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Anultrasonic method for indicating a characteristic of intrac-
ranial components’ volume changes includes the transmis-
sion of broadband ultrasound from a transmitting transducer
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ducerlocated on another side of the human head with decom-
position of the received signal into narrowband components
and determination therefrom of group delay, phase angle and
attenuation as a basis for derivation ofthe characteristic ofthe
intracranial media.
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ULTRASONIC METHOD AND APPARATUS
FOR MEASURING INTRACRANIAL
CONTENTS VOLUME CHANGE

FIELD OF THE INVENTION

[0001] The present invention relates to the measurement
and monitoring of intracranial pressure changes caused by
intracranial contents’ volume changes. More particularly it
relates to an apparatus and method for non-invasive measure-
ment of the brain parenchyma blood volume and brain tissue
volume using transmission of ultrasonic pulses through the
human head.

BACKGROUND OF THE INVENTION

[0002] The measurement of intracranial pressure (ICP) is
important in diagnosing and treating various pathophysi-
ological conditions caused by head trauma, hemorrhage,
tumors, inflammatory diseases and the like. Several tech-
niques have been used to measure ICP. Conventional invasive
ICP measurement techniques require surgical passage
through the skull bone into the brain ventricles, parenchyma,
or the region between the skull and dura matter to implant a
measuring transducer.

[0003] A non-invasive ICP measurement technique has
been suggested that determines displacements of the tym-
panic membrane of the ear. However, it has not been possible
to obtain a good correlation with ICP because determination
of ICP by this method is complicated by the compressible air
space between the pressure source and the interrogation
point.

[0004] Another non-invasive ICP measurement method
measures the electromagnetic impedance response of the
brain to induced fields, and correlates the response to ICP.
Such techniques are disclosed in U.S. Pat. Nos. 4,690,149 and
4,819,648 to Ko.

[0005] Another non-invasive ICP measurement technique
that has been attempted involves ultrasonic imaging to detect
relative displacements of tissue boundaries within the brain.
The displacements may be associated with fluid build-up and
compression or dilation of brain vessels, which permits deter-
mination of ICP through an independent calibration of com-
pressibility. An alternate non-invasive ultrasonic technique
involves the measurement of blood flow in the carotid artery
by ultrasonic excitation of the artery and determination of
Doppler frequency shift.

[0006] Various types of ultrasonic ICP measurement tech-
niques are disclosed in France Patent FR, A, 2318420 to
Guiset, U.S. Pat. No. 3,872,858 to Hudson et al., U.S. Pat. No.
4,043,321 to Soldner et al., U.S. Pat. No. 4,971,061 to
Kageyama et al., U.S. Pat. No. 4,984,567 to Kageyama et al.,
U.S. Pat. No. 5,388,583 to Ragauskas et al., U.S. Pat. No.
5,411,028 to Bonnefous, U.S. Pat. No. 5,617,873 to Yost et al.
and U.S. Pat. No. 5,919,144 to Bridger et al. Such techniques
involve the transmission of ultrasonic waves typically having
frequencies on the order 0.1 MHz . . . 0.5 MHz or 1.0 MHz .
.. 5.0 MHz into the intracranial media.

[0007] Each of the patents cited above is incorporated
herein by reference.

[0008] Despite the above-noted attempts to develop non-
invasive ICP measurement technique, a need still exists for a
non-invasive [CP measurement apparatus and method which
can accurately measure ICP absolute value and all possible
ICP waves without skull penetration and which poses no
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health risks during long-term monitoring. On the other hand,
ICP changes are caused by intracranial media components’
volume changes. These components are arterial and venous
blood, cerebrospinal fluid (CSF), brain tissues and intersticial
fluid. For the targeted therapy of raised ICP, it is necessary to
know which intracranial component has increased in volume.
However, using known ultrasonic ICP measuring methods
and apparatus, it is still impossible to identify which intrac-
ranial component is the cause of ICP increment. Therefore, a
need exists for a method and apparatus for simultaneous
measurement and monitoring intracranial blood volume, CSF
volume, and brain parenchyma tissue volume. The only
known method and apparatus for the measurement of blood
volume inside the brain parenchymal acoustic path know to
the inventors is U.S. Patent No. 5,388,583.

[0009] However, known ultrasonic non-invasive ICP mea-
suring apparatus and methods have the many limitations. For
example, the known methods and apparatus:

[0010] are affected by the head external tissues blood flow
phenomena;
[0011] are uncomfortable due to direct contact of the rigid

surface of the ultrasonic transducers with the patient’s extrac-
ranial tissues;

[0012] can eliminate extracranial tissue volume pulsation
with only limited accuracy due to a limited signal-to-noise
ratio in the ultrasonic echo from the surface of skull measure-
ment channels;

[0013] can require the device operator to manually perform
interactive ultrasonic signal adjustment procedures that are
too lengthy and too sophisticated for emergency room or
intensive care unit situations; and

[0014] make it impossible to define the intracraniospinal
compliance changes using known ultrasonic non-invasive
methods and devices.

SUMMARY OF THE INVENTION

[0015] Accordingly, one objective of the invention is to
substantially eliminate the influence of external tissue pulsa-
tion on the non-invasively measured data about the shape of
intracranial volumetric pulse waves.

[0016] Another object is to increase the signal-to-noise
ratio of the ultrasonic echo signal by using time division
multiplexing of the transintracranial transmitted ultrasonic
signals and by transmitting the ultrasonic signals in the direc-
tion that produce the highest echo signal-to-noise ratio.
[0017] Still another object is to scan the ultrasonic signal
transmission and receiving directions in order to identify the
optimal transintracranial and echo signal directions.

[0018] Yet another object is to switch the ultrasonic trans-
ducer effective diameter in order to get two optimal near field
zone dimensions for transintracranial and echo signal trans-
mission by using the proposed new disc and ring type ultra-
sonic transducer.

[0019] Another object is switching of ultrasonic ¢cMUT
(capacitative micromachined ultrasound transducer) type
two-dimensional transducers transmission/receiving direc-
tions and also adaptive focusing of cMUT on the skull surface
when the transmission direction is the same as the echo signal
direction.

