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Abstract: The real-time monitoring of intracranial pressure (ICP) is very important for
craniocerebrally critically ill patients, but it is very difficult to realize long-time monitoring for
the traditional invasive method, which very easily infects patients. Many noninvasive methods
have emerged, but these have not been able to monitor ICP for long periods in real time, and they
are not ready for clinical application. In order to realize long-time, online, real-time, noninvasive
monitoring for ICP, a new method based on acoustoelasticity of ultrasound is herein proposed.
Experimental models were devised to research the new method for experiment and simulation.
Polymethyl methacrylate and hydrogel were adopted for the experiment, and their mechanical
properties were very close to the real brain. A numerical solution for acoustoelasticity theory
was acquired by simulating calculation based on a finite-element method. This was compared
to the experimental value. The results showed a consistent match between theoretical solution
and experimental value, with maximum error at most 5%. Thus, the effectiveness of the new
method was verified. Theoretical and practical foundation is provided for this new method, and
it could be used for animal experimentation or clinical testing in further research.

Keywords: medical instruments, noninvasive, intracranial pressure, ultrasonic, acoustoelastic-

ity, biomechanics

Introduction

Under normal conditions, the pressure that exists in the human cranial cavity is called
intracranial pressure (ICP). Continuous ICP monitoring is common practice in diag-
nosing and managing neurosurgical diseases, such as traumatic brain injury, cerebral
tumor, cerebral hemorrhage, subarachnoid hemorrhage, and hydrocephalus. The fluc-
tuation of ICP is associated with physiological factors, such as cerebral blood flow,
arterial blood pressure, and cardiac cycle. These conditions are usually accompanied
by increased ICP. Increased ICP is an early stage signal of intracranial complication
and a common reason for late-stage death.

ICP acts on the cranial cavity wall by cranial cavity content, and it consists of two
parts: hydrostatic pressure and fluctuant of angiotasis.! Cerebral trauma and other brain
diseases have many pathogeneses, and patients’ conditions change quickly. Moreover,
the risk of craniocerebral operations is very great. Ensuring opportunity for operation
is vital for craniocerebral critical patients and grasping fast changes in ICP could make
doctors hold the optimal opportunity. Also, ICP has a crucial influence on whether the
operation will be successful and whether the patient will recover. Therefore, monitoring
for ICP is very important in neurosurgery and the intensive care unit (ICU).?
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The monitoring of ICP is divided into two categories:
invasive and noninvasive. An advantage of invasive monitor-
ing is its high precision, but its disadvantages are significant,
such as complexity of the clinical operation, higher chance
of cross-infection, and the difficulty of realizing long-term,
real-time, online monitoring for ICP. Invasive monitoring
methods that are commonly used in the clinic include brain-
chamber intubation, epidural sensors, fiber-optic transducer
monitoring, and lumbar puncture.>> The ICP variable
acquired by brain-chamber intubation is the hydraulic pres-
sure of cerebrospinal fluid (CSF), and this is the most accu-
rate measure of ICP. In medicine, this value often is called
the gold standard.® However, the brain-chamber intubation
is very complicated and sophisticated, and the operation
is very dangerous. Therefore, in the clinic, the alternative
gold-standard value is hydraulic pressure of CSF acquired by
lumbar spinal cord subarachnoid puncture when the patient
is in a lateral position. This alternative is regarded as the
representative value of ICP

In view of the many disadvantages of invasive moni-
toring, noninvasive methods were presented. Relative to
invasive methods, noninvasive methods are no harmful to
the human body, and the operation is very simple because
it does not need surgery. However, the accuracy of nonin-
vasive methods is insufficient, so they have a long way to
go before they can be used clinically. Although invasive
methods are commonly used in the clinic, noninvasive
methods are becoming the trend of ICP monitoring, and a
lot of noninvasive methods have been presented by scholars
at home and abroad. The main noninvasive methods include
flash visual evoked potential, transcranial Doppler, tympanic
membrane displacement, intraocular pressure, and bioelec-
trical impedance analysis. These are all only in the research
stage at present.® !

