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ULTRASONIC APPARATUS AND TECHNIQUE TO MEASURE CHANGES IN
INTRACRANIAL PRESSURE

Claim of Benefit of Provisional Application

Pursuant to 35 U.S.C. §119, the benefit of priority from provisional
application 60/117,378, with a filing date of January 27, 1999, is claimed for this non-

provisional application.

Origin of the Invention

The invention described herein was made in the performance of work done by
employees of the United States Government and may be manufactured and used by or
for the government for governmental purposes without the payment of any royalties

thereon or therefore.

Technical Field

This invention relates generally to measuring intracranial pressure in patients,
and more particularly to measuring intracranial pressure by non-invasively

monitoring the pulsatile components of cerebrospinal fluid contained within the head.

Background

Intracranial pressure (ICP) is an important parameter in the management of
closed head trauma. For example, head trauma can cause edema which leads to
increased ICP as well as decreased brain compliance. High ICP must therefore be
treated aggressively in order to preveht secondary neurological damage. Conditions,
other than trauma, which can lead to elevated ICP include intracerebral hematoma,
central nervous system infections, subarachnoid hemorrhage, space-occupying
lesions, increased gravitational forces and whole body acceleration. When ICP is

elevated, it can vary widely from moment to moment and dynamic measurement of
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ICP 1s extremely useful. Dynamic measurement of ICP may also provide evidence of
hypertension before the onset of clinical signs and symptoms.

Most current methods for measuring ICP are invasive, either utilizing an
intraventricular catheter, a subarachnoid screw, an epidural pressure sensor or a sound
wave burst into the inner ear. The leading complications of invasive ICP monitoring
are insertion-related hemorrhage and hematoma formation, acute overdrainage of
cerebrospinal fluid, and infection. An example of the generation of a sound wave
causing the bones of the middle ear to react and transfer pressure to the eardrum can
be found in U.S. Pat. No. 4,841,986 issued to Marchbanks. In addition to the extreme
discomfort to the patient resulting from such a method, the results are not very
accurate.

Although other methods claim to non-invasively measure ICP, they either
measure some physiological quantity that has no fixed relationship to ICP or the
relationship only allows for static ICP measurements accompanied by fairly complex
calibration schemes. A method described by U.S. Pat. No. 5,617,873 issued to Yost
and Cantrell, describes the non-invasive use of a constant frequency pulsed phase-
locked-loop (CFPPLL) ultrasonic device to statically measure ICP. While such an
ultrasonic technique is painless and effective in reducing the invasiveness of the ICP
measurement, other problems are left unsolved. The CFPPLL receives a reflected
toneburst signal from the front of the head and phase compares the reflected signal to
areference signal. The difference in phase between the two signals is attributed to
changes in cerebrospinal fluid volume which is due to ICP changes. The phase
comparison results in a control voltage which represents the amount of voltage
required to bring the two signals into quadrature. A pressure-volume index along
with a fairly complex calibration scheme utilizing either a tiltable bed or pressurized
cap allows for the conversion from control voltage to cerebrospinal fluid volume, to
ICP. The limitation associated with such a method, is that the ICP measurements are

relatively static because they depend on changes in the cerebrospinal fluid volume, a
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relatively static physiological quantity. Furthermore, the device as described lacked
sufficient responsiveness to measure dynamic quantities. The calibration scheme is

also sufficiently complex to limit the clinical usefulness of the method.

Statement of Invention

Accordingly, one object of the invention is to non-invasively measure ICP
within a patient’s head.

A further object of the invention is to measure ICP by using a non-invasive
ultrasonic measurement device.

A further object of the invention is to monitor physiological quantities such as
pulsatile components which enable accurate, dynamic ICP measurements to be made.

Another object is to use a measurement device with sufficient responsiveness
to monitor dynamic quantitfes.

Still another object is to allow measurement of ICP with a relatively simple
calibration scheme.

Additional objects and advantages of the present invention are apparent from

the drawings and specification which follow.

Summary of the Invention

The present invention monitors one or more blood pressure pulsatile
components present in the brain as a method of measuring ICP. Examples of these
pulsatile components are systolic and diastolic blood pressures which are partially
transferred to the cerebrospinal fluid (CSF) contained in the head. Overall blood
pressure is maintained by the complex interaction of the homeostatic mechanisms of
the body and is moderated by the volume of the blood, the lumen of the arteries and
arterioles, and the force of the cardiac contractions. These cardiac contractions
transfer arterial pulses to the blood vessels in the brain tissue and the membrane

surrounding the CSF. The blood vessels in turn partially transfer the arterial pulses to-
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the adjacent CSF. Continuous monitoring of these pulses allows ICP measuring
because as the ICP varies, the pulsatile components of the CSF also vary.
Capitalizing on this direct relationship for the purpose of non-invasively measuring
ICP is not found in the prior art. ’

The present invention generates an acoustic signal on one side of the head
which is reflected back from the other side of the head. As the reflected acoustic
signal travels through the brain, pulsatile variations in the CSF cause associated phase
variations in the signal. The preferred embodiment of the present invention utilizes
the phase shifting capabilities of the CFPPLL described by U.S. Pat. No. 5,214,955
issued to Yost and Cantrell to monitor this variation in the CSF pulsatile components,
which patent is herein incorporated by reference, as if set forth in its entirety. After
receiving the phase varied acoustic signal and converting it into a phase varied
electrical signal, the CFPPLL phase compares the electrical signal to a reference
signal, generates an error signal in relation to the difference in phase between the two
signals, integrates the error signal into a control voltage, and shifts the phase of the
reference signal based on the control voltage such that the two signals are placed in
quadrature.

