of the measured acoustic signal are only correlated to changes

in ICP [22], no explicit relation is available.

Dynamic vibration characteristics and behaviour such as natural frequency, mechani-
cal impedance and frequency response spectrum of the skull bone are in relation with the
stress status in the skull, which in turn is affected by ICP [42], Mick designed a non-
invasive method for evaluating ICP [22]. In the method, a mechanical oscillation is ap-

plied to the skull, a mechanical wave is thus generated and transmits through the skull
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1.2 Existing methods for monitoring or measuring ICP

non-invasively. The frequency response spectrum of the skull at a location can be meas-
ured and then used to evaluate the current ICP. In order to get a reference or normal value
of the ICP, the frequency response spectrum at a point on the skull which is believed not
affected by ICP is also measured. The locations considered not affected by ICP are tem-
poral, sphenoid, lower portions of the occipital and lower parietal bones [22]. When
comparing the ICP obtained from two locations, one is affected by ICP and the other is
not affected, the changes in ICP can be therefore obtained. The problem in this method is
that the reference ICP measured from the location which is believed not affected by ICP
is inaccurate. Moreover, natural frequencies and frequency response spectrums of the
skull bones may be different due to age, gender, race, etc. Therefore, Mick’s method is
appropriate for estimating ICP rather than obtaining ICP value.

Since existing non-invasive methods have many shortcomings, it is expected to find a
new method to overcome those inadequacies. It has been found in previous experimental
studies [61, 62, 63] that elevated ICP causes an external vibration response changes of an
animal head. Moreover, a theory called initial stress theory makes a basis for establishing
the correlation. The initial stress theory applied here is that an ICP produces initial stress
fields in the skull, which in turn introduces a stress-related term in the skull stiffness. On
the other hand, external vibration responses of human head relate to the skull stiffness.
According to the above two points, it is not difficult to conclude that stiffness of the skull
bridges ICP and the external vibration responses of human head. The finding and the the-
ory above indicate that the possibility of establishing a correlation between ICP and an

external vibration response of human head exists. Hence, finding the correlation between
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1.4 Outline of the thesis

ICP and vibration responses of the head is the first step for developing a non-invasive

procedure for evaluating ICP.

1.3  Objective of the thesis

There are two major objectives of the research reported in this thesis:

1) To establish correlations between ICP and external vibration responses of human
head. This includes building a 2D FE model, conducting FE analyses, collecting
external vibration responses (e.g., displacement, velocity, acceleration and
equivalent strain) and analyzing data.

2) To develop a non-invasive procedure for absolute ICP evaluation. This includes
determination of a response that is very sensitive to ICP change, physical setup of
the measuring instrument, and ICP evaluation by using established patient-

specific correlation between ICP and an external vibration response.

1.4  Qutline of the thesis

The rest part of this thesis is organized as follows. In Chapter 2, a two-dimensional (2D)
finite element (FE) model of the human head will be built. First, a geometric model of
human head, which constructed from a magnetic resonance image, will be introduced.
Material properties of different components in human head are going to be introduced for
afterwards material representation in the FE Modeling. This followed by describing gov-
erning equations and FE equations. The Newmark method will be introduced for solving

the FE equations. The process for establishing the 2D human head FE model in ANSYS
15



1.4 Outline of the thesis

will be described in the last section.

In Chapter 3, FE study of correlations between ICP and external vibration responses
is conducted. Correlations between ICP and external vibration responses are explored in
the first section of the chapter. Then, effects of two factors, the magnitude of applied im-
pact and the duration of applied impact, on the correlations are studied and discussed.

In Chapter 4, response sensitivity will be defined to find a response sensitive to ICP
change. A non-invasive procedure for evaluating ICP will be proposed based on the pa-
tient-specific correlations between ICP and an external vibration response of human head
which is established in the FE modeling.

In Chapter 5, conclusions are made and future work is described.
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1.4 Outline of the thesis

Chapter 2

2D Finite Element Model of Human

Head

Building a faithful patient-specific biomechanical model is vital for establishing correla-
tions between ICP and vibration responses. Three types of biomechanical models are
usually used to analyze human head responses to impact or inertial loading [64]. They are
lumped parameter models, analytical continuum models and finite element models. Due
to their inherent discrete nature, the main limitation of lumped parameter models is that
they cannot describe the distribution of field parameters such as stress, strain and pressure
in the model [64]. With analytical continuum models, field parameter distributions can be
obtained. However, only with simple geometry, constitutive properties and boundary
conditions, governing equations of analytical continuum models are solvable [64]. In FE
method, a complicated differential equation which governing a problem is represented by
a set of simple algebraic equations, and the solution to the differential equation is easy to

get since the algebraic equations can be easily solved. FE modeling can handle very
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2.1 Geometric model

complex geometries, complicated material composition and different kinds of non-
linearity problems; it is recognized as a powerful and handy tool for exploring and ana-
lyzing many different aspects of the mechanical behaviour of human head under impact
or inertial loading [64]. Due to the above reasons, FE method was employed in this study.

The basic idea of a FE method is that a given domain is viewed as a collection of sub-
domains (called finite elements), and the governing equation is approximated by a tradi-
tional variational method, such as Galerkin method, collocation method and least-squares
method [65]. Implementation of conducting a FE method includes pre-processing, solu-
tion and post-processing. ANSYS, an engineering simulation software, was used to com-
plete the FE analysis in this thesis. Establishment of a FE model, the first step in each FE

method, is implemented in this chapter.

2.1 Geometric model

To make FE study results accurate, geometric model must be realistic. To get realistic
geometric model, a magnetic resonance (MR) image of human head was used in this

study.

2.1.1  Magnetic resonance image

MRI is a medical imaging technique producing detailed images of organs, soft tissues,
bone and virtually all other internal body structures to help physicians diagnose medical
conditions [66]. MRI uses magnetic signals to create image “slices” of the human body,

which are created based on differences among tissues. The anatomical structure of human
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2.1 Geometric model

head is very complicated with many components in the head. To accurately evaluate
various small abnormalities caused by diseases, high resolution imaging is necessary.
Higher resolution image reflects more details. MR images have high resolution and they
are able to non-invasively reveal the internal details of the human body. In comparison
with other imaging techniques, such as X-ray, ultrasound imagining and CT, MRI offers
higher image resolution and provides more detailed information of human body [66].
MRI also provides much greater contrast than CT and other medical imaging techniques.
Contrast is the appearance difference of different tissues in an image. The high contrast
of MR image makes the boundaries of all the internal body structures sharp enough for
diagnosis and makes it especially useful in neurological imaging [66].

