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ABSTRACT

     Detailed and parametrised models of the adult human head were created by using the  Finite

Element Method (FEM). Different sizes of the brain and the subdural space were created, and the

models were impacted towards padded surfaces in the frontal, temporal and occipital direction. The

present  results show for the first time that by reducing the brain size and thereby increasing the

volume in the subdural space in the FE model, a significant increase in relative motion was found

between the skull and brain and which correlated with brain size.
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THE GLOBAL BURDEN of death due to accidents is ranked number nine of the most frequent

illnesses in the world. In Europe road accidents are the second most serious cause of death preceeded

only by cancer. Moreover, for people younger than 45 years the frequency of death or severe injury

from road accidents is about six times higher than from cancer.

     A significant number of road accidents influence the central nervous system in a devastating way

by transferring high kinetic energy to the nervous tissue. The neuromechanic effects to the nervous

tissue initiates a cascade of neurochemical steps often resulting in severe injuries with a poor

prognosis.

     Indeed there is an increased interest for the use of the Finite Element Method (FEM) in head injury

research during the last decade (Zhou et al., 1995), (Bandak et al., 1995), (Ruan et al., 1997),

(Willinger et al., 1995), (Claessens et al., 1997). However, the  FEM models of the human head today

are often average models (such as 50th percentile male), including fixed mesh density and with a less

detailed geometry.  Also, the three-dimensional (3D) models use linearly elastic or viscoelastic

constitutive modeling including  conventional (displacement based) formulations that may cause

numerical difficulties when  encountered for nearly incompressible materials.

     Subdural hematomas (SDH) are more lethal than most other brain lesions (Gennarelli and

Thibault, 1982) and are more commonly seen in older patients (Jane and Francel, 1995). The cause

for this pattern is however not entirely clear.  To some extent, this tendency may be secondary to

cerebral atrophy, which is accompanied by alterations in the mechanical properties of bridging veins,

changes in the viscoelastic properties of the brain, and  increased stretching of  venous and arterial

structures following trauma (Jane and Francel, 1995). Even the increased volume of the subdural space

and  reduction of the brain size that occurs secondary to brain atrophy may contribute to the formation

of larger hematomas.
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     A hypothesis is raised that with increasing atrophy of the ageing brain a larger relative motion

between the skull and the brain is present, thereby increasing the risk of SDH due to a distension of the

bridging veins. Thus, the aim of the present study was to analyze the effect of different subdural space

size on impacts to the frontal, temporal and occipital areas with focus on relative motion and strain in

the bridging veins.

METHODS

The geometry of a male and a female human cadaver has been determined by Computer Tomography

(CT), Magnetic Resonace Tomography (MRT) and sliced color photos. The geometric data are

available through the Visible Human Database (National Institute of Health, USA) with 0.3 mm

incrementation in the coronal plane. The images were processed on a computer using the NIH Image

1.59 software (National Institute of Health, USA). The two-dimensional images  are, on an

incremental basis, used to generate a detailed three-dimensional geometry (Fig. 1).

Fig. 1 – From Images to FE-model

Points on the boundaries of the different tissues were determined, and  saved in text files. They were

later  used to determine the lines and surfaces that define the geometry of the scalp, the skull, the dura,

the brain tissue etc.  Hereby, a  realistic skull thickness variation was achieved in the  different

locations. This is an important feature as the variation in skull thickness is significant, extending from

the thick and porous frontal bone to the thin temporal bones. The spatial coordinates of points on the

boundaries of the different tissues were scaled respectively in the same manner as described by Mertz

et al. (1989).  In this way a detailed and parametrized model of the human head was created, which

can be scaled with respect to the width, length, height and thickness of the skull as well as the overall

size of the head and neck.

FINITE ELEMENT MESH

Detailed and parametrised finite element (FE) models of the adult human head were created, including

the scalp, skull, brain, meninges, cerebrospinal fluid (CSF), and eleven pairs of parasagittal bridging

veins. A simplified neck, including the extension of the brain stem to the spinal cord, dura mater,

vertebrae and flesh, was also modeled.  This model was experimentally validated in a previous study

(Kleiven and von Holst, 2001). The geometry was scaled by parametrisation to represent a 50th

percentile adult male in the age group 65-80 (Pheasant, 1996). Some components of the model can be

viewed in Fig.2 below.

