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Abstract

In this paper, the correlation between intracranial pressure (ICP)
and external vibration responses of the head was studied using finite
element modeling. A two-dimensional finite element model of the head
was constructed from magnetic resonance imaging (MRI) slice. The
finite element model includes the skull, the cerebrospinal fluid (CSF)
and the brain tissue. Material properties of the three components were
obtained from the literature. A number of ICP values were selected from
the normal ICP range. A series of finite element simulations were then
conducted. In each of the simulations, one of the selected ICP values was
applied to the finite element model. A harmless impact was exerted on
one side of the head. External vibration responses were collected on the
opposite side of the head. In all the simulations, the same impact was
applied. The only factor that made a difference to vibrational responses
was intracranial pressure. By comparing results obtained from all the
simulations, it was found that all vibrational responses were related to
intracranial pressure. However, some vibrational responses were more
sensitive than the others to the change of intracranial pressure. The
results from this study may be used as a base for developing a non-
invasive procedure for evaluating intracranial pressure.
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1 Introduction

With the use of protective helmets, more and more closed head injuries are re-
ported [1, 2]. Usually a closed head injury is difficult to diagnose as the external
symptoms are not obvious. Elevated intracranial pressure (ICP) is a common
consequence of closed head injuries. However, it is difficult to evaluate without
a reliable instrument. A timely treatment of elevated intracranial pressure is
crucial to prevent permanent disability and death. Therefore, various methods
and techniques have been developed for evaluating intracranial pressure. Most
of them are invasive [3]. Invasive methods are reliable for obtaining absolute
ICP. But they may cause infection due to their invasive feature. Non-invasive
methods are more convenient and free of the concern of infection. However,
they are not reliable for measuring absolute ICP. They are currently used
mainly for monitoring purpose. It has been found in previous experimental
studies [4, 5, 6] that an elevated intracranial pressure will cause changes in the
external vibration responses of an animal head. This finding indicates that it
is possible to establish a correlation between intracranial pressure and external
vibration responses of human head. There is also a theoretical base for the
correlation. That is the initial stress theory. An intracranial pressure produces
an initial stress field in the skull, which in turn introduces a stress-related term
in the skull stiffness. On the other hand, vibrational responses of the head are
related to the stiffness of the skull.

Therefore, it is possible to develop a non-invasive procedure for evaluating
ICP based on correlation between intracranial pressure and external vibration
responses of the head. However, the correlation is affected by a number of
factors, for example, the age, the gender, the ethnic group, and even the
small anatomical differences from individuals. For the complex anatomical
structure and the complicated material composition of the head, it is very
difficult, if not impossible, to establish an analytical model for the correlation.
For the anatomical differences between a human and an animal head, the
correlation obtained from animal experiments can not be extended to human
beings. Direct physical experiment on human beings may cause injury and it is
not ethic either. In this paper, the possibility of using finite element modeling
to establish the correlation is explored.

The main idea is briefly described as follows. As a first step, a two-
dimensional finite element model of the head will be considered. The finite
element model will be constructed from magnetic resonance images (MRI) of
the head. The finite element model will include the skull, the cerebrospinal
fluid (CSF) and the brain tissue. A number of ICP values will be selected from
the normal ICP range. A series of finite element simulations will be conducted.
In each of the simulations, one of the selected ICP value is applied to the finite
element model. A harmless impact is exerted on one side of the head. External
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vibration responses are collected on the opposite side. In all the simulations,
the same impact is applied. The only factor that would make a difference to
the vibrational responses is the applied intracranial pressure. For simplicity, it
is assumed that mass density of the brain tissue will not change as intracranial
pressure increases.

2 Physical Model and Finite Element Formu-
lations

2.1 Physical model and governing equations

Magnetic resonance imaging (MRI) [7, 8] and magnetic resonance elastograpgy
(MRE) [9, 10, 11] are non-invasive medical imaging technologies. The head
medical images contain information of geometry and material properties of the
head. Using a medical image processing software, a realistic physical model
of the head can be constructed from the medical images. In this study, as a
first step, a two-dimensional physical model is considered. Based on a rough
segmentation, a two-dimensional head model consists of three major parts:
the skull, the cerebrospinal fluid (CSF) and the brain tissue, see Fig. 1. In
a living body, a pressure called intracranial pressure exists in the CSF. It is

Skull/

b
CSF with pressure

Brain tissue

Figure 1: Two-dimensional physical model of the head

possible to construct a map of material properties for the brain tissue using
medical images [12], so that material properties of the brain tissue can be
described in a point-by-point way. However, in this study, the problem is
simplified. The three parts of the head are treated as homogeneous materials.
Their properties are obtained from the literature and listed in Table 1. The
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Table 1: Material properties of human head components [13, 14, 15]

Young’s Modulus Bulk Modulus Poisson’s Mass Density
(MPa) (MPa) Ratio (kg/m?)
Skull 6650.0 - 0.220 2080
Brain 0.5581 2190 0.485 1040
CSF 0.1485 2190 0.499 1040

skull and the brain tissue are solid materials and the CSF is a fluid. Their
behavior under mechanical excitations are governed by different mathematical
equations. For the solid parts, if body force is not considered, the governing
equation is [16]

V.o + pu=pi (1)

where V is the differentiation operator; o is the vector containing the relevant
stress components; p, is the mass density of the solid parts; p is the matrix
containing the damping coefficients of the solid materials; u is the displacement
vector. A dot over a variable represents its derivative with respect to time.

