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Abstract 
Traumatic brain injury (TBI) is a great burden for the society worldwide and the statistics 
indicates a relative constant total annual rate of TBI. It seems that the present preventative 
strategies are not sufficient. To be able to develop head safety measures against accidents in 
e.g. sports or automobile environment, one needs to understand the mechanism behind 
traumatic brain injuries. Through the years, different test subjects have been used, such as 
cadavers, animals and crash dummies, but there are ethical issues in animal and human testing 
using accelerations at injury-level and crash dummies are not completely human-like. In a 
Finite Element (FE) head model, the complex shape of the intracranial components can be 
modeled and mechanical entities, such as pressure, stresses and strains, can be quantified at 
any theoretical point. It is suggested that the size of the head, the skull-brain boundary 
condition, the heterogeneity, and the tethering and suspension system can alter the mechanical 
response of the brain. It can be seen that the shape of the skull, the composition of gray and 
white matter, the distribution of sulci, the volume of cerebrospinal fluid and geometry of other 
soft tissues varies greatly between individuals. All this, suggests the development of patient 
specific FE head models. 
 
A method to generate patient specific FE head model was contrived based on the geometry 
from Magnetic Resonance Imaging (MRI) scans. The geometry was extracted using 
expectation maximization classification and the mesh of the FE head model was constructed 
by directly converting the pixel into hexahedral elements. The generated FE model had good 
element quality, the geometrical details were more than 90 % accurate and it correlated well 
with experimental data of relative brain-skull motion. The method was thought to be 
automatic but some hypothetically important anatomical structures were not possible to be 
extracted from medical images. This leads to investigations on the biomechanical influence of 
the cerebral vasculature, the falx and tentorium complex. It was found that biomechanical 
influence of the cerebral vasculature was minimal, due to the convoluting geometry and the 
non-linear elastic material properties of the blood vessels. It suggests that future 
biomechanical FE head model does not necessarily have to include these blood vessels. The 
inclusion of falx and tentorium in an FE head model has on the other hand a substantial 
biomechanical influence by affecting its surrounding tissue. Therefore, in the investigation of 
the biomechanical influence of the sulci, the falx and tentorium were manually added to the 
anatomically detailed 3D FE head model. The biomechanical influence of the sulci has 
previously not been studied in 3D and the results indicated an obvious reduction of the strain 
in the model with sulci compared to the model without sulci in all simulations, and most 
interesting was the consistent reduction of strain in the corpus callosum. The development of 
gyri not only produces a larger area for synapses but also forms the sulci to protect the brain 
from external forces. 
 
Based on the results, a patient specific FE head model for traumatic brain injury prediction 
should at least include the skull, cerebrospinal fluid, falx, tentorium and pia mater, in addition 
to the brain. With these anatomically detailed 3D models, the injury biomechanics can be 
better understood. Hopefully, the burden of TBI to the society can be alleviated with better 
protective systems and improved understanding of the patients’ condition and hence, their 
medical treatments.  
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1 Introduction 
Traumatic brain injuries (TBI) is a great burden for the society worldwide, e.g. in the UK, 
TBI accounts for 15-20% of deaths between the age of 5 and 35 years (Teasdale, 1995). In the 
US, there are about 1.4 million people who sustained TBI each year and estimated one fifth of 
the hospitalized persons cannot return to work (Selassie et al., 2008). Same indication was 
shown in studies made in China (Wu et al., 2008) and France (Masson et al., 2001). In 
Sweden, the annual number of cases is more than 20 000 head injuries  (Kleiven et al. 2003) 
and the total annual rate of head injuries in Sweden over the last 14 years is relatively constant 
(Figure 1). It seems to be that the present preventative strategies are not sufficient. 
 

  
Figure 1. Number of cases and external causes of head injury in Sweden from 1987 to 2000.  
 
To be able to develop head safety measures against accidents in e.g. sport or automobile 
environment, one needs to understand the mechanism behind traumatic brain. Through the 
years, different test subjects have been used, such as cadavers, animals and crash dummies. 
Through those, the human tolerances and injury criteria were defined. In the 1970s, the 
National Highway Traffic Safety Administration proposed the head injury criterion (HIC) and 
it has since then been used in safety standards for head protection systems. The suitability of 
this criterion for safety development has been argued since it is based on linear acceleration 
and the head is modeled as a rigid mass. In 2000, Newman et al. presented the Head Impact 
Power (HIP) which included the direction of impact and the rotational acceleration but yet the 
head was modeled as a rigid mass. With increasing research in this area, it was hypothesized 
that the mechanisms of several brain injuries are based on the brain motion within the skull 
(Ward and Thompson, 1975; Hardy et al., 2001). Hence, studying the deformation of different 
intracranial components during impacts would increase understanding of the mechanism of 
TBI. A methodology which allows this is the FE method. 
 
In an FE head model, the complex shape of the intracranial components can be modeled and 
mechanical entities, such as pressure, stresses and strains, can be quantified at any theoretical 
point. The results are repeatable and ethical issues can be avoided compared to animal or 
human testing when using injury-level accelerations. Hence documented impacts of the head 
with injury outcome can be studied using FE modeling and the predicted mechanical entities 
can be compared with the corresponding documented medical reports.  
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Most existing FE head models have been validated against intracranial pressure experiments 
but it has been shown that a correct pressure response in the brain doesn’t necessarily mean 
that the prediction of the strain is correct (Bradshaw and Morfey, 2001; Kleiven and Hardy, 
2002). Also, many previous models assumed either simplified material models (linear 
elasticity), idealized geometries or geometries of a 50th percentile male human head. It is 
suggested that the size of the head (Kleiven and von Holst, 2002), the skull-brain boundary 
condition (Kleiven and Hardy, 2002; Claessens et al., 1997), the heterogeneity, such as the 
central fissure and central sulcus, or the tethering and suspension system, such as the dura 
mater, falx and tentorium (Sabet et al., 2008; Cloots et al., 2008), can alter the mechanical 
response of the brain. It can be seen that the shape of the skull, the composition of gray and 
white matter, the distribution of sulci, the volume of cerebrospinal fluid and geometry of other 
soft tissues varies greatly between even similar sized individuals (Figure 2). This suggests the 
development of patient specific FE head models. 
 

 
Figure 2. A coronal cross-section of the head for different individuals. Notice the individual 
variations of the head shape and interstitial boundaries of white matter, gray matter and skull. 
 
Until this date, the precise brain injury mechanisms and tolerance criteria are still not known 
(Kleiven, 2007; Hardy et al., 2007). Hopefully, with biofidelic, patient specific FE head 
models which have been comprehensively validated, the injury biomechanics can be better 
understood. Consequently, better protective measures for the head can be developed and the 
burden of traumatic brain injury to the society can be alleviated.  
 
 

2 Objectives 
The objective of this thesis is to contrive a procedure to generate patient specific FE head 
models for biomechanical simulations. To overcome the intra- and inter-operator variability, it 
is desirable that the procedure is automatic. Within that scope, the influence of different 
anatomical structures on the dynamic responses in biomechanical simulations is studied. The 
time required to compute the solution of an FE analysis will increase with increasing detail in 
the FE model. It is therefore desirable to only include those anatomical structures that will 
enhance the accuracy of such analyses.  
 
The present thesis includes: 
• The development of an anatomically correct FE head model (Paper A). 
• Investigation of the biomechanical influence of the cerebral vasculature (Paper B). 
• Investigation of the biomechanical influence of the falx and tentorium (Paper C). 
• Investigation of the biomechanical influence of the sulci (Paper D). 
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3 Anatomy of the Head 
The human head consists of the scalp, skull, dural, arachnoidal and pial membranes, 
cerebrospinal fluid (CSF), brain and blood vessels. Apart from the skull and CSF, the 
different tissues fall under the category of soft tissue. The shape and size of the different 
tissues varies greatly between different individuals, but there are some common features 
which are described below. 

3.1 Scalp 
The scalp is roughly about 5 to 7 mm thick and consists of the skin, subcutaneous connective 
tissue layer, galea aponeurotica, loose areolar connective tissue layer and pericranium  
(Figure 4). 