A MR image of a male adult’s head is shown in Figure 2.1(a). Different intracranial
components are shown in different colors. This image were taken at a position in the up-
per half of the human head, therefore, not all intracranial components can be seen from
this image. The MR image contains geometry information of the displayed components.
By using a software, e.g., MATLAB, the geometric model of the interested intracranial
components can be obtained. In this study, the geometry of three main intracranial com-
ponents, which are skull, cerebrospinal fluid and brain, were constructed from the MR
image. Constructing and using the three main components geometry is more cost effec-
tive for FE study than getting the geometry of all the intracranial components since find-
ing the correlation trend, or the correlation if it is possible, between ICP and external vi-
bration responses is our first study goal. The geometry of the three main intracranial

components constructed from the MR image was obtained by using MATLAB software,
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2.1 Geometric model

and the geometry construction mainly involved “contour” functions in MATLAB. The
main clue is described as follows.

First, read in the MR image to MATLAB by using “imread(filename)” function.

Second, using “contour(...,LineSpec)” function to draw the contours specified by line
type and color which are in the MR image.

Third, specifying the contour levels with function “contour(z, n)”. z is the data ma-
trix, n is the number of contour lines.

Fourth, filling the contours with function “contour” which displays a 2D contour plot
and fills the areas between contour lines with the specified colors.

The geometric model, which contains geometry information about skull, CSF and

brain, used in this thesis is shown in Fig.2.1 (b).

"

|:> Cerebrospinal fluid

Brain /'

(a) MR image (b) Geometric model

Figure 2.1: Constructing a geometric model from a MR image

20



2.1 Geometric model

2.1.2 Plane strain model

2D human head FE model is more cost effective than a 3D human head FE model for
studying effects of different boundary conditions, loading conditions and model parame-
ters, e.g., material properties [64, 67]. Although the human head is much more compli-
cated than a 2D model and it is possible to construct a 3D model for the head with ad-
vanced imaging technologies, a 2D model is adequate for the preliminary research con-
ducted in this thesis. A 2D biomechanical model to solve problems in elasticity whose so-
lutions (i.e., displacements and stresses) are not dependent on one of the coordinates be-
cause of their geometry, boundary conditions, and external applied loads, can be either
built as a plane strain model or a plane stress model [65]. During 1980’s and early 1990’s,
plane strain models were widely adopted in the study of dynamics of human head under
various impacts, see [64] and the references therein. The case for normally using plane
stress model is that when one dimension is very small compared to the other two dimen-
sions. If one dimension is very large compared to the others, the principle strain in the di-
rection of the longest dimension is constrained and can be assumed as zero, yielding a
plane strain [65, 68]. Figure 2.2 shows a horizontal cross-section image of the human
head. The image was constructed from the MR image, which was taken at location O-O’
of the head. From Fig.2.2, it is easy to see that the length of the head in z direction is
large in comparison with that in x and y direction. Therefore, a plane strain model is used
here. The ICP applied in human head is indicated by expression p(x, y) and it is applied in
the xy plane in the plane strain model [68].

A plane strain model is characterized by [65]:
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2.1 Geometric model

Uy = U (x,y), Uy = uy(x: y), u, =0 (2.1)

Where u, ,u,,and u, denote the displacements in x, y and z direction respectively, in a
rectangular coordinate system. The strain components in the plane strain model have the

following expressions [65]:

£Z=yxz=)/yz=0

_ Ouy _ Ou, | Ouy, _ Ouy

Ex = W ) ny - ay ox ) gy - ay (22)

Where ¢, , &), , &, are the normal strains; and vy, , ¥y, ,¥xy are the shear strains.

X y X

Figure 2.2: The geometric model constructed from a MR image, which was taken at a

horizontal cross-section position of the human head
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2.2 Material properties

2.2  Material properties

Material properties influence a substance’s response or behaviour under an external load-
ing. The material properties of the components in human head are different. To build a
2D human head FE model, which is based on the geometric model (see section 2.1.1), the
material properties of the three considered components (i.e., the skull, the CSF and the

brain) are required, and they were obtained from literatures and listed in Table 2.1 [15, 16,

17].
Table 2.1: Material properties of the skull, brain and CSF in the human head
Young’s Modulus Bulk Modulus  Poisson’s Ratio  Mass Density
(MPa) (MPa) (Kg/m®)
Skull 6650.0 - 0.220 2080
Brain 0.5581 2190 0.485 1040
CSF 0.1485 2190 0.499 1040

Young’s modulus is a measure of the stiffness of a given material. Table 2.1 shows that
the Young’s modulus of the skull which is much higher than that of the brain and the
CSF. In other words, skull is much stiffer than brain and CSF. Bulk modulus measures a
substance's resistance to uniform compression. In Table 2.1, the brain tissue and the CSF
have the same bulk modulus, which is 2.19 GPa, and it is similar to that of water with the
value of 2.1 GPa [17]. However, the skull bulk modulus has not been found from the re-

viewed literatures. Since it is not involved in the afterwards FE modeling, it is left blank
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2.3 Governing equations

here. Poisson's ratio (v) is a measure of the transverse deformation when a sample of ma-
terial is stretched in one direction, and the material tends to get thinner in the other two
directions perpendicular to the stretched direction. For a perfectly incompressible mate-
rial, the Poisson’s ratio would be exactly 0.5. As shown in Table 2.1, the CSF is nearly
incompressible as indicated by its Poisson’s ratio value of 0.499 which is very close to
0.5, while brain tissue is a slightly incompressible material and skull is a compressible
material.

The material properties listed above were obtained from adults [15, 16, 17]. However,

the tested objects’ age, or age range were not given in the literatures.

2.3  Governing equations

Governing equations for a system, namely, are the equations that govern or determine a
system’s motion. Substance in different state, such as solid and fluid, are governed by
different equations. In the studied 2D human head model, the skull and the brain were
treated as solid and the CSF was considered as a fluid since only the particles in CSF can
flow easily. The CSF interacts with the skull and the brain, neither the fluid part (CSF)
nor the solid parts (the skull and the brain) can be solved independently due to the un-
known interface forces. The fluid-solid interaction is a coupled problem, and the coupling
occurs on domain interfaces via the boundary conditions imposed there [69]. For the skull
and brain, and the CSF, the governing equations determine their behaviours are discussed

in the following parts.
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2.3 Governing equations

2.3.1 Skull and brain

Since skull and brain are considered as solid materials, if body forces are not considered,

deriving from Newton’s second law, their governing equation can be expressed as fol-

lows [70, 69]:

V.o + pa=piu (2.3)

Where V is the differentiation operator; o is the vector containing the relevant stress
components; u is the matrix containing the damping coefficients of the solid materials; u
denotes the displacement vector (a dot over u represents its derivative with respect to
time); and p is the mass density of the material.