     The FE-mesh was created by the general pre-processor of the FE program ANSYS using the

digitized surfaces obtained from the 2D images. ANSYS was chosen to be used for this purpose due to

its numerous options when it comes to control of the generation of the element mesh. An interface was

created to transfer the nodes and elements in such a way that the analysis and post-processing could

be run by  the non-linear dynamic FE code LS-DYNA (Livermore Software Technology Corporation,

1999).



IRCOBI Conference – Isle of Man (UK) – October 2001 163

      

                          a )                                                    b)                                                            c)

Fig. 2 – Finite Element mesh of: a) Skull bone; b) brain with super sagittal  sinus and  bridging veins;

c)  falx and  tentorium including  transverse and super sagittal sinuses with bridging veins.

The inner and outer layer of compact bone of the three-layered skull, the facial bones, and the scalp

were modeled  by 4-node shell elements. The diploë layer of the cranium,  and the cerebrum,

cerebellum and spinal cord were modeled by 8-node brick elements.  The dura mater, tentorium and

falx were modeled by 4-node membrane elements. The most common type of SDH results from

tearing of veins that bridge the subdural space from the brain’s surface to the superior sagittal sinus

(Gennarelli and Thibault, 1982). Therefore, eleven pairs of the largest parasagittal bridging veins

were modeled with string elements that can only sustain load in tension. The parasagittal bridging

veins drain into the superior sagittal sinus. Usually a free segment of 10 to 20 mm in length is found

between exit of the veins from its bed in the subarachnoidal space and its entrance into the sinus. The

frontopolar, and the anterior frontal veins are directed backward, from exit to the entry in the sinus, at

an average angel of 110
o
 measured counterclockwise from the midsagittal line (Fig. 2 c)). The major

parasagittal bridging veins located posteriorly to the frontopolar and anterior frontal veins are all

oriented forward usually with a decreasing angle going from the frontal veins to the occipital part. The

anatomical descriptions are adopted from Oka et al. (1985). According to this data the eleven largest

veins were included by connecting a node on the cortical surface of the brain to a node on the superior

sagittal sinus. The implementation is similar to the one adopted by Zhou et al. (1995). The variation in

the thickness of  the subdural space  resulted in a slight change in the length of the veins as listed

below. The resulting length of the bridging vein elements were: Frontopolar – 16.0-17.1 mm; Anterior

Frontal – 15.6-16.3 mm; Middle Frontal – 9.6-11.1 mm; Posterior Frontal – 13.5-16.3 mm; Vein of

Trollard – 18.1-18.6 mm; Precentral – 18.4-19.2 mm; Central – 14.9-15.5 mm; Postcentral – 15.0-15.8

mm; Anterior Parietal – 8.7-18.4 mm; Posterior Parietal – 19.2-20.4 mm; Occipital – 17.0-18.5 mm.

A uniform tensile stiffness of 1.9 N per unit strain, based on the data from Lee and Haut (1989), was

assumed for all bridging veins. This model (bridging veins not included) is described in more detail in

Kleiven (2000) and comprises nonlinear viscoelastic and incompressible material modeling,

experimental validation and  parametric studies.

MATERIAL PROPERTIES

To cope with the large elastic deformations, a Mooney-Rivlin hyperelastic constitutive law was

utilised for the CNS tissues.  This homogeneous, isotropic, and non-linear constitutive model was

based on the work by Mendis et al. (1995).  In addition, dissipative effects was taken into account

through linear viscoelasticity by introducing viscous stress that is linearly related to the elastic stress.

This law is given by:

)(.)(.)(
././ PaeetCtC tt 1500080

0110 11031930562090 −− ++==



IRCOBI Conference – Isle of Man (UK) – October 2001164

A summary of the properties used in this study is shown in table 1.

Table 1 – Properties used in the FE study

The Poisson's ratio for the brain was calculated using the initial and small strain  approximation of

Young's modulus, E=6 (C10+C01), together with a bulk modulus of  2.1  GPa.

    INCOMPRESSIBLE MATERIAL MODELING

In a conventional FE formulation, numerical difficulties may be encountered for nearly incompressible

materials because small volumetric strains cause large hydrostatic pressures due to the high effective

bulk modulus. To circumvent this problem a displacement-pressure (u/p) FE formulation is used

(Sussman and Bathe, 1987). This procedure features replacement of the pressure computed from the

displacement field by a separately interpolated pressure.