[0020] Still another object is to eliminate possible discom-
fort for a patient due to the direct contact of extracranial
tissues with the rigid surface of the ultrasonic transducer by
applying an ultrasound gel pad between the extracranial tis-
sue and the active surface of the ultrasonic transducer.
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[0021] Yet another object is the fast and real-time adjust-
ment of ultrasonic signal amplitudes, selection of ultrasonic
signal positions in time, and identification of informative
signal zero crossing points in order to eliminate operator
errors and in order to save time of non-invasive device pre-
paratory procedures before the non-invasive measurement.

[0022] Another object to non-invasively determine intrac-
raniospinal compliance changes using the proposed new non-
invasive compliance estimation index.

[0023] These and other objects are achieved by the provi-
sion of a device for measuring intracranial contents” volume
changes which cause pressure changes of a patient head.

[0024] In one embodiment, a device for measuring intrac-
ranial contents’ volume changes which cause pressure
changes of a patient’s head is provided comprising a first gel
pad and a second gel pad positioned on either side of the
patient’s head respectively and a first ultrasonic transducer
and a second ultrasonic transducer positioned adjacent to the
first and second gel pads respectively. The device further
comprises a first two-dimensional scanner positioned adja-
cent to the first ultrasonic transducer and a second two-di-
mensional scanner positioned adjacent to the second ultra-
sonic transducer. The device is provided such that the firstand
second ultrasonic transducers each have a piezoceramic disc
and a piezoceramic ring encircling the piezoceramic disc.

[0025] In another embodiment a device for measuring
intracranial content volume changes which cause pressure
changes of a patient’s head is provided comprising a first gel
pad positioned on a first side of the patient’s head and a
second gel pad positioned on a second side of the patient’s
head. The device further comprises a first ultrasonic trans-
ducer positioned adjacent to the first gel pad, the first ultra-
sonic transducer including a first piezoceramic disc and a first
piezoceramic ring encircling the first piezoceramic disc. The
device still further includes a second ultrasonic transducer
positioned adjacent to the second gel pad, the second ultra-
sonic transducer including a second piezoceramic disc and a
second piezoceramic ring encircling the second piezoceramic
disc. The device also includes a first scanner positioned adja-
cent to the first ultrasonic transducer and a second scanner
positioned adjacent to the second ultrasonic transducer.
Finally, the device also comprises a time division multiplexer
coupled to the first and second ultrasonic transducers, a com-
puter coupled to the time division multiplexer and a display
coupled to the computer.

[0026] Instill another embodiment a method for measuring
intracranial content volume changes which cause pressure
changes of a patient’s head is provided comprising the steps
of positioning a first gel pad on a first side of the patient’s
head, positioning a second gel pad on a second side of the
patient’s head and positioning a first ultrasonic transducer
adjacent to the first gel pad, the first ultrasonic transducer
having a first piezoceramic disc and a first piezoceramic ring
encircling the first piezoceramic disc. The method further
comprises the steps of positioning a second ultrasonic trans-
ducer adjacent to the second gel pad, the second ultrasonic
transducer having a second piezoceramic disc and a second
piezoceramic ring encircling the second piezoceramic disc,
positioning a first scanner adjacent to the first ultrasonic
transducer and positioning a second scanner adjacent to the
second ultrasonic transducer. The method still further com-
prises the steps of generating first and second ultrasonic
pulses with the first and second ultrasonic transducers respec-
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tively, transmitting the ultrasonic pulses through the patient’s
head and receiving the ultrasonic pulses with the first and
second scanners.

[0027] Inyetanother embodiment a method for measuring
intracranial content volume changes which cause pressure
changes of a patient’s head is provided comprising the steps
of generating a first ultrasonic pulse with a first ultrasonic
transducer and transmitting the first ultrasonic pulse through
a patients head. The method further comprises the steps of
generating a second ultrasonic pulse with a second ultrasonic
transducer, the second ultrasonic transducer positioned on a
substantially opposite side of the patient’s head from the first
ultrasonic transducer and transmitting the second ultrasonic
pulse through a patients head. The method also comprises the
steps of generating a first electrical pulse corresponding to the
transmitted first ultrasonic pulse, measuring a first echo pulse
corresponding to an echo signal of the transmitted first ultra-
sonic pulse and generating a first echo electrical pulse corre-
sponding to the measured first echo pulse. The method still
further comprises the steps of generating a second electrical
pulse corresponding to the transmitted second ultrasonic
pulse, measuring a second echo pulse corresponding to an
echo signal of the transmitted second ultrasonic pulse and
generating a second echo electrical pulse corresponding to
the measured second echo pulse.

[0028] Other objects of the invention and its particular fea-
tures and advantages will become more apparent from con-
sideration of the following drawings and accompanying
detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] FIG.1is a block diagram of one embodiment of the
present invention.

[0030] FIG. 2 is a flow chart of the embodiment according
to FIG. 1.
[0031] FIG. 3isadiagram of the internal structure of paren-

chymal acoustic path in accordance with FIG. 1.

[0032] FIGS. 4-10 are screen shots according to the
embodiment of FIG. 1.

[0033] FIGS. 11a and 115 are data graphs for simulated
acoustic fields according to the embodiment of FIG. 1.
[0034] FIG. 12 is a data graph illustrating normalized dis-
tributions of the simulated acoustic fields according to the
system of F1G. 1.

[0035] FIG. 13 is a data graph of normalized peak-to-peak
amplitudes of the received experimental signals versus
deflection angle of the hybrid double action ultrasonic trans-
ducer according to the system of FIG. 1.

[0036] FIGS. 14a and 145 illustrate the hybrid double
action disc and ring type ultrasonic transducer according to
FIG. 1.

[0037] FIG. 15 is a data graph of normalized distributions
of the simulated acoustic fields according to the system of
FIG. 1.

[0038] FIG. 16 is a data graph of the relative change of
ultrasonic echo signal’s amplitude depending on the skull
surface insonation angle o according to the system of FIG. 1.
[0039] FIG. 17 is a data graph illustrating non-invasively
measured intracranial volumetric pulse waves (VPW) at dif-
ferent intracraniospinal compliances C according to the sys-
tem of FIG. 1.
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[0040] FIG. 18 illustrates the changes of brain compliance
due to the pathological changes in intracranial component
volumes influences the cerebral blood outflow according to
the system of FIG. 1.