The expressions of vectors and matrices in Equation (2.1) are given as follows:

9 0 2 Oy 0
_|ox ay _ | Hx _(u
dy 0dx xy

The expanded form of the governing equations is

doy, 0Ty ou 0%u

_—x — =p— 2.
ax "oy TR~ Pae (25
0o, 01y ov 0%v

_y — =y — 2.6
oy ax Mo T Pae (2.6)

2.3.2 Cerebrospinal fluid

To establish the governing equations for the CSF, several assumptions have been made

here. The assumptions are [69, 71, 72, 73]:
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2.3 Governing equations

a) The density of CSF can be considered as a constant as its density varies only a small
amount relative to its hydrostatic density. The CSF is a slightly compressible fluid
(since its Poisson’s ratio is 0.499).

b) The convective effects can be omitted in the CSF as the relative motion between the
CSF and the solid parts is small and slow.

c) Stresses introduced by viscous effects can be neglected as CSF is considered as an
inviscid fluid (its viscosity is 0.723<10° Pa-s which is the same as water).

The governing equation, which is a wave equation, for the CSF is [69, 70]:

Q

1
o2

2
p
c 2

—= (2.7)

2 =
vep at

Where p is the acoustic pressure. c is the sound speed in the CSF and its expression is
i 28)
c= |— .
Po

In the above expression, p, is the hydrostatic density of CSF; and K is the bulk modulus

of CSF.

2.3.3  Boundary conditions

The boundary conditions for the human head model mainly considering the force equilib-
rium between the solid parts (skull and brain) and the fluid part (CSF). That is, the pres-
sure from the fluid part equals to the inertia forces from the solid parts. The solid-fluid in-

teraction can be described by [69],
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2.4 Finite element equations

dp

%Z—Poﬁn:—nT'(Po‘_}) (2.9)

Where v is the fluid velocity, n is the interface outward normal pointing to the fluid re-
gion; v, is the normal velocity; and p is the pressure. The velocity and the acceleration

are obtained from displacement via:

5, =i, =nT i (2.10)

Combining Equations (2.9) and (2.10), we can thus obtain the following equation as the

boundary conditions:

n'Vp = —po ¥ = —n" (p, ) (2.11)

2.4  Finite element equations

Since analytical solutions are possible only for simple partial differential equations, ap-
proximate solutions are much easier to get by using a numerical method, e.g., FE method.
That is, transform the partial differential equations of a continuum (the human head
model here) to a set of algebraic equations of a discrete model (i.e., finite element) of the
continuum. There are two steps for converting partial differential equations into algebraic
equations. First, the partial differential equations are transformed into an equivalent
variational formulation or integral formulation. Second, algebraic equations (FE equa-
tions) are obtained by introducing shape functions into the variational formulation and
conducting variational operations. In the FE equations, shape function, matrices of mass,

damping and stiffness are involved, and they are introduced in section 2.4.1 and section
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2.4 Finite element equations

2.4.2, respectively. This is followed by describing the Newmark method which is used to

solve the FE equations.

2.4.1  Shape functions of quadrilateral element

Shape functions, also known as interpolation functions or blending functions, are used to
express the unknown continuous field function by a set of known piecewise continuous
functions and discrete unknown variables at element nodes [68]. For a univariate un-

known continuous field function, it can be approximated as
n
B(x) ~ Z N; (X)0; (2.12)
i=1

In Equation (2.12), N; (i = 1,2, ...,n) are the shape functions; @; are discrete function
values at element nodes. The element types in ANSY'S chosen for 2D modeling of solid
structures (skull and brain) and fluid (CSF) are PLANE42 and FLUID29, which both
have four nodes, and the desired element shape for them is four-node quadrilateral. The
field variable for a four-node quadrilateral element in terms of natural coordinates,

—1<¢<1land—-1<n<1,canbeexpressed as

0 = ) Ny (€10, (213)

In expression (2.13),i = 1, 2, 3, 4. The coordinates are (&; = —1,n, = —1), (& =
1,n,=-1), (&3=1,13=1) and (¢, = —1,n, = 1) for the four nodes, respectively.

The natural coordinates system is shown in Fig.2.3.

28



2.4 Finite element equations

4(-1,1) 3(1,1)

v

1(-1,-1) 2(1,-1)

Figure 2.3: Natural coordinate system

The four-node quadrilateral element shape functions are defined in the natural coordinate

system as

1
MEM =70 -D0A-1)
1
No(Em) =71+ -1) (214)

1
N3 (&) = Z(l +8(1+1n)

1
Ny = 7 (1= +m)
The shape functions satisfy the so-called Kronecker-Delta conditions, i.e.,

(5;77) = (_11_1) = (Nl =1LN; = 0'N3 =0,N, = 0)
&n=(1,-1)=(N,=0N,=1N; =0,N, =0) (2.15)
(E'T]) = (Ll) = (Nl = 0' N2 = O'NS = 1'N4- = O)

(E'T]) = (_Ll) = (Nl = O'NZ = O'NS = 0'N4— = 1)
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2.4 Finite element equations

Since the geometric model (see section 2.1) involves curved boudaries, and straightsided
elements (e.g., square shape element) may not provide satisfactory results [74],
isoparametric elements are required here. Isoparametric elements refer to the shape (or
geometry) and the field variable of the elements are described by the same shape
functions [74]. Therefore, the geometry representation in terms of shape functions can be
regared as as a mapping procedure that transforms a regular quadrilateral in global
coordinates to a square in local coordinates [74]. Figure 2.4 shows the quadrilateral ele-

ment mapped from its global coordinate system to its natural coordinate system.

My
3(x3,y3) 411 s
4 (x4,Y4)

Mapping > >

3

y
2 (x3,y2)

1(x1,y1) 1(-1,-1) 2(1,-1)

Figure 2.4: Quadrilateral element mapped from its global coordinate
system to its natural coordinate system

So an arbitrary quadrilateral in global coordinates (x, y) can be mapped into a square

shape defined in natural coordinates (¢, ), achieved by

x = Ni(&,mx; + N (§,m)x, + N3(§,m)x3 + No(€,1m)xy
(2.16)

y =N (&, my; + No(§,m)yz + N3 (€§,m)ys + No(€§,1m)ya

30



2.4 Finite element equations

Hence, the field variable can be expressed as

D(x,y) = 0(&,m) = N1 (&,m)Dy + Np(§,m)D; + N3(E,1m)03 + Nu(E,m) Dy (2.17)

The variables x and y are changed to ¢ and 7 since the integrals can be evaluated using
natural coordinates which has more advantages than global coordinate systems. Thus, the
integral over an arbitrary quadrilateral region of dxdy becomes a square area of dédn in

a natural coordinate systems in the form of [74]:

[ 0Gyraxay = | [ocmimasan (2.18)
A

-1 -1

Where |J| is the determinant of the Jacobian matrix which relates the term dxdy and

dédn as [74]
dxdy = |J|dédn (2.19)