At the scene of a serious accident, eg, a traffic accident,
doctors need to monitor real-time ICP, and the monitoring
instrument must be convenient for field monitoring. Another
application setting is the ICU, where doctors usually need
to monitor long-term, real-time, online ICP. For these
applications, no existing noninvasive methods meet these
requirements, because of inevitable defects, such as awkward
instrumentation for operation, and inconvenience for mobile
monitoring. Moreover, all the noninvasive monitoring meth-
ods are in the research-and-testing phase, and they cannot
be applied clinically.

In this paper, a new monitoring method for ICP based
on ultrasonic acoustoelasticity is proposed. Target objects
monitored by noninvasive methods are generally indirect

entities that are easier for monitoring than ICP and closely
related to it. Thus, a computing model needs to be established
to ascertain the ICP value under these models. These methods
often fail, since an accurate computing model is not easy to
establish.! The method proposed in this paper monitors ICP
and requires no surgery. Therefore, this monitoring method is
not only absolutely noninvasive, but is also suitable for both
embedded and mobile monitoring. This method can monitor
long-term, real-time, online ICP. In the ICU, this method can
monitor ICP by the ward bed.

The design of the monitoring

instrument

This ICP-monitoring instrument is devised based on
ultrasound. The frequency of ultrasound is very high, and
its range is over 20 kHz. Ultrasound has many advantages,
such as good direction and strong penetrating ability.' It is
easy to obtain a concentrated acoustic energy, and it can be
widely used in many fields, such as distance measurement,
velocity measurement, density detection, material inspection,
and medical application.

The human cranial cavity can be viewed as a closed
container, the interior of which is full of brain tissue and
CSF. The cranial cavity has only one passageway that leads
to the spine. The cranial cavity and the spine are full of CSF.
According to this anatomical structure, we designed a black-
box model to monitor ICP.!* The monitoring instrument is
simplified in the sketch shown in Figure 1.

In Figure 1, the cranial cavity is depicted as a closed
container in which uniform stress exists. On each side of the
container, left and right, an ultrasonic transducer is placed.
On the left is the transmitter, which converts electrical energy
into mechanical energy, meaning it can transform electrical
signals into ultrasonic waves. On the right is the receiver,
which converts mechanical energy into electrical energy, ie,
it can transform ultrasonic waves that have passed through
brain tissue from the left to the right into electrical signals.
The received signal involves information that has been
modulated by ICP. Thus, we can compute the value of ICP
from the received signal by microcomputer. In addition,
the instrument includes two other components: a genera-
tor of high-frequency signals and a phase-locked loop. The
generator of high-frequency signals can produce and send
a high-frequency signal to the transmitting transducer. The
task of the phase-locked loop module is to measure phase
difference between received and transmitted signals. The
embedded computer works out the ICP value according to
the phase difference.
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Figure | Schematic of monitoring method.

Theoretical basis of the instrument

In essence, monitoring ICP by ultrasound is a mechanical
process that examines the relationship between propaga-
tion characteristics of ultrasound and stress acting on brain
tissue. It was believed that wave velocity and phase were
only related to inherent properties of the material. In other
words, ultrasonic propagation characteristics would not be
affected by stress in a specific material. This idea is changing
gradually. Since Hughes and Kelly put forward a preliminary
theory of acoustoelasticity in solids for the sake of getting
third-order elastic modulus of solid by ultrasound in 1953,
and Tokuoka and Iwashimizu proposed acoustoelastic
birefringence effect in 1968,'® more than half a century has
passed, and acoustoelastic theory has been developing very
quickly. At present, more and more researchers believe that
ultrasonic propagation characteristics are influenced by the
stress state of the material, ie, ultrasonic parameters change
with changes in stress, eg, wave velocity or phase. In recent
years, along with advances in ultrasonic testing technol-
ogy, acoustoelasticity theory has been used more and more
widely for measuring the initial stress of solids, such as in
the detection of rock stress or welding residual stress.!*?
However, the theory has never been used for detecting the
stress of soft matter, eg, organ tissue, in the past. Research on