The cerebrospinal fluid (CSF) is a slightly compressible fluid. Its density
varies only by a small amount relative to its hydrostatic density and thus can
be considered as constant. Under an impact, the relative motion between CSF
and the solid parts is small and slow [18]. Therefore, convective effects of
the CSF can be omitted. The CSF is considered as inviscid [1]. Therefore,
stresses introduced by fluid viscous effects can be neglected. Under the above
assumptions, the governing equation for the CSF part is [19]

— = -V’ =0 2
. p (2)

In Eq. (2), ¢ = \/k/po is the sound speed in CSF. In the above expression, k
is the bulk modulus of CSF and py is its hydrostatic density. p is the acoustic
pressure and t is the time variable.

The interaction between CSF and the solid parts is introduced by boundary
conditions at the fluid-solid interface [16]

n" - Vp=—n" - (pii) (3)

In Eq. (3), n is the normal of a fluid-solid interface pointing to the fluid domain.

2.2 Finite element formulations

By following the standard finite element procedure [20, 16], finite element
equations can be established from the governing equations in Egs. (1), (2) and
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(3). The finite element equation of the solid parts is
Mu+Cu+Ka—Qp=0 (4)

where M®, C® and K*® are, respectively, the mass, damping and stiffness matri-
ces of the solid parts. A variable with an over tilde, for example 1, represents
the discrete value of the variable at element nodes. Q is the fluid-solid coupling
matrix. The expressions of the matrices are given in the following.

Ms = / psNIN,dQ, C*= / NI pN,d
Qs Qs

(5)
K’ = / B! DB,df, Q= / N aN,dS
Qs S

In the above expressions, N, and N, contain, respectively, the shape functions
of element displacements and pressure. B, is the strain-displacement matrix.
S represents the fluid-solid interface in the head model.

The finite element equation for the CSF is

M'p+CH+Kp+p,Q =0 (6)

where M, C! and K are the mass, damping and stiffness matrices related to
CSF. Their expressions are provided in the following.

1 1
T T T
M = [ NIZN,dQ, C'= / N7-N,dS, K'= / B'B,dQ  (7)
Qs c S c Qs
In Eq. (7), B, contains the derivatives of N, with respect to the spatial vari-
ables.
Finite element equations in Eqs. (4) and (6) can be put together in one

cantion bel o e i+ s @l{s1-{0}

M® 0
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It should be noted that the finite element matrices in Eq. (8) are not symmetric.
The Newmark method [20] is used for time integration in the above finite
element equation.
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3 Numerical Studies and Results

The normal range of intracranial pressure (ICP) is approximately between 3.75
~ 15 (mmHg) [3], or between 500 ~ 2000 (Pa). To study correlation between
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ICP and vibrational responses of the head, four ICP values, 500(Pa), 1000(Pa),
1500(Pa) and 2000(Pa), are selected from the above range. A series of finite
element (FE) simulations are then conducted. In each of the FE simulations,
one of the selected ICP values is applied to the cerebrospinal fluid (CSF) of the
finite element model. The initial stress fields introduced in the skull and in the
brain tissue by the applied intracranial pressure is obtained by a static finite
element analysis. The stiffnesses of the finite element model contributed by
the stress-free state and by the initial stress fields are computed. A harmless
impact in the form of step impulse, as shown in Fig. 2(a), is exerted on one
side of the head. The location of the impact is shown in Fig. 2(b). A transient
analysis is then conducted based on the finite element equations in Eq. (8).
External vibration responses are collected on the opposite side of the head.

F(t)

Harmless
Impact

(a) (b)

Figure 2: (a) Harmless impact in the form of step impulse; (b) Locations for
applying impact and for collecting vibrational responses

The location is marked by an A’ in Fig. 2(b). In all the FE simulations, the
same impact is applied. The only factor that makes differences to vibrational
responses of the head is the applied intracranial pressure.

Peak values of commonly concerned vibrational responses, including dis-
placement (u,), velocity (v.), acceleration (a,), and effective strain (e.) at
location "A’, obtained from the finite element simulations are listed in Table 2.
The reason why only the z-direction components are studied is that they are
the quantities that will be picked up by a sensor installed at the location. It
can be observed from the results that the vibrational responses vary when the
the intracranial pressure is changed. However, the magnitudes of the vari-
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Table 2: Vibrational responses of the head under different ICP

ICP (Pa) 500 1000 1500 2000
Displacement (u,, m) 7.77e-05 1.54e-04 2.31e-04 3.07e-04
Velocity (vy, m/s) 8.68¢-03 1.73e-02 2.58¢-02 3.44e-02
Acceleration (a,, m/s?) 11.2 14.2 19.1 24.1
Strain () 2.47e-06 4.20e-06 5.93e-06 7.66e-06
Fundamental freq. (Hz) | 137.53  137.64  137.72  137.78

ations are not the same. The above observation confirms that a one-to-one
correlation exists between ICP and a vibrational response. The normal range
of a vibrational response corresponding to the normal ICP can be determined
by finite element modeling. The obtained normal response range can be used
to monitor and to evaluate ICP in clinic. One possible way is to compare
the measured vibrational response against the normal response range. If the
measured response falls in the normal response range, the ICP is normal. Oth-
erwise it is abnormal. An even better way is to make correlation curves by
producing more finite element simulation data. Once a vibrational response
is measured, the corresponding ICP can be determined from the correlation
curve.