The Jacobian matrix, J is given by

e )
| 0§ o |
[J]= l } (2.20)
0x dy
am oy

The determinant of the Jacobian matrix is always positive, |J| > 0, for a one-to-one

mapping [74].
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2.4.2  Mass, damping and stiffness matrices

Finite element equations of the solid parts, which converted from governing equation 2.3,

are put in matrix form [70]:
M5t + Cti + K0 — QP =0 (2.21)

Where M3, C3, and K?® are, respectively, the mass, damping and stiffness matrices of the
skull and the brain. i represents the discrete value of displacement at an element node (a
dot and two dots over a variable, for example, i and i, represent its first and second
derivate over time, respectively). Q is the fluid-solid coupling matrix. p stands for the
discrete stress value at an element node from CSF. The expressions of the matrices are
given as follows:

Mass matrix:

MS =J psNIN, dQ (2.22)
QO

S

Where p; is the density of the solid parts. N, contains the shape functions of element
displacements. Q, is the domain occupied by the solid part.

Damping matrix:

Cs =f N7 uN, dQ (2.23)
Q

S

Where u contains damping coefficients of solid materials.

Stiffness matrix:
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2.4 Finite element equations

KS = f BTDB, dQ (2.24)
Q

S

Where By is the strain-displacement matrix. D is the material property matrix.

Fluid- solid coupling matrix:
Q= ngan ds (2.25)
S

Where n is the normal of a fluid-solid interface pointing to the fluid domain. N, contains
the shape functions of element pressure. S represents the fluid-solid interface in the hu-
man head model.

Finite element equations of the fluid part, which obtained in reference to Equation (2.7),

is [69]:

M +Cp +Kp+p,Q7li=0 (2.26)
Where Mf, Cf, Kf are, respectively, the mass, damping and stiffness matrices of the fluid
part. p, is the hydrostatic density of the CSF. The expressions of the matrices in the
above equation are given as follows [69]:
Mass matrix:

Mf=J NTlN dQ (2.27)
qQ p62 P '

f

Where c is the sound speed in CSF; and Q is the domain occupied by the fluid part.

Damping matrix:
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2.4 Finite element equations

1
cf=fN1€—Np ds (2.28)
S C
Stiffness matrix:

Kf = fn (VN,)T VN, dQ (2.29)

f

Combining FE equations of the solid part and the fluid part together, FE equations for the

whole human head model can be expressed as [70]:

cc 0
+

0o cf

s
=18

MS 0
poQT Mf p

=

To solve the above FE equations, the Newmark method was used and the following sec-

tion discusses that in detail.

2.4.3 Newmark method

Newmark method is a family of single-step integration method for the solution of struc-
tural dynamic problems. By using one of the Newmark methods, the variables @ and i in

FE equation (2.21) can be expressed as [75]

. t? ..
Uy = Up_pe + AtU,_p + Tﬁt—At + BAt3ﬁt—At (2.31)

ﬁt = ﬁt—At + Atﬁt—At + YAtzﬁt_At (232)
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The integration parameters in equations (2.31) and (2.32) are usually taken as =1/ 4

and y = 1/ 2. If acceleration 1 is assumed to be linear within the time step, the third time

derivative of displacement can be written as

s ﬁ _ﬁ -A
U = % (2.33)

Substitute Equation (2.33) into Equations (2.31) and (2.32), the standard form of New-

mark’s equations can be expressed as

. 1 . .
ﬁt = ﬁt—At + Atﬁt—At + (E - B)Atzﬁt_At + BAtZﬁt (234)
ﬁt = ﬁt—At + (1 - Y)Atﬁt—At + yAtﬁt (235)
Due to FE Equation (2.21) involves stiffness and mass proportional damping, Newmark’s

method in matrix notation which is formulated by Wilson [76] is introduced here. Equa-

tions (2.34) and (2.35) can be rewritten in the following form:

ﬁt =by (ﬁt - ﬁt—At) + bzﬁt—At + b3ﬁt—At (2-36)
ﬁt = b4(ﬁt - ﬁt—At) + bsﬁt—At + b6ﬁt—At (2-37)
Where
_ 1 _ 1 —1 1 b = Yy
L7 pAtz’ 27 BAt’ 3 28’ * T At
Y Y
bs=1-% b =At(1——) 238
s=1-5. b 5 (238)
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At time t, substitute equations (2.36) and (2.37) into equation (2.21) which can be ex-

pressed as

(b;M® + b,C° + K®)U; = Ms(blﬁt—At - bzﬁt—At - bSﬁt—At)

+C5(byUie_pe — bslip_pe — belly_p¢) +QP (2.39)
Define an effective stiffness matrix as
K = b,M5 + b,C5 + K° (2.40)
And the effective load vector is

Fe = M®(byi,_p¢ — bply_pr — balle_pe) +

C5(balig_pe — bsty_pe — belle_p.) + QP (2.41)
Consequently, the FE Equation (2.21) can be written as
[K] (U} ={F} (2.42)

Then specify initial conditions iy, i, .

For each time step (t = At, 2At, 3At ...... ), the following steps are used to calculate
nodal displacement.

A. Calculate effective load vector F, using Equation (2.41)

B. Solve for node displacement vector at time ¢t

Ki, = F

Calculate node accelerations and velocities at time t using equations (2.36) and (2.37).
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2.5 Establishment of 2D FE model of human head in ANSYS

C. Gotostep Awitht =t +At.

Above is the clue for solving the FE equations of the skull and brain by using the
Newmark method. The procedure for solving the FE equations of CSF is the same. In the
study, the FE equations were solved by using ANSY'S software. In ANSYS, there is a so-
lution interface (called the Solution Controls dialog box) for setting analysis options.
Transient, one tab of the Solution Controls dialog box, contains a subsequent tab called
time integration and the time integration method can be specified there. The Newmark
algorithm was chosen, and the integration parameters 3 and y were defined as 0.25 and

0.5, respectively.