[0041] FIG. 19 illustrates IBV pulse wave averaged shapes
of the group of 13 healthy volunteers in upright and supine
body positions

[0042] FIG. 20 illustrates the display panel of the non-
invasive Vittamed monitor for intracranial blood volume
pulse wave shape comparison.

[0043] FIG. 21 illustrates two ultrasonic transducers and
sonopads with supporting rings.

[0044] FIG. 22 illustrates a mechanical frame with ultra-
sonic transducers, sonopads and supporting rings.

[0045] FIG. 23 illustrates tvpical position of mechanical
frame fixation on the human head.

DETAILED DESCRIPTION OF THE INVENTION

[0046] The following hypotheses were postulated:

[0047] a) Variations of acoustic properties of the human
brain such as ultrasound attenuation and ultrasound velocity
are associated with blood, cerebrospinal fluid or brain tissue
volume changes.

[0048] b) These variations of acoustic properties of the
human brain can be detected non-invasively and in real time.
[0049] What was developed is a non-invasive technology
for measuring the ultrasound velocity relative changes and
ultrasound attenuation inside the parenchymal acoustic path
crossing the human brain to confirm this hypothesis.

[0050] In one embodiment, the method is based on the
transmission of short ultrasonic pulses with a central spectral
frequency of 2.0 MHz from one side of the head and the
receiving on the other side the ultrasonic pulses which were
propagated through the external tissues, skull and intracranial
media. What is detected is the ultrasound time-of-flight varia-
tions and ultrasound attenuation variations caused by the
volume changes of intracranial media (cerebrospinal fluid,
brain parenchyma tissue, arterial and venous blood) inside the
parenchymal acoustic path. The acoustic properties of exter-
nal tissues and skull are also measured separately by using
echo method and the same ultrasonic signals as used for
transmission through the human head. The effect of the exter-
nal tissues and skull can therefore be eliminated from the
subsequent ICP and intracranial components’ volume (ICV)
changes calculations.

[0051] The acoustic properties of the cerebrospinal fluid
(CSF), brain tissues, skull and blood have different acoustic
properties. Their respective values have been experimentally
determined and are listed in Table 1 below.

TABLE 1

Attenuation parameters and sound speed of the media,
used for cranial simulation.

Attenuation parameters Sound speed ¢ (m/s)

a,, Under
Media dB/fem MHZ") Y (1.8 MHz, 37° C.) References
Skull bone 11.089 1.89 2652 [1,2]
Blood 0.212 1.27 1590 [1,2]
Brain tissue 0.869 1.07 1563 [1,2]
CSF 0.0023 1.99 1530 [1,2,3]

Aug. 6, 2009

[0052] What was found was that if the distance L, between
two hybrid ultrasonic transducers is fixed by a mechanical
frame and equal to a constant, it is possible to detect the
ultrasonic signals time-of-flight changes inside the acoustic
path. The acoustic path can cross different structures of the
human head. In this case, the ultrasound velocity relative
changes caused by the volume changes of different intracra-
nial compartments (cerebroventricles, blood vessels, cere-
brospinal fluid compartments, parenchyma tissue volume)
are equal to the measured time-of-flight relative changes.

[0053] A mathematical model was created for simulating
the propagation of ultrasonic signal through the layered
attenuating medium (human head) and dynamic physiologi-
cal phenomena that cause changes of ICV and ICP.

[0054] If a broadband ultrasonic signal is propagated
through a dispersive medium, it is attenuated, delayed, and
the central frequency of the waveform is shifted down
depending on media attenuation characteristics. Frequency
dependent attenuation of biological tissues can be expressed
by the power law function [1,4,5,6]:

a(w)=o,0”, Formula 1

where o, and y are the tissue-dependent attenuation param-
eters. For many biological tissues an anomalous dispersion
phenomenon is observed (1<y<2), i.e., higher frequency
components of the ultrasound pulse spectrum travel at higher
phase speeds than lower frequency components. This phe-
nomenon causes the modulation of the central frequency.

[0055] Theoutput signal g(t) is the convolution of the input
signal r(t) and the impulse response of the media h(t) [4,7,8]:

gH=rH)oh(D). Formula 2

[0056] The impulse response is calculated by taking the
inverse Fourier transform of the frequency response of the
media:

h(@=FT~ [H(0)]=F T [4(0)e 7] =FT [~

e Ppwll, Formula 3

where H(w) is the frequency response of the media, A(w) is
the magnitude function, ®(w) is the phase angle per units
distance, x is the distance of the ultrasound propagation, V,,
(w) is the phase velocity.

[0057] For simulating dispersion, attenuation and time
delay of an ultrasonic signal, a spectrum decomposition
method is used [4,9]. Using this method, a broadband ultra-
sonic signal is decomposed into narrowband components,
and for each component a group delay, phase angle and
attenuation parameter are calculated separately. To obtain the
minimum reconstruction error, the Gaussian filters were cho-
sen for decomposition [4]:

F=f 1B '2 Formula 4

1 (ot
B =T im0
n

where f,=0.6 MHz is the center frequency of the lowest
frequency filter, f,,=3.6 MHZ is the center frequency of the
highest frequency filter, B=(f,~f;)/(n-1) is the filter band-
width constant for all filters (B=0.3 MHz), and n is the num-
ber of filters. The bandwidth of the filters B was chosen
narrow enough so that the downshift of the signal center
frequency in the i-th branch would be negligible [4].
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[0058] For each decomposed narrowband component
attenuation a, is calculated according to the Formula 1, mean-
while the signal angular phase 8, and group delay delay t_, are
defined as:

[0059] a) when y=1, a “nearly local model” developed by
O’Donnel [10] is used. The signal angular phase and the
group delay are:

;00X Formula 5

$i = >

X X 20X/, W; Formula 6
t, = = - —(ln— + 1),

ET Velw) ~ Vplwg) 7w U

[0060] b) when 1<y<2, a “time.causal mode” proposed by
Szabo [5] is used:

o =—(y— l)w,-yag)ﬁan(%), Formula 7
__ Formula 8
lg = v
g(wx)
X VN _
= V(wo) —woxtan(T)(ywiy l_wg 1)'
[0061] Whiledeveloping a mathematical model of a human

cranium it was assumed that the total head volume is 1600 ml
that consists of 80% brain tissue, 10% cerebrospinal flow
(CSF), and 10% blood. The assumption was made that the
ultrasonic signal propagates through the cranium 15cmon a
straight line and the thickness of cranial components accord-
ing to the proportions presented above are 12 cm of brain
tissue, 1.5 cm of CSF and 1.5 cm of blood, respectively. Also
the thickness of a cranium bone is included and the total
distance of signal propagation in the bone and in the external
tissues is 1.6 cm.