3.2 Skull 
The skull rests on the atlas, also known as the first cervical vertebra, at the superior end of the 
vertebral column. It varies between 4 and 7 mm in thickness and consists of 22 bones, 8 of 
which are cranial bones and the rest are facial bones (Figure 3). The cranial bones form the 
cranial cavity in which the brain is located. The cranial cavity is not completely closed and 
there are some foramina (holes) that allow nerves and blood vessels to go through, such as the 
foramen magnum which is located in the posterior fossa through which the spinal cord 
connects to the brain. There are also cavities within the bone, such as the frontal sinuses in the 
frontal bone which are connected to the nasal cavity. 

 
 

 
 
Figure 3. Illustration of an external view of the human skull (Gray, 2000) (top) and a computer 
tomography (CT)  scan of a human head showing the skull (white) and sinuses at the frontal 
part of the skull in connection with the nasal cavity (bottom). 
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3.3 Membranes 
There are three types of membrane that surround and possibly protect the brain (Figure 4). 
The superficial membrane is the dura mater which is attached to the inner surface of the skull. 
Further, the dura mater extends into the falx cerebri that separates the cerebral hemispheres 
and the tentorium cerebelli that separates the cerebrum from the cerebellum. Beneath the dura 
mater, there is a thin membrane called the arachnoid mater. The innermost membrane is the 
pia mater that envelops the surface of the brain.  

¨ 
 

Figure 4. Illustration of the protruding dura mater; falx cerebri and tentorium cerebelli (top). A 
cross-section of the top of the head seeing the scalp, the cranial bone, the brain and the 
membranes in between, also the superior sagittal sinus (Gray, 2000). 



Johnson Ho 

 

5 
 

3.4 Cerebrospinal Fluid 
The CSF is a liquid that contains molecules and proteins, and surrounds the brain and exists 
also in the ventricles (Figure 5). Besides providing the brain with a chemical optimal 
environment, and allowing circulation of nutrients and waste, CSF also serves as mechanical 
protection from jolts that would cause the brain to hit the bony walls of the cranium (Tortora 
and Grabowski, 2000). Meanwhile, the CSF does not constrain the brain from motion relative 
to the skull.  
 

   
 

Figure 5. T2-weighted MRI scan of a normal head where the CSF is depicted with light gray, 
gray matter is darker and white mater is darkest.  

3.5 Brain 
The brain consists of the cerebrum, cerebellum and brain stem. The cerebrum is the largest 
part of the brain and it consists of two hemispheres. Each hemisphere is divided into four 
lobes; the frontal lobe, the temporal lobe, the parietal lobe and the occipital lobe. The outer 
layer of the cerebrum consists of gray matter and beneath is the white matter. An important 
part of the white matter is the corpus callosum which connects the two hemispheres of the 
cerebrum. During embryonic development, the gray matter grows faster than the white matter 
hence creating gyri and sulci (Figure 6). 
 

 
Figure 6. Illustrations of the major gyri and sulci (Gray, 2000) on the lateral surface of the brain 
(left) and on the medial surface of the brain (right). 
 
The cerebellum is located at the posterior part of the head and is separated from the cerebrum 
by the tentorium. To communicate with the rest of the central nervous system, it is attached to 

 
Scalp 
 
 
 
CSF 
 
 
 
Brain tissue 
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the brain stem. Like the cerebrum, the cortex of the cerebellum is also covered by gyri and 
sulci, but these are much smaller than those of the cerebrum (Figure 7).  
 
The brain stem connects the brain with the spinal cord and it goes through the foramen 
magnum. It consists of the midbrain, pons and medulla oblongata. The diencephalon is a 
structure that connects the cerebrum and the brain stem. It consists primarily of the thalamus 
and hypothalamus (Figure 7).  

 

 
 
Figure 7. Comparison of an illustration (Gray, 2000) of a brain section in the median sagittal 
plane and a slice of a T1-weighted MRI scan in close vicinity of that plane. Notice that the CSF is 
very dark in this type of MRI compared to the T2-weighted MRI in Figure 5. 
  

Scalp Trabecular bone 

Brain 
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3.6 Cerebral Vasculature 
The cerebral vasculature provides the brain with oxygenated blood through the arteries and 
drains through the veins. The vertebral arteries and the internal carotid arteries run along the 
neck and form the circle of Willis at the base of the brain, from which the middle cerebral 
arteries run (Figure 8). Other major arteries within the cranial cavity are the anterior cerebral 
artery, posterior cerebral artery and the inferior cerebellar arteries (Figure 9). These arteries 
are then divided into arterioles and capillaries to provide blood to the different parts of the 
brain. Major veins that exist in the cranial cavity are the superior sagittal sinus, inferior 
sagittal sinus, straight sinus, cavernous sinuses, transverse sinuses and sigmoid sinuses. They 
all pass venous blood into the internal jugular veins.  

 
Figure 8. The distribution of arteries on base of the brain (Gray, 2000).  
 

 
Figure 9. An angiography (left) and the corresponding reconstruction (right) of the major 
arteries from a CT angiography. 
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4 Biomechanics of Head Injuries 

4.1 Skull Fracture 
In for example a fall accident, when the head hits the ground, the kinetic energy which is 
generated by the fall is absorbed by the head which might fracture the skull. Fracturing the 
skull could mean less energy will be transferred to the brain and causing less damage to it. 
However, the bone fragments might penetrate the brain causing other trauma. A skull fracture 
is considered to be open when the surrounding skin is ruptured otherwise it is treated as 
closed. 

4.2 Epidural Hematoma 
In a skull fracture, the bone fragments might cause the blood vessels running along the dura 
mater to rupture and blood to accumulate in the space between the dura mater and the skull 
causing an epidural hematoma (EDH). Since the adhesion between the dura mater and the 
skull is quite strong, the bleeding is often well-defined with a biconvex shape (Figure 10). The 
brain is usually minimally damaged but if the expansion of the accumulated blood volume is 
not interrupted, the intracranial pressure will rise and cause other complications.  

 
Figure 10. A CT scan depicting an epidural hematoma and its typical biconvex shape. 

4.3 Subdural Hematoma 
As the name suggests, subdural hematoma (SDH) is a bleeding beneath the dura mater where 
blood accumulates often above the arachnoid mater. It is often caused by excessive rotation of 
the brain which tears off the blood vessels, such as bridging veins and arteries, which run 
between the brain and the skull. The shape of an SDH is often crescentic and the bleeding is 
spread more widely since the dura, arachnoid and pia mater are lightly adhered (Figure 11).  

 
Figure 11. The shape and extension of a subdural hematoma in a CT scan. 

4.4 Contusion 
A contusion is a localized damage to the brain which often involves edema, hemorrhage and 
infarction. It is often seen in the area at the site of impact and at the opposite side of the brain, 
it is called the coup-contrecoup contusion. 

4.5 Diffuse Axonal Injury 
A diffuse axonal injury (DAI) is caused by the disruption of neuronal axons in the brain 
tissue. Rotational motion of the head causing large strain of brain tissue might cause DAI 
(Margulies et al., 1990) and the most common locations for DAI are in the corpus callosum, 
brain stem and the white matter of the cerebral hemispheres (Gennarelli et al., 1982; Adams et 
al., 1989). 
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5 The Generation of  
Previous 3D Finite Element Head Models 

Several 3D FE head models have been constructed since the first model reported by Ward and 
Thompson (1975). To introduce the complete history and development of these models is 
outside the scope of this thesis. Hence, only 3D FE human head models that were found to be 
inspirational and influential to the current thesis are presented here. 
 
Kumaresan et al. (1995) created an FE head model based on the external geometry of a 
dummy head (Hubbard and McLeod, 1974). One of the aims was to generate the geometry 
and discretize the mesh in an automatic fashion with an in-house software package. The 
external geometry was discretized into 33 contours in the axial plane. The variation of the 
actual geometry of the head could be modeled by adopting the landmarks of the dummy head. 
The skull, CSF and brain were then generated in patches based on the altered external 
geometry. The FE model consisted of a skull that was modeled with 293 thick shell elements, 
while the CSF and brain were modeled with 555 brick elements.  
 