2.5 Establishment of 2D FE model of human

head in ANSYS

ANSYS software is widely used in the computer-aided engineering field for FE analysis.
It allows a design evaluation without having to build multiple prototypes in testing since
it can realize model construction, applying operating loads and studying physical re-
sponses. In this section, a 2D human head FE model was established by using ANSYS,
which was realized in the pre-processing stage of a FE method. Pre-processing involves
geometry modeling, element selection, material representation and element mesh. The
operations of establishing the 2D human head FE model in ANSYS is illustrated as fol-

lows:
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2.5 Establishment of 2D FE model of human head in ANSYS

1. Geometry modeling. The geometric model of human head was constructed in MAT-
LAB (see section 2.1) and imported to ANSYS. The imported 2D geometric model in

ANSYS is shown in Figure 2.5.
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Figure 2.5: 2D geometric model of human head in ANSYS

2. Element selection. Element type determines the degree-of-freedom set (which in turn
implies the discipline - structural, thermal, magnetic, electric, quadrilateral, brick, etc.)
and whether the element lies in 2D or 3D space [77]. PLANEA42 is chosen for the skull

and brain, while FLUID29 is chosen for the CSF. PLANE42 is used for 2D modeling of
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2.5 Establishment of 2D FE model of human head in ANSYS

solid structures. The element has four nodes and with two degrees of freedom per node:
translations in the nodal x and y directions [77]. It has plasticity, creep, swelling, stress
stiffening, large deflection, large strain capabilities, etc. [77]. FLUID29 is used for mod-
eling the fluid medium and interface in fluid/structure interaction problems [77]. Sound
wave propagation and submerged structure dynamics are its two typical applications [77].
FLUID29 is defined by four nodes having three degrees of freedom per node: translations
in the nodal x and y directions and pressure. The element can be used with other 2D
structural elements to perform unsymmetric or damped modal, full transient analyses, and
it has the capability to include damping of sound absorbing material at the interface [77].
Define the element types, point to the appropriate type reference number using the
TYPE command or through the Graphic User Interface (Main Menu > Preprocessor >
Element Type > Add/Edit/Delete > Add... > Library of Element Types, choose the
element type and type the element reference number there. Then define element behav-
iors in the appeared Element Type tab, use the following: Element Type > Options... >
Element Behavior, choose “plane strain” for PLANE42, and “Planar” for FLUID29.
3. Material representation. For each type of element, it may have multiple element prop-
erty sets, ANSYS identifies each set with a unique reference number. The Material
Model Number 1 (represent the skull material) was defined as: linear, isotropic, Young’s
modulus = 6650 MPa, Poisson’s ratio = 0.22, and density = 2080 Kg/m®. Material Model
Number 2 (represent the brain material) was defined as: linear, isotropic, Young’s
modulus = 0.5581 MPa, Poisson’s ratio = 0.485, and density = 1040 Kg/m® Material

Model Number 3(represent the CSF material) was defined as: acoustics, density = 1040
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2.5 Establishment of 2D FE model of human head in ANSYS

Kg/m®, sonic velocity = \/g = 1451.13 m/s (where k is the bulk modulus of the CSF and

p is the density of the CSF), boundary admittance = 0.2. Boundary admittance is the quo-

tient of the relative particle velocity and the sound pressure at the boundary. Figure 2.6

shows the interface of defining human head materials in ANSYS.
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Figure 2.6: Interface of defining human head materials in ANSYS

The material properties were defined in the Graphic User Interface by following the
steps: Main Menu > Preprocessor > Material Props > Material Models > Define Ma-

terial Model Behavior, then input the material properties to the corresponding material

model.
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2.5 Establishment of 2D FE model of human head in ANSYS

4. Element mesh. Figure 2.7 displays the meshed 2D human head FE model. The ele-
ment shape of all the three areas (the skull, brain and CSF) is quadrilateral. And the ele-
ment size which affects the accuracy and economy of the analysis was 6 (The default
value is 6, and the range of the size is from 1 to 10). The meshing type used is free mesh.
There are 4967 elements and 5111 nodes in the FE model of human head. All the above
mesh controls were realized in the ANSYS MeshTool (Main Menu> Preprocessor>

Meshing> MeshTool).
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3.1 Correlations establishment

Chapter 3

Finite Element Study of Correlations
between ICP and External Vibration

Responses of Human Head

In this chapter, correlations between ICP and four vibration responses, which are dis-
placement, velocity, acceleration and equivalent strain, are investigated in Section 3.1. To
find out a good correlation for determining ICP, the magnitude and duration of applied
impact, which may have effects on the correlations, are studied and discussed in Section

3.2 and Section 3.3, respectively.

3.1 Correlations establishment

Correlations between ICP and the four external vibration responses (i.e., displacement,

velocity, acceleration and equivalent strain) of human head were explored in solution
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3.1 Correlations establishment

stage and post-processing stage of a FE method. Solution stage includes specifying
boundary and loading conditions, executing computation sequence and extracting nu-
merical results. Post-processing involves the presentation and interpretation of the com-
puted results [78].

In one solution stage, a particular ICP was applied to the 2D FE model of human head
which was established in the pre-processing stage (see chapter 2). According to experi-
mental data reported in [12, 20, 22, 23, 24], the normal range of ICP is approximately
from 3.75 ~15 mm Hg, or between 500 ~ 2000 Pa. ICP higher than 15 mmHg or larger
than 2000 Pa is considered as abnormal. Eleven ICP values were uniformly selected from
the above two ranges. They are 500 Pa, 1000 Pa, 1500 Pa, 2000 Pa, 2500 Pa, 3000 Pa,
3500 Pa, 4000 Pa, 4500 Pa, 5000 Pa and 5500 Pa. An impact, in the form of step impulse,
was applied to the human head model. In practice, the applied impact should harmless to
human head and also generates strong enough vibration for getting good correlation be-
tween ICP and external vibration responses. In Willinger et al.’s study, they assume the
intracerebral tissues can resist a compression of 200 kPa and a tension of 270 kPa during
a 6 ms duration impact which were caused by a 6 kg impactor at 6.3 m/s, and the values
were lower than those proposed as brain tolerance thresholds by Ward et al (compression:
234 kPa, tension: 2186 kPa) [79, 80]. In this study, we assume a 5 N force (i.e., a 0.51 kg
impactor) with a duration of 10 ms is harmless to human head. Smaller impact that can
generate strong vibration is also possible. The applied ICP and the step impulse are the
loading conditions. ICP was applied at the interfaces between the skull and the CSF, the
CSF and the brain, while the step impulse was applied at location A of the human head

model. The boundary conditions were applied at location C and D. Displacement value at
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3.1 Correlations establishment

location C and D were set as 0. All degrees of freedom of location D are constrained,
while the degree-of-freedom of location C at x direction is constrained. Applying a
boundary condition at location C is because if there is no constraint applied at location C
(or some nearby place), any movement of the head will influence the measured responses.
When a patient lying on bed, location D which is at the back part of the head is fixed, so
constraint at location D is required. Having the constraint at location D is to make the
studied results more applicable in practice. Each loading in the solution stage were saved
as a LS (Loading step) file. Then conduct the FE analysis, which is transient analysis
used in the thesis, and solve the problem from the saved LS files. Figure 3.1 shows an

impact in the form of step impulse applying on the human head.
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Figure 3.1: An impact in the form of step impulse applying on human head
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3.1 Correlations establishment

The vibration responses (i.e., displacement, velocity, acceleration and equivalent

strain) at location B were collected, the collecting time was 100 ms. Selection of position

B for picking up responses is based on the consideration of the convenience on installing

the transducer. Eleven sets of solution and post-processing were carried out. The applied

ICP was the only difference among the sets. Time histories of the collected vibration re-

sponses are shown in Figure 3.2.
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Figure 3.2 (a): Time histories of x direction displacement
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Figure 3.2 (c): Time histories of x direction acceleration
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Figure 3.2 (d): Time histories of equivalent strain

It can be seen from Fig.3.2 that the time histories of the displacement and the equiva-
lent strain are different for different ICP. However, both the velocity and the acceleration
time histories changed little with ICP. In other words, displacement and equivalent are
more sensitive to ICP change than velocity and acceleration. The difference of ICP ef-
fects on the responses may due to the initial stress fields introduced by ICP. ICP produces
initial stress fields in the head, which is in the form of displacement and equivalent strain,
and different ICP produces different displacement and different equivalent strain. How-
ever, ICP does not produce velocity or acceleration.