[0062] Our computer modeling of ultrasound pulse propa-
gation through the human head in which dynamic physiologi-
cal phenomena (vasodilatation and vasoconstriction) occur
shows that there are two ways of getting information about the
changes of craniospinal volume or ICP. The change of ICP is
related to the deviation of a craniospinal volume. Simulated
physiological phenomena show, that in vasodilatation cases,
an increase in the brain blood volume inside the acoustic path
within the physiological limits causes a decrease in the
received ultrasonic signal’s first period and the signal propa-
gation time. An increase in brain tissue volume and a decrease
in CSF volume inside the acoustic path causes an increase in
the ultrasonic signal’s first period and the decrease of the
signal’s time-of-flight. The dependence of both the deviation
ofthe signal time-of-flight and the deviation of the first period
on the craniospinal volume deviation is linear (with the error
less than +1%) in the investigated pathophysiological range
of craniospinal volume changes from 0 ml to 20.0 ml and ICP
changes from 10.0 mmHg until 80.0 mmHg. Modeling also
shows that the pathophysiological variations of the cerebral
blood or parenchyma tissue volume inside the acoustic path
and ICP are detectable if our non-invasive technique is used.
Modeling also shows that it is possible to eliminate the acous-
tic properties of external tissues, skull, and dura matter and
also eliminate the possible Doppler shift in real-time by
applying the echo method, the fast commutation (500 Hz) of
signal transmission direction, and the same ultrasonic signals.
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In this case special ultrasonic transducers for such purposes
need to be created and the digital signal processing technol-
ogy of ultrasonic signals need to be introduced into our moni-
tors.

[0063] AsshowninFIG.1,an embodimentofthe apparatus
50 includes a computer 100 and connected display 156, elec-
tronic block, two ultrasonic transmitting/receiving transduc-
ers 102', 102", two two-dimentional (2D) scanners 106', 106"
of the transmission and receiving direction of ultrasonic
transducers, two ultrasound gel pads 104, 104" and a
mechanical frame 108 (not shown) for fixation of the ultra-
sonic transducers on a patient’s head 60.

[0064] InFIG. 2, an algorithm of one advantageous method
and apparatus according to the present invention is shown.
[0065] FIG. 3isadiagram of the internal structure of paren-
chymal acoustic path 124 in accordance with one embodi-
ment of the invention. The upper diagram of FIG. 3 illustrates
the internal structure in the diastolic moment of cardiac pul-
sation and the lower diagram illustrates the systolic moment
of cardiac pulsation. Ultrasound gel pad layers 104', 104" in
FIG. 3 have a triangular reflecting surface 112', 112" in order
to get the same direction of reflected ultrasound beam from
that reflecting surface as the direction of the transmitted ultra-
sound beam. Due to the triangular reflecting surface 112',
112" the echo signal from the gel pad layers has the same
amplitude independently on the transmission direction. It
allows the system to achieve a better signal to noise ratio than
if the reflecting surface and ultrasound beam are perpendicu-
lar.

[0066] As shown in FIG. 1, each ultrasonic transmitting/
receiving transducer 102', 102" may be provided as a hybrid
ultrasonic transducer (HT) having a main 2.0 MHz wide band
ceramic ultrasonic transducer (MT) which comprises a piezo-
ceramic disc 114 and ring 116 (FIG. 14) and a super wide
band (greater than 10.0 MHz) polyvinylidene fluoride piezo-
electric film (PVDF) ultrasonic transducer 118. The PVDF
transducer 118 is placed between the ultrasound gel pad 104
and the main ultrasonic transducer 102 (FIG. 3). In this case
the ultrasonic pulses transmitted by the main transducer 102
pass through PVDF transducers 118 practically without
attenuation. At the output of the PVDF transducer 118, in this
embodiment, are electric pulses—copies of the transmitted
ultrasonic pulses and copies of the ultrasonic echo pulses,
which pass twice through the external tissues 111, skull bones
110 and dura matter 109. These ultrasonic pulses are received
by PVDF transducers 118', 118" on both sides of the human
head 60 because of the time division multiplexing of the
ultrasonic pulse transmission directions. These directions are
changed to the opposite 500 times per second by the time
division multiplexer 120 (FIG. 1), which is coupled to a
timing generator 150. The period of the human head
insonation is fixed at 1000 Hz by reference clock 122, which
is coupled to multiplexer 120 via a transmitter 152 (FIG. 1).
The time-of-flight determination errors caused by frequency
dependent ultrasound velocities in the external tissues 111,
skull 110 and intracranial media 109 are eliminated by
including super wide band PVDF transducers 118', 118" into
hybrid ultrasonic transducers and by application of signals
with the same spectrum for propagation through the human
head 60 and for propagation through the external tissues 111
and skull 110 applying the echo method. Known methods for
simultaneous measurement of time-of-flight in external tis-
sues 111, skull bone 110 and dura matter 109 together with
time-of-flight measurement in the human head are based on
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frequency division multiplexing of echo channel and direct
transmission channel. It is impossible to eliminate the errors
caused by frequency dependent ultrasound velocities when
different frequency ultrasonic signals are used in the known
cases.

[0067] The parenchymal acoustic path 124 (PAP) is used
for human head insonation. This path 124 (FI1G. 3) crosses the
brain parenchyma tissue without the cerebroventricles and
relatively big cerebral vessels inside. The brain blood volume
inside this path 124 depends on the state of dilation or con-
striction (or the cerebral blood flow autoregulation state) of
the brain arterioles and aucillary vessels and on the state of
compression by ICP of the brain venules and bridging veins.
This brain blood volume is determined by measuring the
transintracranial time-of-flight (TTF) of ultrasonic pulses
propagated through the intracranial media. The TTF changes
mainly depend on the brain blood volume because the ultra-
sound velocity v is greater in the blood as compared to the
ultrasound velocity V- in the brain parenchyma tissue and
the ultrasound velocity Vg in the cerebrospinal fluid (See
Table 1).