During the same year, CT and MRI scans from the Visible Human Database were introduced 
for the skull and brain geometries in an FE head model (Krabbel and Müller, 1996). The inner 
and outer contours of the skull were extracted using a semi-automatic tracking algorithm from 
the CT scan and the brain geometries were extracted using MRI scan. The initial pixel size 
was around 0.9 mm but was scaled to around 5 mm to reduce the number of elements in the 
model. The model creation method utilized a fully automatic mesher which converted the 
pixels of skull and brain into corresponding brick elements and the surface of the brain and 
skull was smoothed using nodal averaging. The resulting model consisted of the skull and 
brain in brick elements with a total count of 9,732.  
 
The first Wayne State University brain injury model (WSUBIM) was created based on the 
atlas of a 50th percentile male human head (Zhou et al., 1995) which included the scalp, skull, 
dura, falx, tentorium, pia, CSF, venous sinuses, ventricles, cerebrum, cerebellum, brain stem 
and parasagittal bridging veins. The model was validated against intracranial pressure 
experiments (Nahum et al., 1977). This model was later improved by adding more layers to 
the skull and modifying the mesh in the posterior region to improve its ability to 
accommodate occipital impacts (Al-Bsharat et al., 1999). In 2001, the third version of the 
WSUBIM was constructed with a refined mesh. The gray matter and white matter were 
distinguished and the number of elements increased from 22,995 to 314,500 (Zhang et al., 
2001). A new face was also constructed and its geometries were based on CT and MRI scans 
from the Visible Human Database. This version was qualitatively compared with a localized 
brain motion experiment (Hardy et al., 2001), nasal bone impact experiments (Nyquist et al., 
1986) and the same intracranial pressure experiments as the first version.  
 
The FE head model from Eindhoven University of Technology was created based on CT and 
MRI scans from the Visible Human Database (Claessens et al., 1997). The interior and 
exterior surface of the skull was extracted and used to generate the mesh of the brain with a 
projection method. Then, the mesh of skull was generated by expanding the faces of the 
elements of the brain to the outside surface of the skull. This model consisted of the skull, 
brain and facial bone. The geometry of the model was improved later and scaled to the 
anthropometry of a 50th percentile human. The CSF, dura mater, falx and tentorium were also 
added to the model (Brands et al., 2002). The different anatomical structures were rigidly 
connected to each other. The model was validated against intracranial pressure experiments 
(Nahum et al., 1977). 
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The Université Louis Pasteur (ULP) model was reported to be generated using the inner and 
outer surface of the skull which were digitalized from a human adult skull. The geometry of 
the head’s interior was based on an atlas (Kang et al., 1997). The model included the skull, 
falx, tentorium, CSF, scalp, cerebellum, cerebrum and brain stem. The model represented an 
adult human head and included both shell and brick elements with a total of 13,208 elements. 
Later, the geometry of the skull was improved since the thickness throughout the skull was 
found to influence its dynamic response to impacts (Deck et al., 2004). The model was 
validated against a cadaveric impact test (Trosseille et al., 1992). 
 
The Kungliga Tekniska Högskolan (KTH) model was created  based on the color photos from 
the Visible Human Database (Kleiven and von Holst, 2002). The geometries of different 
tissues were extracted manually and the contours of each slice of the stacked images were 
combined together and converted to a computer aided design (CAD) format which was 
converted to an FE mesh with commercial software. The model includes the scalp, skull, 
meninges, CSF, cerebellum, cerebrum and brain stem, and is connected to a simplified neck 
with the spinal cord. Later, the transverse sinus, superior sagittal sinus and bridging veins 
were added to the model (Kleiven and von Holst, 2001). The model represented an adult 
human head, and since it was parameterized, the number of elements or the mesh density can 
be varied as desired. The model was validated against intracranial pressure experiments 
(Nahum et al., 1977) and localized brain motion experiments (Hardy et al., 2001) as well as 
the cadaveric impact test by Trosseille et al. (1992).  
 
The University College Dublin Brain Trauma Model (UCDBTM) was created based on the 
skull geometries extracted from CT scans from the Visible Human Database (Horgan and 
Gilchrist, 2003). The skull was segmented using interpolation and thresholding schemes 
resulting in surfaces which were smoothed and converted to an FE model. The inner surface 
of the skull was used for creating the mesh of the CSF and brain. The scalp, dura mater, pia 
mater, falx and tentorium were modeled with shell or membrane elements while the skull, 
CSF, cerebellum, cerebrum and brain stem were modeled with brick elements. An improved 
version of the UCDBTM was presented the year after with amongst other things, gray and 
white matter differentiation based on MRI scan (Horgan and Gilchrist, 2004). This model was 
compared with a cadaveric impact test (Trosseille et al., 1992) and a localized brain motion 
experiment (Hardy et al., 2001) with good agreement.  
 
A recent approach that did not alter the geometry of the head from the medical images was 
developed by Paul and Corey (2006). The skull, brain and CSF were segmented from a CT 
scan of a healthy female head. The scan had a high resolution in each axial plane but low 
resolution between the planes. Details about the model creation and validation were not 
disclosed but the model was tested in an impact simulation where pressure and stress fringes 
were studied. 
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5.1 Model Validation 
There are several experimental data that are commonly used for validating FE head models 
for traumatic brain injury predictions. The validation protocols usually register the force 
applied to the head of post mortem human subjects (PMHS) and the skull motion induced by 
the impact which can be applied to the FE head model. An FE head model is suggested to be 
validated if a high correlation exists between the measurement from the validation protocol 
and that of the model. 
 

5.1.1 Intracranial Pressure Experiments 
Nahum et al. (1977) published experimental data for a frontal blow to the head of several 
seated PMHS. The head was rotated forward so that the anatomical plane was inclined at 
about 45°. A blow was delivered to the front of the head using a cylindrical impactor with 
padding. Various masses and velocities of the impactor and different materials of the padding 
were used on different test subjects. The experiments resulted in epidural pressures in 
different locations of the head.  
 

5.1.2 Intracranial Pressure and  
Intracranial Acceleration Experiments 

Several impacts to the thorax, forehead and face of different sitting PMHSs were later 
conducted by Trosseille et al. (1992). The pressure in different locations of the PMHS head 
was measured in a similar way as in Nahum et al. (1977). The impactors weighed 23.4 kg and 
were varied not only in material but also in shape. The use of a steering wheel as an impactor 
attempted to experimentally simulate a car accident. 
 

5.1.3 Localized Brain Motion Experiments 
In the experiments by Hardy et al. (2001),  neutral density targets (NDTs) were inserted in the 
brains of PMHSs. The heads were perfused and attached via the neck to a suspension fixture 
which allowed translational and rotational motion. Using bi-planar high speed X-ray video 
cameras, the displacement of the NDTs relative to the skull was captured while the head was 
hit by a padded impactor or stopped by an angled surface. The impact region was either the 
frontal, temporal or the occipital region. The experiments measured the relative brain-skull 
motion.  
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6 Finite Element Modeling 

6.1 Tetrahedral and Hexahedral Elements 
There have been a couple of studies concerning the effect of element type on the result in FE 
analysis. Usually, the use of linear tetrahedral elements is avoided in structural analysis since 
this element type, especially in conjunction with nearly incompressible material, is associated 
with volumetric locking and the bending response is stiffened (Bonet et al., 2000). In another 
study (Cifuentes and Kalbag, 1992), it was stated that the accuracy and CPU time of quadratic 
tetrahedral elements were equal to that of linear hexahedral elements in bending, shearing and 
torsion of a cantilever beam. Later in a study by Benzley et al. (1995), it was concluded that, 
with nearly incompressible materials, even quadratic tetrahedral elements were outperformed 
by linear hexahedral elements in static analysis. The brain, with its high content of water, is 
nearly incompressible (Poisson’s ratio, υ ≈ 0.5) hence hexahedral elements should be more 
suitable for biomechanical analysis of traumatic brain injury. 

6.2 Element Quality 
The element quality is closely linked to the solution error in an FE simulation. An element 
without large distortions is considered to have good element quality. If the FE mesh contains 
a large amount of distorted elements, the solution to the FE problem will not be accurate. 
There are several ways to evaluate the quality of an element depending on its dimension and 
shape. 
 