There are two reasons for collecting x direction responses. First, x direction responses

are more dominant than y direction responses under the impact applied in x direction.
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3.1 Correlations establishment

Second, they can be more easily picked up by a sensor installed at location B. To find a

specific correlation between ICP and external vibration responses, peak values of the col-

max max max

lected responses, displacement (uy ), velocity (v ), acceleration (ax ) and equivalent

M), were extracted from the data list file of the collected responses by using

strain (e
MATLAB. Correlation curves of ICP and the four investigated vibration responses are

shown in Figure 3.3.
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Figure 3.3 (a): Correlation between ICP and u,™
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Figure 3.3 (d): Correlation between ICP and g ™

From Figure 3.3, it can be observed that a strong correlation does exist between ICP
and each vibration response. The correlation curves are approximately linear. That is, ICP

max

has approximately linear relationship with the maximum displacement (uy ), maximum

velocity (v"®), maximum acceleration (a,"®) and maximum equivalent strain (g").
The correlation curves show that as ICP increases, all the vibration response increase.
Another observation is that, for each vibration response, there is no obvious distinction
between correlation curves in the normal ICP range (from 500Pa to 2000Pa) and that in
the abnormal ICP range (larger than 2000Pa). These correlations are very useful for de-
termining ICP. Once a response is collected, extract its maximum value, and then the ICP

can be easily obtained from the corresponding correlation curve. This indicates that

evaluating ICP by virtue of a correlation between ICP and a vibration response is feasible.
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3.2 Effects of impact magnitude

3.2  Effects of impact magnitude

In this section, three impact magnitudes are used to study its effect on the correlations
between ICP and external vibration responses. The studied impact magnitudes are 1 N, 5
N and 10 N. For each impact magnitude, a set of solutions and post-processings with the
eleven selected ICPs were carried out. Among the three sets FE analyses, impact magni-
tude is the only difference. The impact duration is 10 ms in this study. The procedure of
conducting each FE analysis is the same as that described in Section 3.1.
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Figure 3.4: Correlation between ICP and u,™ for
Fo=1 N, Fo=5 N and Fy=10 N, respectively
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3.2 Effects of impact magnitude

Figure 3.4 displays the correlation between ICP and displacement for Fo=1 N, Fo=5 N
and Fo=10 N, respectively. It can be seen that the three correlation curves are all ap-
proximately linear. The slopes are all 1.76 x10"® m/Pa. Maximum displacement u,™ in-
creases as ICP goes up. The impact magnitude does not change the correlation pattern be-

tween ICP and the maximum displacement u,™.
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Figure 3.5: Correlation between ICP and v, for
Fo=1 N, Fo=5 N and Fy=10 N, respectively
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3.2 Effects of impact magnitude

The correlation between ICP and maximum velocity is shown in Figure 3.5. For one im-
pact magnitude (e.g., Fo=1 N), the change of the maximum velocity Av," (from ICP =

500 Pa to ICP = 5500 Pa) is: (3.3712 - 3.3600) <10 m/s = 1.12x10° m/s. so the change

of the maximum velocity Av,™ is very small in comparison to the maximum velocity
V"™, e, 1.12>10° m/s vs. 3.3712 x10™* m/s. For Fo=5 N, Av,™ vs. v\™ = 5,6 <10
m/s vs. 1.6858 x10°° m/s, and for Fo=10 N, Av," vs. ™ = 1.16 x10" m/s vs. 3.3719
=10 m/s. If the three correlation curves are plotted in one graph, the three correlation
curves are look like parallel to each other, and the maximum velocity changes as ICP in-
creases can hardly be seen. So three graphs are employed here to ensure the changes of
the correlation curves can be clearly displayed. One observation is that maximum veloc-

ity v " increases as ICP rises.
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Figure 3.6: Correlation between ICP and a,™ for
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Correlations between ICP and maximum acceleration a,™ obtained by the three im-
pact magnitudes are displayed in Figure 3.6. Same to maximum velocity, the change of
the maximum acceleration Aa,™ (from ICP = 500 Pa to ICP = 5500 Pa) is very small
compare to the maximum acceleration a,™. For Fo= 1 N, Aa,™* vs. a,"* = 3.6 x10™
m/s? vs. 0.12526 m/s?; for Fo= 5 N, Aa,™ vs. a,"™ = 1.95 =10 m/s? vs. 0.62546 m/s*;
for Fo=10 N, Aa,™™ vs. a,"™> = 3.5 <10 m/s? vs. 1.2527 m/s. Thus, the three correlation
curves are plotted in three graphs. It can be seen from Fig. 3.6 that maximum acceleration

increases as ICP goes up.
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Figure 3.7: Correlation between ICP and g™ for
Fo=1 N, Fo=5 N and Fy=10 N, respectively

The corresponding correlations between ICP and maximum equivalent strain are
shown in Figure 3.7. It can be seen that the three correlation curves are all approximately
linear. Maximum equivalent strain ™ increases as ICP goes up. The impact magnitude
does not change the correlation pattern between ICP and the maximum equivalent strain
go X,

From the above study, it can be concluded that change in impact magnitude does not
affect the correlation patterns between ICP and the studied vibration responses for Fo=1

N, Fo=5 N and Fy=10 N. However, the maximum magnitudes of the vibration responses

do change with impact magnitude. The study in this section is very useful for ICP deter-
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3.3 Effects of impact duration

mination in practice. The smaller the applied impact, the less painful the patient is. With-
out influencing the accuracy of ICP’s determination, the impact magnitude should be as
small as possible. Although the minimum impact magnitude used in the study is 1 N,
smaller magnitude is still possible depending on the sensitivity of the transducer installed
at location B which is shown in Figure 3.1. For instance, if the correlation between ICP
and maximum displacement are used in the afterwards proposed procedure for evaluating
ICP, the collected maximum displacement for ICP = 500 Pa is 0.12x10™ m, i.e., 12 pm, a
sub-miniature linear gauge with nano resolution (for measuring displacement under 500

jam) can be used to measure the displacement.