[0068] Intracranial parenchyma volume (IPV) changes are
determined by the measurement of the internal period (IP) of
ultrasonic pulses propagated through the intracranial media
because the parenchyma tissue volume occupies more than
80% of the parenchymal acoustic path total volume. The
attenuation of ultrasound in the parenchyma tissue (Table 1)
is much greater than in the blood or CSF.

[0069] The main technical parameters of computer based
apparatus include:

[0070] central frequency of transmitted ultrasonic pulses
spectrum—2.0 Mz;

[0071] duration of transmitted ultrasonic pulses 800 ns at
the level 0.5 of envelope and its repetition frequency 1.0 kHz;
[0072] acoustic output parameters: derated spatial-peak,
temporal-average intensity Iopp,,=25+2.2 mW/cm? derated
spatial-peak, pulse-average intensity Lgyp,,s=120.09 W/em?;
[0073] ultrasonic power W,=1.8 mW,;

[0074] resolution of measured time-of-flight or ultrasound
velocity relative values 1.25E-6 at the bandwidth of non-
invasive intracranial pressure/volume pulse waves measuring
channel from 0 Hz until 12 Hz; and

[0075] resolution of measured intracranial parenchyma
volume changes inside the parenchymal acoustic path less
than 0.5% within all physiological region of standard intrac-
ranial pressure/volume relationship.

[0076] FIGS. 4-6 show the transmitted and received ultra-
sonic signals display windows illustrating the automatic pro-
cedures of the received signal (FIG. 4) amplitude normaliza-
tion, informative signal’s selection in time (FIG. 5), and
identification of signal function zero crossing points (FIG. 6).
The operation of the system 50 (FI1G. 1) is illustrated in FIG.
3. The algorithm of operation is given in FIG. 2.

[0077] The following abbreviations are used in FIG. 3:
Blood,, is the total diastolic blood volume inside the paren-
chymal acoustic path 124, CSF;, is the total diastolic CSF
volume inside the same path, ICP,, is the diastolic value of
ICP pulse wave, v, is the diastolic value of ultrasound veloc-
ity in the parenchymal acoustic path 124, L, is the diastolic
value of the distance between internal surfaces of dura matter
109, L®,is the systolic value of the distance between internal
surfaces of dura matter 109, AL, is the difference between
L, and L*,, and L, is the constant distance between the
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ultrasonic transducers 102',102" fixed by a mechanical frame
108. The subscripts S in FIG. 3 indicate the systolic values.

[0078] It follows from FIG. 3 that systolic blood volume is
increased as compared to diastolic blood volume, systolic
CSF volume is decreased and parenchymal tissue volume is
almost unchanged inside the parenchymal acoustic path. CSF
volume is decreased because of the CSF pulsatile outflow into
the spinal channel. It is also possible that the systolic intrac-
ranial distance L™, can be alittle bit bigger than the diastolic
distance L™, because of the skull displacement caused by
systolic ICP increment (ICP>ICP,). It follows from FIG. 3
that in case of systole v,>v,, because the ultrasound velocity
in the wider blood layer is bigger than in the diastolic case.
The result is that systolic time-of-flight TTF; is less than
diastolic TTF,,. The other result is that the amplitude of TTF
pulse wave caused by ICP pulse wave will be negative. The
amplitude of TTF pulse wave is determined as TTF ~TTF,,.

[0079] From FIG. 3 it also follows that the time-of-flight
through external tissues 111 (TEC), skull bones 110, and dura
matter 109 (TC) is measured applying echoes from the inter-
nal surface of dura matter on the left and right sides of the
human head. The transintracranial time-of-flight (TTF) can
be determined in this case as:

TTF=TF-(TEC+TC)y—(TEC+TC),~T, Formula 9

where TF is the time-of-flight between left and right hybrid
ultrasonic transducers (FIG. 3), and To is the instrumental
delay time of signals in the circuits of transmitter 152, con-
necting cables, hybrid ultrasonic transducers and receiver 154
(FIG.1). In the present invention, the echo method is used and
echo signals are received after propagating twice through the
external tissues 111, skull bones 110, and dura matter 109.
Also the direction of propagation between the two ultrasonic
transducers is periodically inverted. That is why in our
method, the TTF is calculated in the computer as:

TTF=0.5(TF +TF3)-0.5 (A TEC+TC)+2(TEC+TC)

0)-035T1+7T0) Formula 10

where subscripts 1 and 2 mean the opposite directions of
ultrasound propagation. All time-of-flight values are mea-
sured in real time by time-of-flight to digit converter 126
(TT/D, FIG. 1). To measure these values, the time windows
are used for every single pulse (FIG. 4). These time windows
are used for the selection of the same zero crossing point of
signal functions where the slope of signal function is maximal
(FIG. 4). The width of time selection windows is chosen less
than the half of every signal’s internal period (IP). Only one
zero crossing point of signal function is selected for time-of-
flight measurements in this case. In the case of internal period
(IP) measurement, the separate internal period to digit (IP/D)
converter is used (FIG. 1). The real time time-of-flight and
internal period simultaneous measurement data are transmit-
ted to the computer 100 (FIG. 1) for filtering, calculations,
displaying, and saving.

[0080] The instrumental delay times T, and T, are mea-
sured in real time by periodically connecting the outputs of
left and right PVDF transducers 118', 118" by time division
multiplexer 120 (FIG. 1). In this case the object of measure-
ment—parenchymal acoustic path—is eliminated from the
time-of-flight measurement channel and only T,,, and T, are
measured by TT/D converter 126. The measured data is used
for the calculation of TTF data. All instrumental drifts of
delay times of apparatus (FIG. 1) are automatically elimi-
nated in this case.
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[0081] The ultrasound intracranial attenuation inside the
parenchymal acoustic path 124 cannot be measured by apply-
ing conventional methods. First of all, it is impossible to get
the necessary time resolution applying the fastest and highest
resolution analog-to-digital converters 128 (ADC FIG. 1) and
digital signal processors 130 (DSP FIG. 1). That is why in
system 50, the TP/D converter 132 is used to measure the
internal period of ultrasonic signals with high resolution up to
60 ps. The amplitude of the transmitted signal, echo signals,
and propagated through the human head signals is determined
by applying ADC 128, DSP 130 and the averaging up to 5000
pulses. The ultrasonic signals are virtually reconstructed in
the computer 100 applying the measured data of the internal
period and amplitude and also applying the Gaussian shape of
the signals envelope.