Jacobian is a measure of deviation from an ideally shaped element. The Jacobian value ranges 
from 0.0 to 1.0, where 1.0 represents a perfectly shaped element. Generally, Jacobian values 
of 0.5 and above are commonly considered as acceptable. This is a suitable element quality 
measure for all types of elements. 
 
Aspect ratio is the ratio of the element’s longest side to its shortest side. An element’s aspect 
ratio should be generally less than 4:1 and much less in areas where stress changes rapidly. In 
the case of hexahedral elements, higher aspect ratios indicate elongated elements. 
 
Skew is the angle between the lines that join opposite mid-sides. Skew in triangular elements 
is calculated by finding the minimum angle between the line from each node to the opposing 
mid-side and the line between the two adjacent mid-sides at each node of the element. For an 
element with no skew the angle will be 90˚. This is mainly used for quadrilateral elements. 
 
Warpage is the extent to which an element or element face deviates from being planar. 
Warpage of about 5% is generally acceptable. 
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6.3 Material Properties 
In general, soft biological tissues are anisotropic, inhomogeneous, nonlinear and viscoelastic, 
but for implementation convenience, assumptions with linear elastic material models have 
often been used. The material properties used in the current thesis are summarized in Tables 1 
and 2, and descriptions about the extraction of the material constants are given below. 

6.3.1 Skull 
The most common material model used for the skull is linear elastic. The compact bone of the 
skull has a density of about 1.3 kg/dm3, a Young’s modulus of about 15 GPa (Melvin, 1970) 
and Poisson’s ratio of about 0.22 (McElhaney et al., 1970), while the properties of the porous 
bone of the skull vary with porosity. In this thesis, the skull is modeled as rigid to study 
inertially induced loads. Also, the cranial and facial bones were modeled separately but as one 
continuous part. Only the foramen magnum of the foramina was modeled and the frontal 
sinuses were not modeled explicitly. 

6.3.2 Pia Mater 

 
Figure 12. Fitting of the coefficients of the instantaneous elastic response to the study by 
Aimedieu and Grebe (2004).  
 
In Papers A and B, the pia mater has been modeled with linear elastic shell elements. 
Meanwhile, a third order quasilinear viscoelastic material model was used in Papers C and D. 
The constitutive viscoelastic model (Fung, 1981) is given by eq. 1, where eq. 2 is the 
relaxation function and eq. 3 is the instantaneous elastic response in compression and tension. 
 

 

 
(1)

 

 
(2)
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 (3)

 
The viscoelastic coefficients of eq. 2 were obtained through a non-linear curve fit  
(R = 0.99) to data from dura mater (Wilcox et al., 2003), since there was no known 
investigation of this kind for pia mater. The decay constants, βi, for pia mater were assumed to 
be the same as for dura mater, while the stiffness of pia mater was found to be around 1/20 of 
dura mater (Aimedieu and Grebe, 2004). Therefore the relaxation moduli,  were scaled by 
1/20 to achieve the appropriate stiffness. At the same time, the investigation of the tensile 
strength of pia mater (Aimedieu and Grebe, 2004) gave rise to the non-linear elastic 
coefficients in eq. 3. The third order function was curve-fitted to the experimental result 
(Figure 12) using the iterative least-square algorithm of Levenberg-Marquardt (MATLAB) 
with a good correlation (R = 0.998) in the 0-0.12 strain interval.  

6.3.3 Dura Mater, Falx and Tentorium 

 
Figure 13. The implemented linear elastic stress strain curve of dura mater (dotted line) 
compared to the simulated stress strain curve of hyperelastic dura mater (dash-dot line) and the 
tensile strength of dura mater from experimental data (van Noort et al., 1981) (solid line). 
 
The material properties of dura mater are commonly assumed to be linear elastic with a 
Young’s modulus of 31.5 GPa (Willinger et al., 1999; Zhang et al., 2001; Kleiven, 2003; 
Horgan and Gilchrist, 2003). In an investigation of the mechanical properties of dura mater 
preserved with glycerol (van Noort et al., 1981), the tensile properties of several specimens of 
human dura mater were studied and condensed into a mean stress strain curve (Figure 13). 
The stiffness of dura mater when the strain is above 0.1 can be considered as linear elastic 
(Figure 13). Since the strain that the dura mater will encounter in reality is usually in the 
range below 0.1, a nonlinear elastic approach should be adopted. There were no known 
studies on the mechanical properties of falx and tentorium, hence falx and tentorium were also 
modeled as dura mater. In this thesis, these anatomical structures were modeled as shell 
elements using a simplified rubber constitutive model which showed a good correlation 
between the simulated tensile strength of the implemented material model and the 
experimental data (Figure 13).   
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6.3.4 Cerebrospinal Fluid 
The material properties of CSF are similar to water (Goldsmith, 1972; Ommaya, 1968) having 
a bulk modulus of 2.1 GPa. The density of CSF is about 1 kg/m3 and the material is nearly 
incompressible having a Poisson’s ratio of about 0.5. The CSF in the FE models has been 
modeled by brick elements with elastic fluid properties. 

6.3.5 Brain 
The brain has a large water content (80%) which makes it nearly incompressible with a 
Poisson´s ratio close to 0.5. The density of the brain is about 1.04 kg/dm3. The bulk modulus 
is around that of water, 2.1 GPa (Stalnaker, 1969; McElhaney et al., 1976). In the scope of 
this thesis, white matter and gray matter are not distinguished from each other in terms of 
material properties. Two hyperelastic rubber-like material models were used to describe the 
mechanical properties of brain tissue and both are capable of modeling large deformations. 
The first is a Mooney-Rivlin model which is given by the strain energy function (Hallquist, 
2006): 
 

, , 3 3
1
2 1  (1)

 
 (2)

 
 (3)

 
where , ,  are the principle strain invariants of the right Cauchy-Green deformation 
tensor, J is the relative volume, ,   are the Mooney-Rivlin constants and K is the bulk 
modulus.  
 
The viscoelastic properties of the model are given by the relaxation function:  
 

  (5)

 
where and  are the relaxation moduli and the decay constants, respectively. All the 
aforementioned constants have been derived from the experiments by Estes and McElhaney 
(1970) conducted by Mendis et al. (1995). According to Kleiven and Hardy (2002), the 
average brain stiffness properties reported in the review by Donnelly (1998) showed the best 
correlation with experiments on localized brain motion. Therefore, the Mooney-Rivlin 
constants and relaxation moduli were scaled to give an effective long term shear modulus of 
around 500 Pa. This model was used in Papers A and B. 
  
The second material model utilized for brain tissue is a second order Ogden rubber model 
which has the strain energy function (Hallquist, 2006): 
 

3
1
2 1  (6)

 

⁄  (7)
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where αm and μm are the Ogden parameters,  are the volumetric independent principal 
stretches, J is the relative volume and K is the bulk modulus. As with the Mooney-Rivlin 
model, the viscoelastic properties of the model are defined with eq. 4 and eq. 5 in LS-Dyna. 
The Ogden parameters, relaxation moduli and decay constants were derived from the 
experimental data by Franceschini et al. (2006) and Nicolle et al. (2005). A detailed 
descriptions of the derivations are offered in Kleiven (2007). This gives an effective long term 
shear modulus of around 1kPa which also gives an appropriate quasi-static stiffness of the 
brain in chorus to that reported by Donnelly (1998). The motivation of using this material 
model was the observed difference in tension and compression stiffness of brain tissue which 
could not be described by the Mooney-Rivlin model. This model was used in Papers C and D. 
The relaxation moduli of the brain stem has been found to be higher than that of the cerebral 
cortex (Arbogast and Margulies, 1997; Franceschini et al., 2006), therefore the constants have 
been scaled or fitted accordingly. 