soft matter has been paid more and more attention in recent
years, because soft matter is a class of very important mate-
rial and is widely used. Biological tissues and organs are
all soft matter. Many disease-detection methods are finding
changes in mechanical properties. Thus, detection of the
inner stress of biological tissues or other soft matter has very
important practical significance. Pao et al*' and Wu et al*
studied the influence on elastic wave velocity due to plastic
deformation. However, nobody has measured the inner stress
of soft matter such as biological tissues based on ultrasonic
acoustoelastic theory.

The relation between ultrasonic wave motion and stress
is called the stress-acoustic effect or acoustoelastic effect.?
This theory is the theoretical foundation of ICP monitoring
by ultrasound. Acoustoelasticity theory has four fundamental
assumptions:**

1. assumption of continuous medium

2. ultrasonic propagation is small perturbation superposed
upon static and limited large deformation

3. the material is superelastic and homogeneous

the deformation of the material could be viewed as an

isothermal and isentropic process.

According to the acoustoelastic theory, the state of brain
tissue can be divided into three kinds:
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1. natural state — ICP is normal and brain tissue has not been
deformed

2. initial state — pre-deformation state when ICP has
increased

3. final state — testing state when ultrasound is being
overlaid.

These three states can be described by using three kinds of
coordinate system: natural system of coordinates (&), initial
system of coordinates (X), and final system of coordinates
(). Accordingly, in accordance with acoustoelasticity theory,
we can get an acoustoelastic equation for the initial system
of coordinates, as shown in equation 1:

9 ;
E|:(é‘1ktu

Equation 1 is the equation of motion as ultrasound

Jdu - d’u
+C1JKL)£}::0’?21 (1)

propagating in a medium. Solving it will produce the wave
equation, thus the ultrasonic wave velocity or phase differ-
ence can be calculated.

Inequation 1, C,
on material constant and initial displacement field, and

is equivalent stiffness, and it depends

reflects the intrinsic property of the material. Equivalent stiff-
ness of different materials is not identical, and will not change
along with loads, deformation, time, or velocity. Thus, at a
certain temperature, stress is determined uniquely by strain
field. Equivalent stiffness is symmetrical as shown here:

C :C =

LKL 1JKL

C

1JKL = 1JKL (2)

C, i, can be calculated by equation 3:

i i du,
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In equation 3, ¢, ., (the c is lowercase) can be expressed as

IJKL
equation 4:

CIJKL = 51(15J/35K761(SC ofys (4)

The symbol e, indicates tiny deformation.

eMN = ell + 622+ e}} (5)

All of these formulas adopt the notation of a Cartesian
tensor. Respectively, u},, e,,,, and 7}, mean initial displace-
ment, strain, and stress described in the initial coordinate
system; 0’ indicates the density in the initial state; Copys is
the tensor of second-order elastic constant of a material.

For isotropic materials, it has two independent second-order
elastic constants, which are called Lamé constants; Copritn
means the tensor of third-order elastic constant of a material.
There are three third-order elastic constants, which are called

Murnaghan constants.