3.3  Effects of impact duration

The effect of impact duration on the correlations between ICP and external vibration re-
sponses was investigated by three sets of FE analyses in this section. The impact duration
is the only difference among the three sets of FE analyses. The durations are 10 ms, 1.0
ms and 0.1 ms, respectively. The same FE analysis procedure as in Sections 3.1 and 3.2

was used in the investigation, and the impact magnitude is 5 N.
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Figure 3.8: Correlation between ICP and u,™ for
t,=1.0x10?s, tp=1.0x10"s and t,=1.0x10s, respectively

It can be observed from Figure 3.8 that the correlation pattern between ICP and
maximum displacement is not affected by impact duration. The slopes of the three curves
are all 1.7810® m/Pa. For all the three durations, maximum displacement increases as
ICP rises. For a particular ICP, longer duration generates larger maximum displacement,

as more mechanical energy is input or applied to the head.
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Figure 3.9: Correlation between ICP and v, for
t;=1.0%10s, t=1.0x10"s and t,=1.0x10s, respectively

From Figure 3.9, it can be seen that some differences exist between the three correla-
tion curves. Correlation curves for tp=10 ms and t,=1.0 ms are approximately linear while
the correlation curve for t=0.1 ms is less linear. Long duration generates larger maxi-
mum velocity for a particular ICP than short duration does. E.g. when ICP = 1000 Pa, the
maximum velocity is 1.681x10° m/s, 5.050x10™* m/s and 1.1997>10 m/s for t,=10 ms,

to=1.0 ms and t,=0.1 ms, respectively. One phenomenon that is in common with dis-
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3.3 Effects of impact duration

placement vs. ICP correlations is that velocity ascends as ICP rises in all the three corre-

lation curves.
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Figure 3.10: Correlation between ICP and a,™ for
t,=1.0x107s, t,=1.0x10 s and t;=1.0x10s, respectively

Figure 3.10 displays the three correlation curves of maximum acceleration and ICP.
They differ from each other considerably. Acceleration only goes up with ICP for t,=10
ms, and the curve is approximately linear, while the correlation curves for t,=1 ms and
to=0.1 ms are less linear. Therefore, ICP vs. acceleration correlation patterns are different

for different impact durations. One possible cause for the difference is the wave propaga-
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3.3 Effects of impact duration

tion. The wave propagates in the combination of reflection, refraction, diffraction and in-
terference in human head. Impact duration influences the vibration of human head and
further influences the dominant wave propagation. If impact duration larger than a certain
time T,, and reflection becomes the dominant propagation, the maximum acceleration de-
creases as ICP increases. Otherwise, maximum acceleration increases as ICP goes up.
From Fig.3.10, T, may larger than 1ms, and acceleration decreases when impact duration

to=1 ms and t,=0.1 ms.
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Figure 3.11: Correlation between ICP and g™ for
t,=1.0x102s, to=1.0x10%s and to=1.0x10™*s, respectively
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3.3 Effects of impact duration

From the correlations between ICP and maximum equivalent strain displayed in Fig.
3.11, it can be seen that correlations established by using different impact durations are
similar to each other. The maximum equivalent strain goes up when ICP increases. Obvi-
ously, longer duration leads to larger maximum equivalent strain.

The impact duration show less effect on the correlation between ICP and maximum
displacement, or maximum equivalent strain than on that for maximum velocity or
maximum acceleration. For velocity and acceleration, a long impact duration produces
more consistent and clear correlation than a short duration does. The obtained results in-
dicate that impact duration shorter than a certain time is not good for establishing strong

correlation between ICP and velocity, and correlation between ICP and acceleration.
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4.1 Sensitivities of vibration responses to ICP change

Chapter 4

ICP Evaluation for CHI Patients

Based on the correlations established in Chapter 3, a non-invasive procedure for evaluat-
ing ICP of CHI patients is developed in this chapter. In order to select the most appropri-
ate vibration response to evaluate ICP, the sensitivity of vibration response to ICP change
will be introduced. The four vibration responses will be studied and compared with re-
spect to their sensitivities. Based on the comparison, a vibration response will be selected

for establishing a procedure for evaluating ICP of CHI patients.

4.1  Sensitivities of vibration responses to ICP

change

In practice, it is desired that even a small change in ICP can be captured by a vibration
response [70, 81]. It requires that the vibration response is sensitive to ICP changes. To
evaluate the sensitivity of a vibration response to ICP changes, the following sensitivity
definition is introduced.
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4.1 Sensitivities of vibration responses to ICP change

_ Aw/wg  Aw Py (wy—wp) P,

¥ = AP/P, AP T wg  (Py—-P)  wq (4.1)

Where 1 is the sensitivity; w represents a vibration response; P is the intracranial pres-
sure; Aw and AP denote increments in the vibration response and in the intracranial pres-
sure, respectively. To eliminate the units of Aw and AP, a normalization is used, that is
introducing P, and w, in the formula 4.1. For each increment, w, is the average value of
a vibration response; while P, is the average ICP. Subscripts u and [ stand for the upper
and lower values of an increment in ICP or in the vibration response, respectively. w,,
and w; are the maximum responses for the upper and lower ICP in an increment, respec-
tively. i, reflects the relative change of the vibration response with respect to an ICP

change.

Table 4.1: Sensitivities of the four vibration responses to ICP change

ICP u™ ki ar™ g
500~1000 0.9459 0.0010 0.0017 0.9548
1000~1500 0.9452 0.0010 0.0017 0.9541
1500~2000 0.9445 0.0010 0.0017 0.9534
2000~2500 0.9438 0.0010 0.0017 0.9528
2500~3000 0.9431 0.0010 0.0017 0.9521
3000~3500 0.9424 0.0010 0.0017 0.9514
3500~4000 0.9417 0.0010 0.0017 0.9508
4000~4500 0.9409 0.0010 0.0017 0.9500
4500~5000 0.9402 0.0010 0.0017 0.9494
5000~5500 0.9395 0.0010 0.0017 0.9487
Averaged 0.9427 0.0010 0.0017 0.9517

63



4.2 Patient specific procedure for evaluating ICP

Table 4.1 lists the sensitivities of the vibration responses for impact magnitude Fo =5 N
and duration to=10 ms. The averaged sensitivity of maximum displacement, velocity, ac-
celeration and equivalent strain are 0.9427, 0.0010, 0.0017 and 0.9517, respectively. That
is, the maximum displacement and maximum equivalent strain are more sensitive to ICP
change than maximum velocity and maximum acceleration. Based on the above study,
both the ICP vs. displacement correlation and ICP vs. equivalent strain correlation can be
used for ICP evaluation and a procedure for evaluating ICP is proposed in the following

section.