[0082] The elimination of the frequency dependent attenu-
ation in the external tissues and skull bones p;(jo) of the left
side of the head and the right side of the head  ,(jw) from the
total attenuation data f3 (jm) is carried out using the following
formulas:

Ser(o)x(Bg(jo)=S(jo) Formula 11
Ser(jo)x(Brliw)=S(jo) Formula 12
S{jo)x B jw)=S(jo) Formula 13

where S(jw) 1s the complex spectrum of the transmitted ultra-
sonic signal; S,; (jo) is complex spectrum of the echo signal
from the left internal surface of dura matter; Szz(jw) 1s the
same for the right side; S,(jw) is complex spectrum of the
signal which passed the human head; p,(jw) is complex
transient function of the filter, which is inverse to the fre-
quency dependent attenuation function 3, (jw) of the left side
of cranium with external tissues; f,z(jow) is the same for the
right side; f,,(jw) is the same for the human head, all inverse
filters marked by (I¥) have the complex transient function
BGw)=1/3(w), were B(jw) is the attenvation function of
structure layer (*).

[0083] Thefrequency dependent transcranial attenuation of
ultrasound P (jo) from the left internal surface of dura
matter 109 to the right internal surface of the dura matter 109
is calculated from:

Brrc(fo)=(Br (o) P () Brliw)

[0084] The functions f,;(jw), f z(jo), Bjware calculated
in the computer 100 applying formulas (11), (12), (13), mea-
sured results of internal periods of signals S(jw), S, (o),
Sgr(jo), virtually reconstructed time dependencies of these
signals and fast Fourier transform (FFT). The determined
value of f z~(jo) is linearly proportional to the parenchyma
tissue volume inside the parenchymal acoustic path.

[0085] As shown in FIG. 7, the option for echo ultrasonic
signal window parameters adjustment is incorporated into the
monitor’s software. The raw digitized signal reflected from
the human skull surface is presented as is the primary simu-
lated signal without iterative adjustment of the model param-
eters until the simulated response fits to the measured. This
multilayered biological medium model is incorporated with a
non-linear deconvolution technique, which is based on time-
frequency analysis, in order to perform automatic selection
and window adjustment of the appropriate reflection without
necessitating intervention of an experienced operator.
[0086] FIG. 8 is an illustration of the window parameters
adjustment procedure, which has been performed for infor-
mative part of the digitized raw signal (FIG. 7). The result of

Formula 14
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the automatic adjustment is the raw digitized ultrasonic signal
placed into the rectangular time window with user defined
width (optionally 2 times wider than informative part of the
ultrasonic signal transmitted through human cranium). Also
shown is the primary simulated signal using the initial param-
eters of the model without iterative adjustment of the model
parameters. The simulated response of the model is further
shown. It is obtained by iterative adjustment of the model
parameters during non-linear deconvolution and fits best to
the measured signal. In such procedure the L (thickness) and
C (ultrasound velocity) parameters, which describe biologi-
cal medium, are evaluated for each patient individually. In
such window the zero-crossing values above the threshold
level of the appropriate steep of the signal slope has been
evaluated. Then, on-line monitoring of the zero-crossing
deviation has been started (five values of the estimated zero-
crossings). The hardware for time-of-flight precise measure-
ment for appropriate segment of the signal has been initiated
by the event, which starts from 100 ns earlier than the begin-
ning of the first zero-crossing value and ends after the 4 ps.
[0087] FIG. 9 illustrates zoom option of the automatically
adjusted digitized raw ultrasonic signal (which is reflected
from the particular interface from human cranium, for
example between the skull bone 110 and the dura matter 109)
is also enabled. The raw digitized ultrasonic signal, the pri-
mary simulated signal without iterative adjustment of the
mode] parameters, and the simulated response of the model
obtained during iterative adjustment of the model parameters
(thickness L and ultrasound velocity C) that best fit the mea-
sured signal are all presented in this figure.

[0088] FIG. 10 illustrates zoom option of the appropriate
automatically adjusted digitized raw ultrasonic signal (which
is reflected from human skull 110) is also enabled with turn-
ing off option of the primary and iteratively adapted simu-
lated signals.

[0089] FIGS. 11a and 115 illustrate simulated acoustic
fields in a pulse-echo mode from the point type reflector
placed at the distance 15 mm away from the surface of the of
the hybrid double action disc and ring type ultrasonic trans-
ducer (in the medium of ultrasound gel pad 104 “Aquaflex”).
In 11a, the composite ring 114 (outer D=16 mm) and the
composite disc 116 (D=5 mm) are acting simultaneously. In
115, only the composite disc 116 is acting (D=5 mm).
[0090] FIG. 12 shows the normalized distributions (parallel
to the surface of the transducer) of the simulated acoustic
fields in a pulse-echo mode at the distance 15 mm away from
the surface of the hybrid double action disc 114 and ring 116
ultrasonic transducer: 1—composite disc (D=5 mm) is pre-
sented in solid line, 2—composite disc (D=5 mm) acting
simultaneously with the composite ring (outer D=16 mm) is
presented in dashed line. The uniform structure of the acous-
tic field in a pulse-echo mode for segment of the hybrid
double action ultrasonic transducer having smaller diameter
(composite disc 114 with diameter D=5 mm) is clearly seen.
A, ru. denotes the amplitude in relative units.

[0091] FIG. 13 illustrates the normalized peak-to-peak
amplitudes of the received experimental signals (in a pulse-
echo mode) versus deflection angle of the hybrid double
action ultrasonic transducer away from the normal incidence
to the planar surface mimicking skull bone (at the distance 15
mm away from the transducer surface): 1—composite disc
(D=5 mm), 2—composite disc (D=5 mm) acting simulta-
neously with the composite ring (outer D=16 mm). The pre-
sented figure indicates efficiency of the smaller segment of



US 2009/0198137 A1

the hybrid double action ultrasonic transducer acting in a
pulse-echo mode in the case of the reflection from the skull
bone surface due to short distance of the far field zone.