The design of the experimental

model
A design principle is that the experimental model must fit
with the real environment and actual conditions very closely.
We studied prior knowledge of physiology and anatomy of
the cranial cavity. The mechanical parameters of brain tissue
are shown in Table 1.%

According to the known biomechanical parameters
of the cranial cavity and its contents, shown in Table 1,
polymethyl methacrylate was selected to simulate the skull
and hydrogel to simulate the brain tissue in this paper.
Polymethyl methacrylate approximates skull in terms of
density, Poisson’s ratio, and Young’s modulus. The proper-
ties of CSF of are very close to water, because the main
ingredient of CSF is water. Hydrogel belongs to soft matter
and has been widely used in the medical field, as biomate-
rial, and in medical experiments, and in some other aspects
such as artificial tissues now.?*? There are many kinds of
hydrogel, and their mechanical properties are closely associ-
ated with the water proportion. In this paper, the proportion
of water is 80% and the density of hydrogel 1,004 kg/m°.
Poisson’s ratio is 0.49, measured by high-precision strain
gauge. Therefore, hydrogel and brain tissue are both very
similar to incompressible substances (Poisson’s ratio of
absolutely incompressible substance is 0.5). Since hydro-
gel is a soft material, measurement of Young’s modulus is
very difficult. Therefore, we first obtained the compression
modulus, and then we calculated Young’s modulus by using
the compression modulus and Poisson’s ratio. The calcula-
tion formula is indicated in equation 6.3

E,=E, (1 —ij (6)

1-v

Table | Mechanical parameters of each component in the cranial

cavity

Tissue Young’s modulus Poisson’s Density
(MPa) ratio (kg/m?)

Skull 6000-10000 0.200-0.220 1210-2150

CSF 0.012-0.149 0.489-0.499 1040.3

Brain tissue 0.067-1.000 0.480-0.490 1000-1140.3

Abbreviation: CSF, cerebrospinal fluid.
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Figure 2 Experiment model |.

Uniformly distributed load
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Hydrogel
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Figure 3 Experiment model 2.
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Figure 4 Schematic of the model test.

In equation 6, £, is Young’s modulus, and £ the
compression modulus, v is Poisson’s ratio. Equation 6 is
correct within the linear elastic range. Thus, the measure-
ment of the compression modulus must be limited within
the linear elastic range. Since the deformation of hydrogel is
minimal when compressed, the accuracy of the strain gauge
must be high enough. Young’s modulus for the hydrogel was
0.984 MPa, calculated by equation 6. According to these data,
it could be seen that the mechanical properties of the hydrogel
in the experiment were very close to the actual parameters of

Figure 5 Experiment equipment including a lock-in amplifier, signal generator and
stress measuring instrument.

instrument

brain tissue. Thus, the model designed in this paper can simu-
late the real environment of the cranial cavity very well.

In this paper, we describe two black-box test models and
simulate the situation of increased ICP when CSF is increas-
ing or brain tumor respectively. The models are shown in
Figures 2 and 3 respectively. The shells of the models were
polymethyl methacrylate, which simulates the human skull,
and the contents were hydrogel, which simulates the cranial
contents. The diameter of the container was 18 cm, and its
thickness 2 mm. The model was designed according to the
mean value of the human head, and the actual value for each
patient would be somewhat different. However, the ultrasonic

iy

Figure 6 The finite-element model and mesh of the experimental model.
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phase shift is proportional to its flight distance. Thus, the
clinical ICP value could be converted proportionally accord-
ing to the diameter of a specific patient. A sketch of the entire
experiment is shown in Figure 4.

The ultrasonic wavelength is much larger than the size
of tiny blood vessels, so the brain tissue could be viewed as
a continuous medium when the patient is being monitored
by ultrasound. So the first assumption is met.

In preliminary experiments, we determined ultrasonic
parameters as follows: frequency 150 kHz, amplitude 1 V
(signal voltage adopted as reference unit and definite vibration
displacement provided by the sensor parameter), supersonic
power limited within 1-10 mW/cm?. Since the hydrogel is
incompressible and the deformation very small, the ultra-
sonic vibration amplitude must be tiny enough to meet the
assumed conditions of small perturbation that are claimed
in acoustoelastic theory. In the experiments, the ultrasonic
amplitude was very tiny and was able to meet the requirement.
If the ultrasonic amplitude is too powerful, it will be harmful
in terms of biological effect.’! In this model, the ultrasonic
power was low enough to avoid damage to the human brain.
Furthermore, the energy absorbed by intracranial media was
limited to a very low level, so the monitoring process can be
deemed an isothermal or isentropic process. Thus, it meets
the fourth assumption of acoustoelastic theory.