By integrating the error signal into a measurement voltage with filtering
circuitry having appropriate responsiveness to biological systems, a signal can
therefore be sampled and compared frequently enough to dynamically monitor
pulsatile components. Such circuitry simply requires the appropriate time constant
and is commonly known in the field. The present invention also employs a relatively
simple calibration method to convert the pulsatile components into ICP with a
measurement baseline. The method involves tilting the head to a new position to
cause a change in ICP of a known amount. The tilt also causes a change in the CSF
pulsatile components, which causes a change in the error signal and associated
measurement voltage. The change in known ICP divided by the associated change in

measurement voltage allows a measurement baseline to be obtained and therefore
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permits monitoring of the pulsatile components associated with subsequent changes
in ICP. Since respifation pulses also affect intracranial pressure, a system which
monitors blood gases can be used as an alternative calibration method should tilting
the head be deemed undesirable.

Further, another possible calibration method to account for changes in the
pulsatile components caused by changes in blood pressure could be achieved by
correlating the change in measurement voltage with changes in blood pressure

measured at a different point on the body, such as the wrist.

Brief Description of the Drawings

A more complete appreciation of the invention and the many of the attendant
advantages thereof will be readily obtained as the same becomes better understood by
reference to the following detailed description when considered in connection with
accompanying drawings, wherein:

FIG. 1 is a simplified schematic diagram of the preferred measurement device;

FIG. 2A is a graphical representation of CSF pulsatile components in relation
to measurement voltage;

FIG. 2B is another graphical representation of CSF pulsatile components in
relation to measurement voltage; and

FIG. 3 is a simplified schematic diagram of a preferred measurement device.

Detailed Description of the Invention

The present invention employs a pulsed phase-locked-loop (PPLL) , which
can be in the form of a constant frequency PPLL (CFPPLL) or a variable frequency
PPLL (VFPPLL). FIG. 1 illustrates a simplified schematic diagram of essential
components of the preferred embodiment for the non-invasive intracranial pressure
monitoring system. As shown in FIG. 1 the present invention can preferably employ

a CFPPLL measurement device 140 having a synthesizer 110 for generating an
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electrical reference signal 150, and a transducer 130 for converting it into an acoustic
reference signal 151. The transducer 130 transmits the acoustic reference signal 151
into the patient head 120 and it is reflected back to the transducer 130 in the form of a
phase varied acoustic signal 152. The transducer 130 then converts the phase varied
acoustic signal 152 into a phase varied electrical signal 153. Use of acoustics enables
the method to be completely non-invasive. The phase variation in the acoustic signal
152 is a function of pulsatile variations in the CSF contained in the patient head 120.
A phase detector 100 compares the phase of the electrical reference signal 150 and
phase varied electrical signal 153. The output of the phase detector 100 is an error
signal 200 which is proportional to the difference in phase from quadrature. The
amount of voltage required to shift the phase of the electrical reference signal 150 to
quadrature with the phase varied electrical signal 153 is obtained by the electrical
integration of error signal 200 using integrator 116. Integrator 116 has a sufficient
time constant to allow dynamic sampling and comparison of signals. A phase shifter
117 can be provided to perform the phase shift of the electrical reference signal 150
to quadrature with the phase varied electrical signal 153. Filtering circuitry 115 is
responsive to biological systems and the result is a measurement voltage 201 that
responds to the different timing requirements of the intracranial complex. That is to
say, that in at least one embodiment the filtering circuitry 115 can be chosen to
correspond to a particular biological system, e.g., pulse rate, respiration rate, etc.

FIG. 2A illustrates the relationship between the CSF pulsatile components 210
present in the patient head 120 and the measurement voltage 201 whose origin is
taken from the phase detector 100. The measurement device 140 can be calibrated by
tilting the patient head 120 such that a known change in ICP is induced. The tilt also
induces a change in the CSF pulsatile components 210, which is sensed by the
corresponding skull expansion, and an associated measurement voltage 201. By
measuring the voltage 201, the CSF pulsatile components 210 can be inferred. By
dividing the known change in ICP by the change in the measured control voltage 201,
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a measurement baseline is obtained. The changes in the pulsatile components can
therefore be dynamically converted into changes in ICP with the measurement
baseline. FIG. 2B merely shows an inverted signal, as compared to FIG. 2A, which
could result from an opposite polarity of the output voltage.