INTERFACE CONDITIONS

Based on the anatomy and physiology the interface between the skull  and the dura was modeled with

a tied  contact definition in LS-DYNA. Because of the presence of CSF between the meningeal

membranes and the brain, sliding contact definitions is used for these  interfaces.

     The CSF was modeled with eight node brick elements and a fluid element formulation. To avoid

large computational costs an average element thickness of about 1.0 mm was used for the model with

the thinnest subdural space. This corresponds to an amount of subdural and subarachnoidal CSF of

approximately 75 ml. In an adult, the normal amount of CSF including the ventricles is about 150 ml.

Thus, the real thickness would probably be less. For all the sliding interfaces a coefficient of friction

of 0.2 was used as proposed by Miller et al. (1998). A distributed parameter algorithm (Livermore

Software Technology Corporation, 1999) was  adapted for the contact towards the brain tissue. This is

a sliding contact algorithm that allows  large relative motion and  carries load in tension normal to the

contact surface. The CSF between the falx and the brain, and between the tentorium and

cerebrum/cerebellum was also included using the same type of fluid-structure contact algorithm. For

these interfaces a constant CSF thickness of 1.5 mm was used for all models.

HEAD INJURY CRITERION AND HEAD IMPACT POWER

The Head Injury Criterion (HIC), (NHTSA, 1999) and the Head Impact Power (HIP), recently

presented by Newman et al. (2000) were calculated according to the formulas below.
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All the head models had approximately the same mass  and mass moment of inertia because the

increase in subdural space is balanced with a decrease in brain size. The x-axis was defined  along the

posterior-anterior direction, the y-axis along the lateral-direction, and the z-axis in the axial direction.

The following values were calculated for the model: m=4.2 kg, Ixx=0.0140 kgm
2
, Iyy=0.0187 kgm

2
,

Izz=0.0172 kgm
2
. These values are in the range of reported values by Becker (1972), and Walker

(1973), but slightly lower than the average values for a 50
th
 percentile adult male used in the HIP

formulae by Newman (2000).

EXPERIMENTAL COMPARISON OF RELATIVE MOTION BETWEEN THE SKULL AND THE

BRAIN

Experimental data has been presented by Al-Bsharat et al. (1999) and performed by Hardy (2001),

which describes the relative displacement between the skull and the brain. The cadaver head

experiments focused on measuring the relative skull-brain motion using high-speed biplanar x-ray

system and neutral density targets (NDT). The NDTs were  cylinders, which were  3.9 mm long and

2.3 mm in diameter. They were made from thin-walled polystyrene tubings inserted with 1.6 mm

stainless-steel balls. The density of these targets were around 1.05 g/ml, i.e. close to that of brain

tissue. The NDTs were implanted in two vertical columns located in the occipito-parietal region, and

in the tempoparietal region, with a space between the centers of the NDTs of approximately 10 mm.

The inverted cadaver head was suspended in a fixture that allowed rotation and translation. The

specimen was mounted to the rotational subassembly of the impact fixture at the level of T2. Occipital

impacts were conducted on the specimen with a 152 mm diameter impactor padded with Ensolite (Fig.

3, upper left). The rigid body motion of the skull were eliminated from the NDT (brain) motion data,

leaving the skull-brain relative displacement magnitude.  The results of three locations in the  occipito-

parietal region for the 3.6 m/s impact is seen in Fig. 3, and are used as a measure of the ability to

describe relative motion for the different approaches used to model the skull-brain interface.

Fig. 3 – Experimental Comparison of relative motion between the brain and skull (Kleiven, 2000).
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CASES SIMULATED

Four models with different sizes of the brain and the subarachnoidal space were  created. The gaps

between the brain and the skull ranged from an average of 1 mm to 7.3 mm (Fig. 4). The model with

the smallest gap represents a normal adult head, while the largest gap should represent a severe case of

brain atrophy.

            
Fig. 4 – Difference in volume of subdural space, 1 mm average thickness (left), and 5.5 mm average

thickness (right).

     The head models were impacted with an initial velocity of 5 m/s towards inclined padded surfaces

in the frontal, temporal and occipital direction (Fig. 5). The padding was inclined to induce a rotational

acceleration pulse, in addition to the translational one.

                      
Fig. 5 – Impact directions.