6.3.6 Vasculature 
The material properties of cerebral arteries and veins were established in a study conducted by 
Monson (2001). Both arteries and veins from autopsy and surgery were stretched axially and 
both types of vessel showed a non-linearly elastic stress-strain relationship where the artery 
was stiffer than the vein. The material models available in the FE code did not fully reflect the 
biomechanical behavior of a blood-filled vessel hence a user-defined material model based on 
the unaxial exponential model (Fung, 1981) was implemented and validated (Ho and Kleiven, 
2007). The model is given by  
 

exp       (8)
 
where T is the Lagrangian stress, E is the uniaxial Green Lagrange strain and λ is uniaxial 
stretch ratio. The constants, α and C, of the material model were obtained by curve-fitting the 
stress-strain curves of the arteries and veins (Monson, 2001). The comparison between the 
material model and experimental data for artery and vein is shown in (Figure 14). 
 

 
 

Figure 14. The curve fitting of the constitutive model proposed by Fung (1981) for arteries 
(black line) and veins (gray line) to the stress-strain relations experimentally determined for 
arteries (○) and veins (Δ) by Monson (2001). The characteristics in compression and elongation 
of the constitutive model are shown in the range from -0.5 to 0.8 in strain.  
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Table 1. A summary of the material properties of the different tissues used in the FE head 
models in Paper A and B. 

Tissue Material properties 
Density 
[kg/m3] 

Poisson´s 
ratio 

 Rigid   
Skull E=15.0 GPa 2.00 0.22 
    
 Linear elastic   
CSF K=2.1 GPa 1.00 0.5 
    
Dura mater, Falx 
and Tentorium E =31.5 MPa 1.13 0.45 

    
Pia mater E =11.5 MPa 1.13 0.45 
    
 Mooney Rivlin Rubber   
Brain C10=124, C01=138 [Pa] 1.04 ~0.5 
 G1=1624 Pa, β1=125, G2=930 Pa, β2=6.7   
    
Brain stem C10=191, C01=204 [Pa] 1.04 ~0.5 
 G1=2424 Pa, β1=125, G2=1500 Pa, β2=6.7   
    
 Uniaxial exponential model   
Artery Α=12.78, C=93.6 kPa  1.13 0.45 
Vein Α=8.07, C=42.5 kPa 1.04 0.45 
E=Young’s modulus, K=Bulk modulus 
    
    
Table 2. A summary of the material properties of the different tissues used in the FE head 
models in Paper C and D (the skull and CSF are same as above). 

Tissue Material properties 
Density 
[kg/m3] 

Poisson´s 
ratio 

Falx and Tentorium Simplified Rubber defined by a stress-strain curve 1.13  
 

 Quasilinear Viscoelastic   
Pia mater C1=4.84E5, C2=0.00, C3=6.86E7 [Pa] 

G1-3=51.5, 220, 136 [kPa]; β1-3=23.7, 1.15, 0.03 
1.13  

    
 Ogden Rubber   
Brain  α1=10.1, μ1=53.8 Pa, α2=-12.9, and μ2=-120.4 Pa 1.04 ~0.5 
 G1-6=320, 78, 6.2, 8.0, 0.1, 3.0  [kPa]   
    
Brain stem α1=28.1, μ1=15.8 Pa, α2=-29.5, and μ2=-106.8 Pa 1.04 ~0.5 
 G1-6 =484, 117, 9.3, 12.0, 0.16, 4.4 [kPa]   
    
Decay constants for 
brain and brain stem 

β1-6=1E6, 1E5, 1E4, 1E3, 100, 10  
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7 Methods 

7.1 Generation of Patient Specific Finite Element Head Models 
The method for automatic generation of a patient specific FE head model was based on image 
processing of MRI scans. The image processing combines algorithms from different 
disciplines and the results were assessed in terms of segmentation accuracy and robustness 
against image imperfections. The models generated by the method were validated against 
experimental data of localized brain motion in post-mortem human subjects (Hardy et al., 
2001). 
 
To extract the geometries of the tissues needed for an FE head model, a pixel-based classifier 
was chosen, namely, the expectation maximization classification (EMC). A histogram of an 
MRI scan can be seen as the sum of the normal distribution of different tissues which often 
have been corrupted by intensity inhomogeneities (bias field) produced by the scanner. The 
principle of expectation maximization classification is based on fitting several normal 
distributions to the histogram of an image (van Leemput et al., 1999; Wells et al., 1996).  
 
In an image, the probability of a pixel at position i to belong to a class j is given by: 
 

| , ,  
, , ·

∑ , , ·
 (9)

where 
 

, ,  , ,  (10)
 
is the probability density that class j has generated the pixel intensity, , and is modeled as a 
normal distribution, G, with standard deviation, σj, as a function of the pixel intensity, the 
mean, μ, of class j and the bias field intensity, β at position i. The mean and standard deviation 
of class j are given respectively by: 
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∑ | , ,  (11)
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Hence, the parameters of the normal distributions are functions of the classification and bias 
field intensity, while the classification is a function of parameters of the normal distributions. 
To find the classification, , the EMC improves the estimates of the classification, normal 
distribution parameters and bias field iteratively by interleaving an expectation step and a 
maximization step. The likelihood of all parameters to be estimated increases after each 
iteration (van Leemput et al., 1999). The EMC expects estimates of the normal distributions, 
or the classification, to initiate the algorithm and most commonly the bias field intensity is 
assumed to be zero in the beginning. The initial estimates can be defined based on a priori 
information. In the expectation step, each pixel is classified into different classes based on the 
current normal distribution estimates. In the maximization step, the parameters of the normal 
distributions and the bias field are re-estimated based on the current classification. The 
progress of a classification with EMC is depicted in Figure 15, and results in a soft 
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segmentation where the normal distributions overlap each other. The final segmentation is 
made by assigning a pixel to a class based on whether the pixel is inside or outside the object.  
 

  

  

  
Figure 15. Fitting of the normal distributions of four tissues (color lines) to a histogram of an 
image (dotted line) with the EMC. The initial estimates of the means are distributed equally on 
the histogram and the standard deviations are the same for all tissues. The profile of the 
histogram changes with bias correction which in turn alters the parameters of the normal 
distributions. The fitted curve (solid line) is the sum of all normal distributions. Y-axis of a 
histogram is the occurrence of a pixel intensity and X-axis is the pixel intensity which in this case 
has been normalized.  
 
In the current implementation, the number of classes was set to five, in order to classify the 
skull, CSF, gray matter, white matter and adipose tissue. A mask of the head was applied to 
the image before classification to suppress the negative effect of the background. The 
resulting soft classification was presented in five probability maps of the pixels in the image. 
To improve the result of hard segmentation, Gaussian convolution was performed on each 
probability map, since the probability of a pixel to belong to a certain class should increase if 

Histogram (···), Fitted curve (-), 
Tissue 1 (blue), Tissue 2 (green), Tissue 3 (red), Tissue 4 (Turquoise) 

Iteration 7 Iteration 0 

Iteration 21 Iteration 14 

Iteration 35 Iteration 28 
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its surrounding pixels also have high probability to belong to that certain class (Figure 16). 
The misclassification of adipose tissue was dealt with by using a skull stripping algorithm and 
resulted in a classification of CSF, gray matter and white matter.  

 

 
Figure 16. Classification result from the expectation maximization classification, where each 
class is depicted with its own color. Since spatial information is not considered, misclassifications 
are seen in the middle of the brain and the adipose tissue in the scalp has been misclassified as 
gray matter tissue (left). The segmentation is improved after applying a Gaussian convolution to 
each probability map, resulting in more coherent segmented regions (right). 
 

 

 
Figure 17. An example of cranial cavity segmentation using the deformable model. The inner 
surface of the skull is shown as transparent: (a) the model is initialized as a sphere and placed 
inside the cavity; (b, c) the model will expand as long as discontinuity is not encountered by the 
surface nodes; (d, e) enhancement to the segmentation can be made by increasing surface nodes 
to capture details of the inner skull surface.  
 
The skull stripping algorithm was a variant of the Brain Extracting Tool (Smith, 2002) which 
falls into the category of deformable models. This region-based segmentation is also known 
as an active contour. The contour of the deformable model is dictated by an energy function 
which is based on two terms where the first term considers the internal deformation energy 

Gray  matter 

Adipose  tissue 

a) b) c) 

d) e) 
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while the second term is the potential energy which is derived from the image (McInerney and 
Terzopoulos, 1996). The final contour of the deformable model corresponds to the minimum 
of the energy function. In practice, the update of the model surface is based on the sum of 
internal and external forces which produce a displacement vector that acts on the surface 
node. The internal force is calculated based on the desire of the model to keep neighboring 
nodes together and the balloon force which pushes the surface outward when the model is 
initialized inside the desired boundary (Figure 17). The external force is calculated based on 
the image information which will attract the model surface to the desired boundary. 
 