The actual test objects and equipment are shown in
Figure 5. Electrical connection is also shown in Figure 5.
The loading speed in the experiment was the same as the
speed of human ICP increase.

Simulation and experimental

results
Equation 1 defines ultrasonic acoustoelasticity when the test
object is subject to additional stress. It describes the particle
motion in the medium when the stress state has changed. To
solve the partial differential equation, it is first necessary to
obtain a wave value for ultrasound under initial stress, and then
to obtain ultrasonic wave velocity or phase. However, the partial
differential equation can be solved analytically within several
special status and boundary conditions. In general conditions,
the numerical solution of the equation based on finite-element
simulation can only be given. In this paper, equation 1 is solved
numerically based on finite-element analysis by using Abaqus
software (Dassault Systémes, Vélizy-Villacoublay, France).
Finite-element analysis for the brain experimental model
was established and divided into meshes based on the tetra-
hedron shown in Figure 6. In the finite element software, the
element of tet (tetrahedron) was selected. But in fact, some
hexahedral was generated automatically in the middle of the
model by the software. In the finite-element simulation, an ele-

Response data of simulating computation
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Figure 7 Response curve of simulation and its spectrum.
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Figure 8 Relationship between stress and phase difference.

ment-stiffness matrix is necessary and is given by equation 5.
The matrix shown in equation 5 is a symmetrical matrix. Due
to the equivalent stiffness in equation 1 is fourth-order tensor,
and two-dimensional matrix can only be inputted into finite-
element software. Thus, we adopted the Voigt abbreviation
method for the fourth-order tensor in order to transfer it into
a two-dimensional matrix and enter it into the software.

[A+2u A A 0 0 0
A+2u A 0 0 O

K= A+24 0 0 0 )
Z 0 0
“ 0
L A

In equation 7, A, and y are the second-order elastic constants
of the material, known as Lamé constants. These can be acquired
by experimental measurement or calculated from the first-order
elastic constants, such as Young’s modulus and Poisson’s ratio.
The computing formula is shown in equations 8 and 9.

Ev
- - 8
A=) =) ®
E
— 9
A= 0+ ) @)

In these two equations, £ is Young’s modulus and v is
Poisson’s ratio.

The response curve of the simulation and its spectrum are
shown in Figure 7. As an example in Figure 7, the additional
load was 0.532 kPa (4 mmHg). The results in Figure 7 show
that the theoretical data derived by the finite-element software
can meet the actual requirements.

Graphs of both experimental values and calculated val-
ues are shown in Figure 8, and the two kinds of values are
compared. The curves in Figure 8 are the relationship curves
between ultrasonic phase difference and internal stress of the
test object. The experimental value is the mean value of the
loading process and unloading. The phase difference of
theoretical data was calculated by correlation analysis.*

Conclusions

The following conclusions can be drawn from Figure 8. (1) The
error between the experimental value and the calculated value
based on acoustoelastic theory is no more than 5%. Thus, this
kind of ICP-monitoring method has been proved to be correct
theoretically. That is to say, the method is feasible in theory
and practice, but it needs to be tested clinically for further
evaluation. (2) The normal range of adult ICP is 0.7-2.0 KPa
(5-15 mmHg). The upper limit of the monitoring instrument
for increased ICP is 13.3 kPa (100 mmHg). In the range of
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0.7-13.3 kPa, the curve decreases monotonically. Hence, ICP

value could be calculated inversely according to the curve

from the ultrasonic phase difference acquired by the receiv-

ing transducer. (3) The test model meets actual requirements

very well. This monitoring method based on ultrasound has

the potential to be applied to clinical tests. This method will

be verified in clinical testing and the algorithm adjusted

appropriately according to testing.
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