[0092] FIGS. 14a and 145 illustrate the hybrid double
action disc 114 and ring 116 type ultrasonic transducer (com-
bination between composite disc and composite ring) with
two switchable different distances of the far field zone: 14a—
front side view, 14b—top side view (from the side of the
active electrodes). The piezoceramic disc 114 is used as a
single element in order to obtain a reflection from the skull
bone 110 surface. Additionally, the disc 114 can be used
simultaneously with the piezoceramic ring 116 in the case of
transmission through the human head 60.

[0093] FIG. 15 illustrates normalized distributions of the
simulated acoustic fields in a pulse mode along the acoustic
axis of the hybrid double action ultrasonic transducer (the
distance of the far field zone is clearly seen): 1—composite
disc (D=5 mm) is presented in solid line, 2—composite ring
(outer D=16 mm) acting simultaneously with the composite
disc (D=5 mm) is presented in dashed line. A, r.u. denotes the
amplitude in relative units.

[0094] FIG. 16 illustrates a relative change of ultrasonic
echo signal’s amplitude depending on the skull surface
insonation angle a. It is shown that maximal amplitude of the
ultrasonic echo signal reflected by the skull at the optimal
insonation direction (plus 3 degrees) is twice as high as the
amplitude at the zero degree direction (direction of transin-
tracranial propagation).

[0095] FIG. 17 illustrates non-invasively measured intrac-
ranial volumetric pulse waves (VPW) at different intracran-
iospinal compliances C (compliance measured invasively and
simultaneously with non-invasive measurement). In this fig-
ure, C,=1.08, C,=0.62, C;=0.43, and C,=0.25. The Spiegel-
berg (Germany) invasive monitor was used for invasive com-
pliance measurements on intensive care unit patients in coma.
The Vittamed (Lithuania—USA) non-invasive monitor was
used for non-invasive VPW measurements.

[0096] FIG.18illustrates how changes in brain compliance
due to pathological changes in intracranial component vol-
umes influences cerebral blood outflow. These cerebrospinal
compliance changes can be determined by measuring the
parameters of cerebral blood volume pulse waves.

[0097] FIG. 19 illustrates IBV pulse wave averaged shapes
of a group of 13 healthy volunteers in upright and supine body
positions: a) with marked P1, P2 and P3 subwaves and their
differences AP2=18% and AP3=11% which were caused by
body posture Vertical bars show physiological fluctuations of
pulse wave shape expressed as +SD for all the group of
healthy volunteers; b) non-normalized IBV pulse waves in
upright and supine body postures

[0098] FIG. 20 illustrates the display panel of the non-
invasive Vittamed monitor for intracranial blood volume
pulse wave shape comparison. Two IBV pulse waves are
shown in normalised window with dimensions 1.0x1.0: ref-
erence wave (left wave) in upright body position the wave
under comparison (right wave) in supine body posture when
ICP has been elevated.

[0099] FIG. 21 illustrates two ultrasonic transducers 102
and sonopads with supporting rings. The gelpads 104 are
made of supporting rings and sonopads, and the sonopads are
made of a gel-like material and are positioned inside the
supporting ring.
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[0100] FIG. 22 illustrates an embodiment of the mechani-
cal frame 108 with ultrasonic transducers102',102", sonopads
and supporting rings.

[0101] FIG. 23 illustrates one possible position of an
embodiment of the mechanical frame 108 on the human head
60.

[0102] Although the invention has been described with ref-
erence to a particular arrangement of parts, features and the
like, these are not intended to exhaust all possible arrange-
ments or features, and indeed many other modifications and
variations will be ascertainable to those of skill in the art.

What is claimed is:

1. A device for measuring intracranial contents” volume
change of a patient’s head comprising:

afirstgel pad and a second gel pad positioned on either side

of the patient’s head respectively; and

a first ultrasonic transducer and a second ultrasonic trans-

ducer positioned adjacent to said first and second gel
pads respectively;

said first and second ultrasonic transducers each compris-

ing:
a piezoceramic disc; and
a piezoceramic ring encircling said piezoceramic disc.

2. The device according to claim 1 further comprising:

a first two-dimensional scanner positioned adjacent to said

first ultrasonic transducer; and

a second two-dimensional scanner positioned adjacent to

said second ultrasonic transducer.

3. The device according to claim 2 further comprising a
first polyvinylidene fluoride piezoelectric film ultrasonic
transducer positioned between said first gel pad and said first
ultrasonic transducer.

4. The device according to claim 3 further comprising a
second polyvinylidene fluoride piezoelectric film ultrasonic
transducer positioned between said second gel pad and said
second ultrasonic transducer.

5. The device according to claim 4 wherein said first and
second polyvinylidene fluoride piezoelectric film ultrasonic
transducers are at least 10.0 MHz super wide band transduc-
ers.

6. The device according to claim 5 wherein said first and
second ultrasonic transducers are 2.0 MHz wide band
ceramic ultrasonic transducers.

7. The device according to claim 4 wherein a first and a
second ultrasonic pulse are generated by the first and second
ultrasonic transducets respectively, where the first and second
ultrasonic pulses pass through the first and second polyvi-
nylidene fluoride piezoelectric film ultrasonic transducer,
where each of the first and second polyvinylidene fluoride
piezoelectric film ultrasonic transducer are provided with
outputs transmitting electrical pulses corresponding to the
transmitted first and second ultrasonic pulses and transmit-
ting electrical pulses corresponding to a first and a second
ultrasonic echo pulse received by the first and second poly-
vinylidene fluoride piezoelectric film ultrasonic transducers
respectively.

8. The device according to claim 7 further comprising a
time division multiplexer coupled to and receiving the out-
puts from the first and second polyvinylidene fluoride piezo-
electric film ultrasonic transducers.

9. The device according to claim 8 further comprising a
computer coupled to said time division multiplexer.

10. The device according to claim 9 further comprising a
reference clock coupled to said time division multiplexer.
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11. The device according to claim 10 further comprising a
timing generator coupled to said time division multiplexer.