To assess the segmentation of MRI, the phantom dataset from BrainWeb (Kwan et al., 1999) 
is suitable, where synthetic images with different noise and inhomogeneity levels are 
available from the website. Using the overlapping ratio and the ground truth, the segmentation 
of a certain tissue is assessed. The overlapping ratio (or kappa index) is given by: 
 

,
2

 (13)

 
If the binary image of segmentation,  is completely equal to the binary image of the 
ground truth, , the kappa index will return 1. Without any resemblance between images, 
the kappa index will return 0. 
 
The mesh of the FE head model was generated by directly converting each classified pixel to 
a solid brick element with the same size as the pixel. With this approach, all details that were 
captured with the image processing algorithm were kept. It was reported that the zigzagging 
surface of a mesh might induce increased von Mises stresses at the surface elements 
(Camacho et al., 1997). Therefore, smoothing of the nodes was applied to the interfaces 
between the CSF and the skull, and between the CSF and the brain. The nodal averaging in 
this implementation did not result in completely smoothed interfaces since distorted elements 
caused by a completely smooth surface were not desirable for FE analysis. The nodes were 
therefore set to stay at halfway compared to that in the method proposed by Camacho et al. 
(1997). The patient specific FE head model created with the current method is shown in 
Figure 18. 
 

 
Figure 18. A patient specific FE head model and its interior in the coronal plane (left) and the 
axial plane (right).  
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7.2 Biomechanical Influence of  
Different Anatomical Structures 

There are many features that can be included into the FE head model to make it more 
authentic, such as using complex material properties, enhancing the detail level of the 
geometry or incorporating more anatomical structures. By doing so, it would increase the 
complexity of the model and extend the time for solving the problem. However this could also 
add a risk that the model will become less accurate. Therefore, it is necessary to validate the 
modified models and to see if there is any major difference in the result compared to previous 
models.  
 
Since the models are used to investigate traumatic brain injuries, comparison was made in 
terms of strain which has been suggested to correlate with traumatic brain injuries (Bain and 
Meaney, 2000; Margulies et al., 1990; Morrison III et al., 2003). In this thesis, the 
biomechanical influence of the cerebral vasculature (Paper B), the falx and tentorium (Paper 
C) and the sulci (Paper D) was investigated. 

7.2.1 Biomechanical Influence of Cerebral Vasculature 
One anatomic structure that often has been left out in FE head models was the cerebral 
vasculature. There have been studies on the influence of these blood vessels on the dynamic 
response in 2D (Omori et al., 2000; Zhang et al., 2002) which claimed the importance of 
including the vasculature, while contradictory results have been reported indicating limited 
influence of the cerebral vasculature (Parnaik et al., 2004). It has therefore become important 
to investigate this matter, especially in 3D since the blood vessels are convoluted in space 
while they were aligned in-plane in the aforementioned 2D studies. To test the influence of 
the cerebral vasculature on the biomechanical response, blood vessels were added to the 
KTH-model (Kleiven, 2006). Head models with and without vasculature were compared in 
terms of strain in different parts of the brain in two simulations; a translational and a 
rotational acceleration impulse. The geometries of the cerebral vasculature were taken from 
CT angiographies of a healthy adult person (Figure 19).  
 

 
     

Figure 19. Side and front views of the extracted arteries (red) and veins (blue). The cerebral vasculature 
model in relation to the skull (gray) in the KTH-model in Paper B.  
 
Most of the major arteries, veins and smaller blood vessels were extracted and converted to an 
FE vasculature model consisting of beams. The length of each subsection and the position of 
the nodes were altered to fit the mesh of the KTH-model (Figure 19). The material properties 
of the arteries and veins were taken from experimental data (Monson, 2001) and implemented 
as an uniaxial exponential model (Fung, 1981). 
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7.2.2 Biomechanical Influence of Falx and Tentorium 
In the proposed method of automatic generation of a patient specific FE head models, the falx 
and tentorium were not extracted mainly due to the image modality which cannot depict these 
protruding parts of the dura mater. The question arose whether the inclusion of the falx and 
tentorium could be omitted in an FE head model. The influence of the falx and tentorium on 
the dynamic response was therefore tested using models with and without these membranes. 
The geometry of the membranes was charted manually based on the outline of the skull, brain 
tissue and CSF. The different models were subjected to angular acceleration impulses in the 
coronal and sagittal planes applied to the skull. Since the impulses were within the range of 
the proposed threshold for DAI (Margulies and Thibault, 1992), the strains in the corpus 
callosum, brain stem and the white matter of the different lobes of the different models were 
compared. The strains in the white matter were also compared to the gray matter in the 
different lobes. This study would clarify the need to include the falx and tentorium in an FE 
head model used in biomechanical simulations. In addition, the biomechanical influence of 
linear and non-linear elastic material models for falx and tentorium was also compared. 

7.2.3 Biomechanical Influence of Sulci 
To the best of our knowledge, all previous 3D FE head models used for studying traumatic 
brain injury have a smooth brain surface. In other words, the sulci were not included in the 
models. Closely adhered to the outer surface of the brain is the pia mater which is stiffer than 
brain tissue. The sulcus, in conjunction with the stiffer pia mater, is hypothesized to offer 
motion constraint to the cortex. If that is the case, strains that were predicted by previous FE 
head models might have been too high, at least in the superficial regions of the brain. 
Therefore a 3D study of the influence of sulci was designed and conducted. For this study, 
two FE head models with and without sulci based on the same MRI scan were created. The 
model with sulci (Figures 20 and 22) was generated using the method described in Papers A 
and C. The model without sulci (Figures 21 and 23) was generated in a similar way, but the 
smoothing in the internal force term in the skull-stripping algorithm was enhanced to achieve 
a sulci-free brain surface in the model, and the classified CSF pixels between the sulci were 
converted into brain pixels while the CSF inside the ventricles was left untouched. The falx 
and tentorium were added in both models manually as in Paper C. These models were 
subjected to several acceleration impulses and were compared in terms of peak strain in the 
corpus callosum, brain stem, cerebellum, as well as in the different lobes of the brain.  
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Figure 20. The surface of the brain in the model with sulci (left). The falx (dark red) and 
tentorium (blue) in relation to the transparent pia mater and inner skull surface (right). 

 
Figure 21. The smoothed surface of the brain in the model without sulci (left). The falx (dark 
red) and tentorium (blue) in relation to the transparent pia mater and inner skull surface 
(right). 

 
Figure 22. Different views of the interior of the model with sulci. The CSF is blue, white matter 
is pink and gray matter is red. 

 
Figure 23. Different views of the interior of the model without sulci. CSF between the 
longitudinal fissure and tentorium was converted into gray matter. The CSF surrounding the 
brain was typically two layers thick and the geometries of the white matter and lateral ventricles 
were unchanged.  
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8 Results 
A method of creating patient specific FE head model from MRI scan was contrived based on 
expectation maximization classification with bias correction. A skull-stripping algorithm was 
added to utilize the spatial information of the MRI scan and each classified pixel was 
converted into a solid element with the same size as the pixel. Furthermore, a smoothing 
algorithm of the interface between brain tissue and CSF were added to the method. Together, 
the classification and skull-stripping achieved good segmentation of gray matter and white 
matter in benchmarking using phantom images with ground truth from Brain Web (Kwan et 
al., 1999). The overlapping ratio of the segmentation result was around 0.9 which could be 
interpreted as an accuracy of around 90%. The smoothing algorithm lowered the quality of the 
elements on the brain surface. The final mesh had 94% of the elements with a Jacobian above 
0.5, which was considered as the acceptable Jacobian score. The minimum Jacobian score 
was 0.23. The anatomically detailed models created using this automatic method consisted of 
the skull, CSF, pia mater, gray matter and white matter. The models were validated against 
localized brain motions and the displacement curves had good correlation with the 
experimental data (Figure 28).  
 