While the preferred embodiment employs a transducer 130 to transmit and
receive the ultrasonic (acoustic) signals, any means for receiving an acoustic signal
from the patient’s head will suffice. Also, measurement devices other than a
CFPPLL can be used as means for determining the pulsatile component of the
acoustic signal, and associated ICP. In other possible embodiments of the present
invention other known phase shifting capabilities of PPLLs can be utilized to
monitor this variation in the CSF pulsatile components, for example, as explained in
the article by Yost, et al. , Fundamental Aspects of Pulse Phase-locked Loop
Technology-based Methods for Measurement of Ultrasonic Velocity, J. Acoust. Soc.
Am. 91, 1456-1468 (1992), which article is incorporated herein by reference.

FIG. 3 illustrates a simplified schematic diagram of some of the essential
components of a preferred embodiment for the non-invasive intracranial pressure
monitoring system. FIG. 3 shows a PPLL measurement device 140A which can be in
the form of a CFPPLL or a VFPPLL. As explained in more detail above, a transducer
130 can be placed on the side of a person’s head as shown in FIG. 3. In at least one
embodiment, this transducer can have a resonant frequency of less than about 1
megahertz, and generates an ultrasonic signal of about 500 kilohertz. The head can
be tilted from one position to a new position. This tilting causes a change in ICP of a
known amount. It also causes a change in error signal output 200 (for example, the
sample and hold output 200 from the phase detector signal) which can go to the
integrator and then to the phase shifter, as explained above. As a tilt causes a change
in output voltage, it also causes a corresponding change in ICP. The change in ICP
divided by the change in voltage permits the determination of the pulsatile

components in the phase shifter output, thus the dynamic changes in ICP can be
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determined. Filtering circuitry 115 can be responsive to biological systems and the
result is a measurement voltage 201 that responds to the different timing requirements
of the intracranial compiex.

In constant frequency systems all of the functions can also be performed with
digital electronics. As an example, rather than detecting the phase differences
between the echo signal and reference signal, and using the integrated phase
difference to drive the signals to quadrature, the echo signal and the reference signal
can be digitally recorded, and the phase difference determined by use of computer
algorithms. As further example, timing control, gating, waveform generation
(synthesizer), coupling/decoupling function, and even the preamp function, can be
performed by digital electronics or an appropriately programmed digital computer.

Various methods may be used to calibrate the present inventive device by
providing known. changes in ICP, as for example disclosed in U.S. Patent No.
5,617,873 1ssued to Yost et al. at column 5, line 32 thru column 6, line 14, which is
incorporated herein by reference.

It should be understood by those skilled in the art that the descriptions and
illustrations herein are by way of examples and the invention is not limited to the
exact details shown and described. For example, it should be understood that any
device that produces a controlled phase shift in response to a control signal may be
used; for example, a current controlled phase shifter or an optically controlled phase
shifter. Further, for example, any means of phase detection may be used, for
example, a synchronous detector, a homodyne detector, an analog mixer, or a digital

mixer.
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What is claimed is:

1. A method for non-invasive measurement of changes in intracranial
pressure in a patient’s head comprising the steps of:

receiving an acoustic signal from the patient’s head;

determining a pulsatile component of the acoustic signal; and

determining a change in intracranial presgure from changes in the pulsatile

component.

2. The method for non-invasive measurement of changes in intracranial
pressure of claim 1 wherein the step of determining a pulsatile component of the
acoustic signal comprises:

determining a difference in phase between the acoustic signal and a reference
signal;

generating a measurement voltage based on the difference in phase; and

monitoring the measurement voltage such that the pulsatile component of the

acoustic signal can be determined.

3. The method for non-invasive measurement of changes in intracranial
pressure of claim 2 wherein the step of determining intracranial pressure from the
pulsatile component comprises:

calibrating a measurement device by inducing a known change in intracranial
pressure and measuring the change in the measurement voltage;

dividing the known change in intracranial pressure by the change in the
measurement voltage to obtain a measurement baseline; and

converting the change in pulsatile component into a change in intracranial

pressure with the measurement baseline.
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4, The method for non-invasive measurement of changes in intracranial
pressure of claim 1 wherein the pulsatile component represents systolic blood

pressure partially transferred to the cerebrospinal fluid.

5. The method for non-invasive measurement of changes in intracranial
pressure of claim 1 wherein the pulsatile component represents diastolic blood

pressure partially transferred to the cerebrospinal fluid.

6. An apparatus for non-invasive measurement of changes in intracranial
pressure in a patient’s head comprising:

means for receiving an acoustic signal from the patient’s head;

means for determining a pulsatile component of the acoustic signal; and

means for determining changes in intracranial pressure from changes in the

pulsatile component.

7. The apparatus for non-invasive measurement of changes in intracranial
pressure in a patient of claim 6 wherein the means for determining a pulsatile
component of the acoustic signal further comprises:

filtering circuitry with sufficient responsiveness to dynamically monitor the
pulsatile component; and

a constant frequency pulse phase-locked loop measurement device.

8. The apparatus for non-invasive measurement of changes in
intracranial pressure in a patient of claim 6 wherein the means for determining a
pulsatile component of the acoustic signal further comprises:

filtering circuitry with sufficient responsiveness to dynamically monitor the
pulsatile component; and

a variable frequency pulse phase-locked loop measurement device.
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