4.2  Patient specific procedure for evaluating ICP

Steps of a proposed non-invasive procedure for evaluating ICP are illustrated in Figure
4.5 [81]. STEP 1: Establishment of a patient-specific correlation between ICP and a vi-
bration response. The procedure starts with getting a medical image of the patient’s head,
e.g., take a MR image. A geometric model is constructed from the medical image of the
patient by using a software, e.g., MATLAB. Based on the geometric model, a patient-
specific FE model of the human head is built and FE analyses are then conducted. Corre-
lation between ICP and a vibration response, e.g. maximum displacement, is established
using the method described in Chapter 3. Figure 4.1 shows the steps of establishing the

patient-specific correlation between ICP and a vibration response.
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Medical image of a patient’s head

v

Geometric model

y

Patient-specific finite element model of the human head

v

Finite element analyses

v

Patient-specific correlation between ICP and a vibration response

Figure 4.1: Establishment of a patient-specific correlation

between ICP and a vibration response

STEP 2: Instrument setup. A device with two transducers is attached onto the pa-
tient’s head using an elastic band. Installation of the device is shown in Figure 4.2. The
transducer installed at location A is used for generating a harmless impact (e.g., a step
impulse) and the transducer installed at location B is used for picking up vibration re-
sponses. One attention should be paid here is that the location for applying the step im-
pulse and picking up the vibration responses should be the same to those in the FE
method.

STEP 3: Computer operation. Under the control of a computer, transducer A gener-
ates an impulse. Since a vibration response is related to the duration and magnitude of the
impact that are discussed in the previous chapter, the duration and magnitude of the im-
pact applied in practice should be consistent with those applied in the FE method. That is,

if the impulse is a step impulse with duration of 10 ms and a magnitude of 5 N used in the
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4.2 Patient specific procedure for evaluating ICP

FE method, these values should be the same in practice. Transducer B picks up a vibra-
tion response, e.g., displacement, and sends them to the computer. The maximum dis-

placement is then extracted by a computational algorithm.

// Elastic Band \

A |srsrrrdrrrr) B

Transducer for / Transducer for
generating . | picking up

harmless impact | - | vibration response

Figure 4.2: Instrument setup for measuring ICP

STEP 4: ICP evaluation. Based on the correlation between ICP and maximum dis-
placement established by FE analyses in STEP1, the ICP of the patient can be determined
from the maximum displacement measured in STEP 3. An example of three possible out-

comes from the proposed procedure is shown in Figure 4.3.
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Patient specific procedure for evaluating ICP
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Figure 4.3: Three possible outcomes in ICP evaluation

In the first scenario (marked by M in the figure), the measured maximum displace-

ment is 2.65x10™ m, the ICP determined by the correlation is 1280 Pa. In the second sce-

nario (indicated by R), the measured maximum displacement is 6.1810™ m, the corre-

sponding ICP obtained from the correlation is 3280 Pa. In the third case (represented by

N), the measured maximum displacement is 9.86x10™ m, and the determined ICP is 5360

Pa. Based on reported studies [12, 21, 24], the normal range of ICP is between 3.75

mmHg and 15 mmHg, or between 500 Pa ~ 2000 Pa. ICP above 20 mmHg (2666 Pa) is

considered abnormally high and ICP greater than 40 mmHg (5333 Pa) is a severe condi-

tion [6, 12, 24]. If ICP exceeds 45 mmHg (6000 Pa), the patient is in a fatal condition.
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4.2 Patient specific procedure for evaluating ICP

Based on the above classification, in scenario M, the person is in a normal condition. In
scenario R, the patient’s ICP is abnormally high, and an immediate treatment should be
taken. While in scenario N, the patient is in a critical condition and an emergent surgery

is required.
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5.1 Conclusions

Chapter 5

Conclusions and Future Work

5.1 Conclusions

Since ICP is a significant parameter that reflects CHI patient’s severity and physiological
state, many methods have been developed to evaluate and monitor ICP. Existing methods
for evaluating ICP were evaluated and compared. Invasive methods may bring infection
and haemorrhage, while existing non-invasive methods are not reliable for measuring ab-
solute ICP.

Results obtained from the FE study showed that strong correlations do exist between
ICP and vibration responses. The results on the effect of impact magnitude indicated that
larger magnitude leads to greater vibration responses, and the magnitude does not influ-
ence the correlation patterns between ICP and the four external vibration responses (i.e.,
displacement, velocity, acceleration and equivalent strain ) for the studied impact magni-
tudes which are 1 N, 5 N and 10 N. The impact duration which are 10 ms, 1 ms and 0.1

ms affect different vibration responses differently. The ICP vs. acceleration correlation
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pattern is affected by impact duration obviously, while the impact duration affects that of
ICP vs. velocity to some extent. However, the impact duration has very little effect on the
correlation patterns of ICP vs. displacement and ICP vs. equivalent strain.

Response sensitivity was introduced to measure how sensitive a vibration response is
to an ICP change. It was found that displacement and equivalent strain are more sensitive
than velocity and acceleration to ICP. This is consistent with the observations from time
histories of the four responses. Based on the studied results, a procedure was proposed for

ICP evaluation.

5.2 Future work

The research reported in this thesis is preliminary. Further research needs to be done be-
fore the proposed non-invasive procedure can be implemented as a medical instrument
and applied in clinics:

1. Building a more complicated 2D finite element model: The human head has a
complex geometry that has not accurately represented by the 2D FE model in this
thesis. Therefore, a 2D FE model with more intracranial constituents will be con-
structed by following the same process as used for constructing the model in this
thesis. Considering the materials of some intracranial components as heterogene-
ous is also a further work for 2D modeling.

2. Establishing a realistic 3D finite element model. If the correlation between ICP
and external vibration responses for the more complicated 2D FE model is also

strong, a 3D FE model of human head will be established. With the 3D FE model
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of human head, it is possible to predict the realistic responses of the human head
to loading impacts.

3. Design of a medical instrument: A medical instrument satisfies the requirement
described in the proposed procedure in Section 4.2 will be designed. A filter will
be included in the instrument to eliminate or reduce the environment noise and
some other interference noise. If the external response signal of the vibration ex-
cited by the loading impact has similar amplitude to that of noise signal, a larger
loading impact will be considered. The prerequisite is that the impact is harmless
to human head. More details on the specifications of the transducers are needed to
be figured out.

4. Experiment validation and verification of 3D FE model: The correlations estab-
lished by the 3D FE model will be validated by an invasive method. The medical
instrument designed in the above will be used to collect vibration responses from
the patient, and the ICP obtained from the proposed non-invasive procedure will

be compared with that from the invasive method.
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