In the study of the biomechanical influence of the cerebral vasculature in dynamic 
simulations, the averaged maximum principle strains of the whole brain in the different 
models were compared. The differences between the models with and without vasculature 
were below 8% in the different simulations. When using a non-linear elastic vasculature, the 
strain differences in several regions of the brain ranged from 1 to 6 % in the sagittal rotation 
simulation and 2 to 8 % in the sagittal translation simulation. There was a slight difference in 
the strain of the head models with and without non-linear elastic vasculature (Figure 24). All 
of this indicated a minimal biomechanical influence of the cerebral vasculature to the dynamic 
responses of the brain in a 3D FE head model. 
 

No vessels model           Non-linear elastic vessels model 

  
Figure 24. Strain distribution in a sagittal cross-section in the model with and without cerebral 
vasculature. 
 
The inclusion of falx and tentorium in an FE head model lowered the peak maximum 
principle strains in the different lobes while raising the peak maximum principle strains in the 
corpus callosum and brain stem. There were also differences in the strain distribution in a 
coronal cross-section for the different models in the coronal rotation simulation. It was 
observed that the strain was raised with increased stiffness of the falx and tentorium in the 
region near the loose end of the falx and tentorium (Figure 25). In the sagittal rotation 
simulation, the strain distribution in a sagittal cross-section close to the midline of the model 
with falx and tentorium was different to that in the model without those membranes  
(Figure 26). The strain was transferred from the superficial region to the region around the 
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depth of the sulci, and the level of strain was lowered with increased stiffness of the falx and 
tentorium. 

No F&T model    Non-linear elastic F&T model      Linear elastic F&T model 

 
Figure 25. Strain distribution in coronal cross-sections in the models with and without falx and 
tentorium (F&T). 
 

No F&T model    Non-linear elastic F&T model      Linear elastic F&T model 

 
Figure 26. Strain distribution in sagittal cross-sections close to the midline of the models with 
and without falx and tentorium (F&T). 

 
          Sulci model   No sulci model 

 
          Sulci model   No sulci model 

 
Figure 27. Strain distribution in cross-sections in different planes of the models with and without 
sulci.  
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The strain difference in the gray and white matter of the different lobes ranged from 2 to 11% 
and 1 to 9%, respectively in the coronal rotation simulation, while differences of between 3 
and 19%, and 7 and 11%, were found in the sagittal rotation simulation, hence falx and 
tentorium seemed to influence the dynamic response in angular acceleration in the sagittal 
plane more than in the coronal plane. 
 
In the study of the biomechanical influence of the sulci, the peak strain of the different regions 
in the model was decreased when the sulci were included. The difference in strain was larger 
in the sagittal rotation simulation where it ranged from 4 to 48% compared to a strain 
difference of 1 to 18% in the coronal rotation simulation. The sagittal translation simulation 
predicted strain differences of between 9 and 28%. The strain distributions in sagittal and 
coronal cross-sections indicated an overall strain reduction in the cerebral cortex in the model 
with sulci while the strain increased in the regions below the folds of the sulci (Figure 27). 
 
A comparison of the different models with experimental data of localized brain motion 
(Hardy et al., 2001) is summarized in Figure 28. For simplicity, the non-linear elastic F&T-
model is now referred to as F&T-model. Index ‘a’ and ‘p’ stand for anterior and posterior, 
respectively. ‘1’ indicates that the NDT is closest to the skull base, ‘5’ is furthest away from 
the skull base and ‘3’ is midway between ‘1’ and ‘5’. ‘2’ and ‘4’ are not shown due to layout 
limitation and they do not give more information than that already presented. The 
displacement magnitude of the F&T model was in general smaller than the other models. 

 
Hardy et al. (red) KTH-model (…) F&T-model (---) no F&T-model (xxx) 

 
Figure 28. Comparison between the relative nodal displacement of the models and of the experimental 
data.  
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9 Discussion 
The creation of a patient specific FE head model has been presented, as well as investigations 
of different anatomical structures that were hypothesized to influence the mechanical response 
of the brain. The validations of the models were satisfying and for future studies of traumatic 
brain injury, the inclusion of sulci, falx and tentorium in an FE head model were suggested, 
whereas the inclusion of cerebral vasculature is thought to be less important.  
 
The main difficulty in generating FE models from medical images is segmentation of the 
different tissues and meshing of the segmented volumes. The choice of expectation 
maximization classification for tissue segmentation was based on a review of different 
algorithms (Zaidi et al., 2006) and it was judged to be the most appropriate way to provide the 
most satisfying result. The most useful property of the chosen method is the ability to correct 
inhomogeneity in the MRI which might disturb intensity-based segmentation algorithms. The 
expectation maximization classification was not able to extract the geometries of the falx and 
tentorium. These membranes are hard to distinguish in the image modalities of MRI or CT. 
Hence, to include these membranes in an automatic fashion, the patient´s medical images 
need to be registered, together with an atlas of the head, in which the falx and tentorium is 
included. Also, without the use of a priori spatial information, pixels outside the skull would 
be misclassified as brain tissue. A skull stripping algorithm was therefore used to utilize the 
spatial information and correct the misclassifications.  
 
A study by Bradshaw (2001) suggested that a mesh in an FE model used for dynamic 
simulations should have at least 10 elements per wavelength. Since displacement frequencies 
in the order of 100 Hz are common in dynamic simulations of the head and the brain has a 
shear stiffness of about 1 kPa, the mesh generated should consist of elements with a 
characteristic length of about 1 mm. Since the pixel size of the MRI scan was 1 mm3, each 
pixel was converted to a brick element which had a perfect element quality (Jacobian of 1.0). 
While the smoothing of the surface in the interface between brain and CSF diminished the 
element quality, the reason for smoothing was to minimize excessive von Mises stresses that 
would be induced by the otherwise zigzagging surface (Camacho et al., 1997). A trade-off 
was therefore made between not smoothing the surface completely and not distorting the 
element too much.  
 
The high strain concentrations just below the folds of the sulci were reminiscent of the 
pathological findings of patients who suffered and died due to DAI (Strich, 1956). These 
concentrations would not have been predictable if the sulci were not explicitly modeled in the 
FE model. This has recently been pointed out in a 2D sub structural FE model study (Cloots et 
al., 2008). Also, the peak strain reduction in the corpus callosum was consistently 18% in all 
simulations in Paper D. Another important finding was the strain reduction predicted in the 
cerebral cortex in the model with sulci. The development of gyri not only produces a larger 
cortex area but also forms the sulci to protect the brain from external forces.  
 
The cerebral vasculature appeared to have minimal influence on the dynamic response in an 
FE head model since the strain difference is below 8%, which was within the range of the 
spread in experimental data of biological tissue material properties. Also the strain 
distribution in the central parts of the brain, which is a location usually associated with DAI, 
was almost identical in both models. Although the strain differences in this study are within 
the range of those in the study of falx and tentorium, the strain distribution in the central part 
of the brain, especially in corpus callosum, was substantially different between the model with 
and without falx and tentorium. Also comparing the peak strain in the corpus callosum 



Johnson Ho 

 

29 
 

between the no F&T-model and F&T-model, the difference was 26% in the coronal rotation 
simulation and 53% in the sagittal rotation simulation. The strain difference in the brain stem 
was also undeniably large, more than 26 %, between those two models. Therefore the 
inclusion of the cerebral vasculature was suggested to be less important than the inclusion of 
the falx and tentorium or sulci in an FE head model when studying traumatic brain injuries. A 
limitation of the cerebral vasculature study was that only arteries and veins with diameter 
larger than 0.3 and 0.4 mm respectively were included in the model. However, the stiffness 
contribution of capillaries and small blood vessels is normally included in the composite 
properties of brain tissue. 
 
It was stated in a previous study (Bradshaw and Morfey, 2001) that the intracranial pressure 
was only affected by the density of brain tissue. Also, strain has previously been suggested as 
a good indicator of SDH (Lee and Haut, 1989; Lowenhielm, 1978) and DAI (Bain and 
Meaney, 2000; Margulies et al., 1990; Morrison III et al., 2003). Strain is a function of spatial 
derivatives of displacements and localized brain displacements is suggested to be a better 
validation than pressure. The FE models in this thesis were therefore compared with the 
localized brain displacements of a PMHS. Although the models have shown good correlation 
with one localized brain motion experiment where the PMHS was subjected to an occipital 
impact, model validations against more experimental data (Hardy et al., 2001; Hardy et al., 
2007) are needed. 
 