In practice it is desired that even a small change in ICP can be reflected
in a vibrational response. It requires that the vibrational response is sensitive
to ICP change. To measure the sensitivity of a vibrational response to ICP
change, the following sensitivity definition is introduced

_ Aw /w, _ (wy, — wy) /1wy,
Ap/pu (Pu—P1)/Pu

7 9)

where w represents a vibrational response; p is the intracranial pressure; sub-
scripts u and [ stand for, respectively, the upper and lower values of an in-
crement in ICP or in the vibrational response. The sensitivities of the five
vibrational responses listed in Table 2 are calculated using the above formula.
The obtained sensitivities are provided in Table 3. From the results, it can be
seen that displacement and velocity are the most sensitive to ICP change. For
displacement and velocity, the correlation is approximately linear. Accelera-
tion and effective strain are less sensitive to ICP change and the correlation
is nonlinear. Fundamental frequency is the most insensitive to ICP change.
This is due to fact that the skull is very stiff. The initial stress stiffness in-
troduced by intracranial pressure is relatively very small. This phenomenon
can be more clearly explained using the simple mass-spring system shown in
Fig. 3. The natural frequency of the system is f = \/k/m. If there is a
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Table 3: Sensitivity of vibrational responses to ICP change

ICP change(Pa) 500-1000 1000-1500 1500-2000 | Averaged
Displacement (u,) 0.991 1.000 0.990 0.994
Velocity (v) 0.997 0.989 1.000 0.995
Acceleration (a) 0.423 0.770 0.830 0.674
Effective strain (e.) 0.824 0.876 0.903 0.868
Fundamental Freq. 0.0016 0.0017 0.0017 0.00167

IOVYIVE

Figure 3: A single degree mass-spring system

change in the spring stiffness (0k), then the change in the natural frequency is
Af = /(k+ 6k)/m — \/k/m. If 6k is far less than k, then Af would be very
small.

A set of vibrational responses corresponding to ICP=1000(Pa) are shown in
Fig. 4. It can be observed from the figures that the velocity and the acceleration
gradually decay to zero. While the displacement and the effective strain do not
go back to zero due to the initial stresses introduced by intracranial pressure.

4 Conclusions

In this paper, correlation between intracranial pressure (ICP) and external
vibration responses of the head is studied using finite element modeling. A
two-dimensional finite element model of the head is constructed from mag-
netic resonance imaging (MRI) slice. A number of ICP values are selected
from the normal range of ICP. A series of finite element simulations are then
conducted to obtain vibrational responses corresponding to the selected 1CP.
In all the simulations, the same impact is applied. The only factor that makes
a difference to vibrational responses is the intracranial pressure. By studying
the results obtained from the finite element simulations, it is found that all vi-
brational responses are related to intracranial pressure. The displacement, the
velocity and the fundamental frequency have an approximately linear correla-
tion with ICP. While the correlation of the acceleration and the effective strain
with ICP is nonlinear. To measure how sensitive to ICP change a vibrational



Correlation between ICP and vibrational responses of the head 147

T o— ‘ ‘ ‘ ‘ 06
1.841 0.4k
—~ 1.82r
£ 02
~= 18 Q)
= E
£ 1.78 = 0
§ 1.761 g 02
g = ~0.4
o 1.72F
17t -0.6
168 ‘ ‘ ‘ ‘ ‘ -08 ‘ ‘ ‘ ‘ ‘
002 004 006 008 01 o012 o o002 004 006 008 01 o012
Time (s) Time (s)
(a) Displacement (u,) (b) Velocity (v,)
-5
0.4 : : : : : 265710
o.s—n
— 2.6
% oz _
E &
- 01 i
- -é 2,55}
S o 1 @
2 2
& -01 : {8 2%
2 i
S 02 - ]
< 2.45r
-03
-04 : : : : : 24 ‘ ‘ ‘ ‘ :
o 002 004 006 008 01 o012 0 002 004 006 008 01 o012
Time (s) Time (s)
(¢) Acceleration (a,) (d) Effective strain (e.)

Figure 4: Time history of vibrational responses (ICP = 1000 Pa)

response is, sensitivity is defined. It is found that some vibrational responses
are more sensitive than the others to the change of intracranial pressure. The
displacement and the velocity are the most sensitive. The acceleration and
the effective strain are less sensitive. The fundamental frequency is the most
insensitive to ICP change. The results from this study may be used as a base
for developing a non-invasive procedure for evaluating intracranial pressure.
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