     The chosen impact velocity is slightly lower than the one used in testing of vehicle interior

surfaces, using the Free Motion Head Form (FMH) and regulation FMVSS-201 (NHTSA, 1999).  The

padding was 25 mm thick, and modeled as a foam material. The models were then used to investigate

the differences in terms of relative motion between the skull and the brain, engineering strain in the

bridging veins and the stress in the brain, because of variation in the gap between the skull and brain.

Further on, the Head Injury Criterion  and the recently proposed Head Impact Power criteria were

evaluated with respect to the relative motion and stresses in the brain in an effort to predict

consequences of different impact directions.
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RESULTS

A summary of the results is shown in table 2. By reducing the brain size and thereby increasing the

volume in the subdural space in the FE model, a significant increase in relative motion was found

between the skull and the brain.

Table 2 – Results for different sizes of the subdural space.

This tendency is further visualised in Fig. 6, where the maximal relative motion and strain in the

bridging veins are plotted as a function of the volume in the subdural space.

Fig. 6 – Relative motion, and Engineering strain in the bridging veins as function of subdural volume.

     Images showing a top view of the straining of the frontal bridging veins during a frontal impact

utilising the model with an average thickness of 2.9 mm in the subdural space can be seen in Fig. 7.

Note the change in the angel of the frontal veins as the brain continues its forward motion, while the

skull and the superior sagittal sinus are decelerated in the opposite direction.

Thin layer of CSF                                                           Thick layer of CSF
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Fig. 7 – Straining of the frontal bridging veins during frontal impact towards padding, before impact

on the left side, and at about 12 ms on the right side (at maximum).

     An illustration of the pressure distribution around 3.6 ms for the frontal and the occipital impacts

using the model with an average subdural CSF thickness of 2.9 mm is shown in Fig. 8. The highest

pressure level is obvious in the areas of the super sagittal sinus close to the site of impact.

Fig. 8 – Pressure distribution at 3.6 ms for occipital (left) and frontal impact (right).

     HEAD INJURY CRITERION AND HEAD IMPACT POWER

The estimated HIC and HIP values are equal for the different brain sizes because the mass and inertia

differences are non-significant; i.e. the decrease in brain size is balanced by an increase of the subdural

space.  The following values were calculated for the different load cases: Frontal –HIP = 28.3 kW &

HIC = 1246,  Occipital – HIP = 30.3 kW & HIC = 1391, Temporal – HIP = 29.8 kW & HIC = 1289.

For the frontal and occipital loads, only translational acceleration in x- and z-direction, and rotational
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acceleration in the y-direction contributed to the HIP values. In the same way for the temporal impact,

only rotational acceleration in the x-direction, and translational acceleration in the y- and z-direction

contributed.

     The acceleration components and the HIP value are plotted as a function of time for the occipital

load case (Fig. 9).

Fig. 9 – Velocities, accelerations, and Head Impact Power for Occipital Impact.

DISCUSSION

For large rotational loads, a contact definition that  transfers load in tension as well as permits large

relative motion between the skull and the brain should be preferred.  This is  indicated by comparison

of the different contact definitions with experimental measurements of relative displacement between

the skull and the brain presented in Al-Bsharat et al (1999) and performed by Hardy (2001). As seen in

the present results, the sliding interface seems to give the  best correlation reaching the magnitudes of

the relative displacements in the experiments. When it comes to the characteristics, it is difficult to

draw any conclusions because the experiments were conducted with a sampling rate of 4 ms. For the

lower and middle part of the brain, the tied interface gives  similar magnitudes of relative motion

compared to those obtained by utilizing a sliding one. This is explained  by the fact that the available

measurements from the experiments are from locations at a distance of about 20 mm or more  from the

skull-brain interface, which is too far away  to give any significant difference. Due to the fact that the

experimental impacts are mostly translational, it is also reason to believe that the intracranial contents

should respond in the same manner, i.e. with little relative skull-brain motion. This is also stated by

the researcher performing the experiments (Hardy, 2001), who currently is performing a study of

rotational components at a higher sampling rate.

      The relative motion for the occipital direction increased for an increase of the CSF thickness from

2.9 to 5.5  while the engineering strain decreased. A possible explanation is that the maximal strain in

the 5.5 mm CSF model is located in the anterior and parietal vein located more in the direction of the

relative motion. In contrast  the maximal strain in the 2.9 mm thick subdural space is located in the

posterior frontal vein which is directed slightly forward. The conclusion seems justified that a lack of



IRCOBI Conference – Isle of Man (UK) – October 2001170

correlation between the relative motion and the strain in the bridging veins might be explained by the

different pattern of relative motion between the models.