There was some discrepancy in the peak strain of the corpus callosum and other parts of the 
models in Papers C and D. In Paper C, the shell elements of the falx and tentorium were fully 
integrated while Belytschko-Tsay shell elements were used in Paper D. The Belytschko-Tsay 
shell element is a computationally efficient element formulation while the fully integrated 
shell element is an implementation that enhances in-plane bending behavior (Hallquist, 2006). 
Besides being a little less accurate, an under-integrated element using one-point quadrature 
might lead to hourglass problems. However, the hourglass energies were below 1% of the 
total energy for all simulations. To investigate the effect of the non-linear elastic falx and 
tentorium in a dynamic simulation, the accuracy is more important than computational 
efficiency hence the fully integrated element formulation was utilized in Paper C. Meanwhile, 
the focus of Paper D was to investigate the influence of the sulci, and the results were 
assumed not to be affected by the properties of falx and tentorium if the models were using 
the same element formulation. Besides shortened computation time, the allocated memory for 
the computation was also reduced when using the Belytschko-Tsai element formulation. 
 
A comparison of the correlation coefficients of the different models presented in this thesis is 
depicted in Figure 29. It was shown in Paper D that the correlation of the relative brain 
motion between the models with and without sulci was as high as 0.987. Hence the model 
without sulci is not included in Figure 29. The brain motion relative to the skull in the  
F&T-model appears to have the least correlation with the PMHS data, while the  
no F&T-model and the KTH-model seemed to have similar correlation. The displacement 
magnitudes of the F&T-model were consistently lower than the other models (Figure 28). On 
the other hand, the displacement magnitudes predicted for the F&T-model were within the 
range of the experimental data in contrast to the other models. Therefore, statistic measures 
other than the correlation coefficient might also be considered in future experimental data 
validations. 
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Figure 29 Comparison of the correlation coefficients of the KTH-model, the F&T-model and 
the no F&T-model. 
 
Previous studies suggested strain levels of around 0.2 to induce DAI (Bain and Meaney, 2000; 
Morrison III et al., 2003). The peak strain in the corpus callosum of the no F&T-model in the 
coronal rotation simulation of Paper C was about 0.13 while 0.16 was predicted in the  
F&T-model. In the sagittal rotation simulation, the strain in the corpus callosum was around 
0.23 for the no F&T-model and 0.34 for the F&T-model. It was clear that both models 
predicted strain levels close to the proposed threshold for DAI. Meanwhile, it was reported by 
Kleiven (2007) that the strain levels found for DAI were higher in an FE model when using 
average properties for brain tissue. The same average properties were used in both models but 
higher strain was predicted in the F&T-model. Therefore, the prediction capability of the 
F&T-model might not be worse than the other models; which was suggested if only the 
comparison of the correlation coefficients was considered.  
 
Recalling the strain distributions in the coronal and sagittal cross-sections, the falx and 
tentorium clearly affected the surrounding tissue (Figures 25 and 26). It can be seen in Figure 
25 that the inclusion of falx and tentorium constrains the brain motion, supporting the cerebral 
hemispheres, while straining the corpus callosum and central parts. A sliding interface 
between falx-pia and tentorium-pia could probably reduce the motion constraint and the 
forces that are directly transferred from the skull to the brain. In Paper C, it was reported that 
the falx had a substantial influence in the dynamic response of the brain in sagittal plane 
rotation, and the motion that the PMHS experienced was mainly in the sagittal plane. Using a 
non-sliding approach might have affected the validation result. Sliding in the interface 
between the pia and dura mater remains to be investigated in future development of patient 
specific FE head models. 
 
A limitation of the sulci study was the no sulci model where CSF elements in the longitudinal 
fissure between the hemispheres were converted into brain tissue (Figure 23). The cerebral 
cortex of both hemispheres is in reality not connected as in the model without sulci. This 
modeling shortcoming was due to the misclassified CSF from the MRI scans, which was not 
extracted as one connected region. Hence several surfaces of the cortex from both 
hemispheres were touching each other. Since the elastic fluid constitutive model for the CSF 
is not able to take shear loading, with CSF absent in the longitudinal fissure in the model 
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without sulci, the strain distribution in the region adjacent to the longitudinal fissure could 
have been affected. Meanwhile, the effect of this modeling shortcoming might have been 
suppressed by the non-sliding approach which was used in both models.  
  
Based on the results, a patient specific FE head model for traumatic brain injury prediction 
should at least include the skull, CSF, falx, tentorium and pia mater, in addition to the brain. 
Non-linear material properties should be used whenever appropriate and possible. The cortex 
of the brain should include sulci since their inclusion alter the strain distribution in the brain. 
The method in Paper A not only provided a base for generating patient specific FE head 
models, but also enabled the possibility to study the effect of sulci which has not previously 
been done in 3D. The model generated by the proposed method opens the possibility to study 
traumatic brain injuries in clinical settings where uncertainty in the anthropometry and 
geometry of the different anatomical structures can be eliminated. This model can continue to 
be used to investigate the mechanisms of induced injuries more closely. Although not 
included in this dissertation, the author and members of the Division of Neuronic Engineering 
had investigated the feasibility of such a study with promising results. Hopefully, better 
protective systems and even better diagnose of patients might be provided based on the 
progress in FE head modeling presented in this thesis. 
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10 Conclusions 

• An automatic method to generate an FE head model based only on T1-weighted MRI 
scan was contrived. The generated FE model had good element quality statistic, the 
geometrical details were more than 90 % accurate and it correlated well with 
experimental data of relative brain-skull motion. 

• Due to the convoluting geometry and the non-linear elastic material properties of the 
cerebral vasculature, the difference in strain and strain distribution was minimal between 
FE models with and without cerebral vasculature. This suggests that future FE head 
models do not necessarily have to include blood vessels in biomechanical studies. 

• The falx and tentorium in an FE head model have a substantial influence on the result of a 
dynamic FE analysis. The falx and tentorium seems to reduce the strain in the 
surrounding tissue, while the interface between the protruding part of dura mater and its 
surrounding tissue should be investigated further to achieve better accuracy.  

• The gyri not only provide a larger cortex area but also forming the sulci to protect the 
brain from external forces. There was an obvious reduction of the strain in the model with 
sulci compared to the model without sulci in most of the areas in all simulations. Most 
interesting there were the consistent reductions of strain in the corpus callosum, 
suggesting that the sulci should be included in FE head models when studying traumatic 
brain injuries. 
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11 Future work 
Using this anatomically detailed biomechanical head model, the mechanism of brain injury 
can be studied further. Although more detailed than previous FE head models, improvements 
of the patient specific FE model generation is still needed. In the geometry extraction, the 
surface of the brain can be improved so that it results in one continuous surface. Further, 
improvement of the meshing algorithm to generate better surface elements is needed. For the 
inclusion of falx and tentorium, the use of an anatomical atlas could make the automatic 
process feasible and more convenient. All this would enable the study of a sliding interface 
between the membranes and between the skull and the brain.  
 
The fine cerebral vessels that were not included in Paper B might be extracted and added to 
the current vasculature model using improved or alternative imaging techniques. In similar 
way, using perfusion or diffusion MRI might enable the modeling of anisotropy of the white 
matter in future FE head models.  
 
Besides improvements of the FE head model, validations against more experimental data are 
needed, such as data from lateral impacts. It is also necessary to search for or construct new 
validation protocols suitable for the scope of generation of a patient specific FE head model. 
It would be of benefit if the models could be validated against in vitro or in vivo strain data of 
the human brain.  
 
With patient specific FE head models, the effect of variability of head anthropometry using 
real data can be studied. Also, injury reconstructions with documented medical reports and 
medical images are possible by using the proposed method. These reconstructions can 
increase our understanding of the mechanism behind traumatic brain injury and at the same 
time, fine-tuning the FE models injury prediction capability.  
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