     In the distributed parameter algorithm, any intrusion of the slave surface into the master surface is

ignored. Thus, an over penetration might be present in high pressure areas. This gives an indirect way

of simulating a local “flow” from high pressure areas. This approach is however not verified, and

Eulerian methods including advection of material for the CSF should probably be preferred. Therefore

more effort is needed to look into fluid-structure interaction techniques.

     The technique of modeling the bridging veins using only a string element between two nodes could

probably be discussed. However, since a bridging vein normally fails at a point between the first

attachment in the cortical area of the brain and the entry in the superior sagittal sinus, as in the case of

SDH among elderly people,  the current approach should be sufficient for this study. The properties of

the bridging veins are also very compliant, and a further inclusion of the continuation in the inferior

direction would probably not affect the deformation pattern of the structure as a whole. The eleven

parasagittal veins that were included in the model were chosen based on their size; Only the largest

veins were included. The fact that no data for the average angel towards the superior sagittal sinus

were available for the smaller veins, did also contribute to this choice. The bridging veins have been

reported to have an ultimate strain of about 0.5 in tension (Lee and Haut, 1989), while Löwenhielm

(1974) reported failure strain values ranging from 0.2 to about 1.0, depending on the strain rate. Using

the ultimate strain reported by Lee and Haut (1989), a possible trauma was predicted for all the

thicknesses, beside the thinnest of the subdural space, and the occipital direction. For a corresponding

impact in the frontal and temporal directions strain values below 0.5 are predicted.

     The importance of impact direction in causing SDH was realized by Fruin et al. (1984) in their

clinical study of interhemispheric SDH. They found that six out of eight cases with known trauma

sites were due to occipital impacts. The larger amount of motion between the brain and the skull for

the occipital impact compared to results of the frontal impact might also be explained by the

anatomical difference between the frontal and occipital region of the skull. Following a frontal impact

the sharp edges of the sphenoidal bone between the middle fossa and the anterior skull base, as well as

the anterior skull base itself  acts as a restriction of the motion. For the corresponding occipital impact

the main support is the tentorium with its compliant properties. In the same way, when enduring a

temporal impact, the lower values of relative motion compared to the occipital impacts could probably

be explained by the supportive properties of the falx membrane. For the temporal impacts an increase

in relative motion was found when increasing the subdural gap from an average thickness of 5.5 mm

to 7.3  mm. This is an obvious result, but the stagnation of the maximal strain observed in the bridging

veins needs some explanation. In both this models, the maximal strain occured in the posterior frontal

vein. Going from one subdural thickness to a larger one, the angle towards the direction of motion

during a temporal impact increases, resulting in a smaller amount of strain observed in the vein.

     The HIC and HIP values are slightly higher for the occipital direction, which might be explained by

a slightly larger curvature of the skull bone in the occiput. As seen in the results for the relative motion

and strain in bridging veins, the occipital impacts seems to be more severe than the frontal ones,

although the HIC and HIP values are similar for all load directions. When it comes to relative motion

and strains in the bridging veins, the HIP criterion should give a better prediction of the risk of SDH.

Thus, the HIP takes into account the load direction and the rotational components of the acceleration.

Nevertheless a modification of the HIP is necessary to account for differences induced by reduction of

brain size due to atrophy.  Also, the only factors that differentiates between directions in the original

HIP  are the variation in the mass moment of inertia. Therefore Newman et al. (2000) proposed a

scaling of the impact power for different directions, depending on the tolerance level for the direction

in question.

     The maximal relative motion and strain in the bridging veins appear about 6 ms later than the

maximal values of the HIC and HIP. This delay between injury and prediction value are apparent for

all directions. Newman et al. (2000) estimated a 50 % probability of concussion for a HIP of 12.8 kW,

and a HIC value of 240. In this study, all impacts have  HIP values that are more than two times larger

while the HIC values are more than five times larger.
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CONCLUSIONS

The increased risk of SDH in elderly people may to a part be explained by the reduced brain size

resulting in a larger relative motion between the skull and the brain with distension of bridging veins.

The consequences of this increased relative motion due to brain atrophy can not be predicted by

existing injury criteria. The results of this study should be taken into consideration when developing

safety systems in general. Also, more effort is needed to understand the mathematics of fluid-structure

interfaces, when utilised for the skull-brain interface.
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