12. The device according to claim 11 further comprising an
analog-to-digital converter and a digital signal processor or
complex programmable logic device or field programmable
gate array coupled to said computer and said timing genera-
tor.

13. The device according to claim 9 further comprising a
TT/D converter coupled to said computer and said time divi-
sion multiplexer.

14. The device according to claim 9 further comprising a
IP/D converter coupled to said computer and said time divi-
sion multiplexer, said IP/D converter measuring the internal
period of ultrasonic signals.

15. The device according to claim 1 wherein said first gel
pad comprises a reflecting surface that is multi-planar such
that reflected ultrasonic signals have substantially the same
direction as transmitted ultrasonic signals.

16. The device according to claim 15 wherein said second
gel pad comprises a reflecting surface that is multi-planar
such that reflected ultrasonic signals have substantially the
same direction as transmitted ultrasonic signals.

17. A device for measuring intracranial contents’ volume
change of a patient’s head comprising:

afirst gel pad positioned on a first side of the patient’s head,

asecond gel pad positioned on a second side of the patient’s
head;

a first ultrasonic transducer positioned adjacent to said first
gel pad, said first ultrasonic transducer including:

a first piezoceramic disc; and
a first piezoceramic ring encircling said first piezocer-
amic disc;

a second ultrasonic transducer positioned adjacent to said
second gel pad, said second ultrasonic transducer
including:

a second piezoceramic disc; and
a second piezoceramic ring encircling said second
piezoceramic disc;

a first scanner positioned adjacent to said first ultrasonic
transducer;

a second scanner positioned adjacent to said second
ultrasonic transducer;

a time division multiplexer coupled to said first and
second ultrasonic transducers;

a computer coupled to said time division multiplexer;
and

a display coupled to said computer.

18. The device according to claim 17 further comprising:

a first polyvinylidene fluoride piezoelectric film ultrasonic
transducer positioned between said first gel pad and said
first ultrasonic transducer; and

a second polyvinylidene fluoride piezoelectric film ultra-
sonic transducer positioned between said second gel pad
and said second ultrasonic transducer.

19. The device according to claim 18 wherein a first and a
second ultrasonic pulse are generated by the first and second
ultrasonic transducers respectively, where the first and second
ultrasonic pulses pass through the first and second polyvi-
nylidene fluoride piezoelectric film ultrasonic transducer,
where each of the first and second polyvinylidene fluoride
piezoelectric film ultrasonic transducer are provided with
outputs transmitting electrical pulses corresponding to the
transmitted first and second ultrasonic pulses and transmit-
ting electrical pulses corresponding to a first and a second
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ultrasonic echo pulse received by the first and second poly-
vinylidene fluoride piezoelectric film ultrasonic transducers
respectively.

20. The device according to claim 17 wherein said first and
second gel pads comprise reflecting surfaces that are multi-
planar such that reflected ultrasonic signals have substantially
the same direction as transmitted ultrasonic signals.

21. A method for measuring intracranial contents’ volume
change of a patient’s head comprising the steps of:

positioning a first gel pad on a first side of the patient’s

head;

positioning a second gel pad on a second side of the

patient’s head,

positioning a first ultrasonic transducer adjacent to the first

gel pad, the first ultrasonic transducer having a first
piezoceramic disc and a first piezoceramic ring encir-
cling the first piezoceramic disc;

positioning a second ultrasonic transducer adjacent to the

second gel pad, the second ultrasonic transducer having
a second piezoceramic disc and a second piezoceramic
ring encircling the second piezoceramic disc;
generating first and second ultrasonic pulses with the first
and second ultrasonic transducers respectively;
transmitting the first ultrasonic pulse through the patient’s
head at a first signal transmission direction;
transmitting the second ultrasonic pulse through the
patient’s head at a second signal transmission direction;
receiving a first ultrasonic echo pulse with the first ultra-
sonic transducer at a first echo signal receiving direction;
and
receiving a second ultrasonic echo pulse with the second
ultrasonic transducer at a second echo signal receiving
direction.

22. The method according to claim 21 further comprising
the step of:

receiving a first ultrasonic transintracranial pulse with the

first ultrasonic transducer at a first transintracranial sig-
nal receiving direction; and

receiving a second ultrasonic transintracranial pulse with

the second ultrasonic transducer at a second transintrac-
ranial signal receiving direction.

23. The method according to claim 22 further comprising
the steps of:

positioning a first scanner adjacent to the first ultrasonic

transducer; and

positioning a second scanner adjacent to the second ultra-

sonic transducer.
24. The method according to claim 23 further comprising
the steps of:
scanning the first signal transmission direction and first
echo signal receiving direction with the first ultrasonic
scanner to identify the optimal first signal transmission
direction and first echo signal receiving direction;

scanning the second signal transmission direction and sec-
ond echo signal receiving direction with the second
ultrasonic scanner to identify the optimal second signal
transmission direction and second echo signal receiving
direction;

scanning the first signal transmission direction and first

transintracranial signal receiving direction with the first
ultrasonic scanner to identify the optimal first signal
transmission direction and first transintracranial signal
receiving direction; and
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scanning the second signal transmission direction and sec-
ond transintracranial signal receiving direction with the
second ultrasonic scanner to identify the optimal second
signal transmission direction and second transintracra-
nial signal receiving direction.

25. The method according to claim 24 further comprising
the steps of positioning a first polyvinylidene fluoride piezo-
electric film ultrasonic transducer between the first gel pad
and the first ultrasonic transducer and positioning a second
polyvinylidene fluoride piezoelectric film ultrasonic trans-
ducer between the second gel pad and the second ultrasonic
transducer.

26. The method according to claim 25 wherein the first and
second ultrasonic pulses generated by the first and second
ultrasonic transducers pass through first and second polyvi-
nylidene fluoride piezoelectric film ultrasonic transducers,
where each of the first and second polyvinylidene fluoride
piezoelectric film ultrasonic transducers are provided with
outputs transmitting electrical pulses corresponding to the
transmitted first and second ultrasonic pulses and transmit-
ting electrical pulses corresponding to ultrasonic echo pulses
received by the first and second polyvinylidene fluoride
piezoelectric film ultrasonic transducers.

27. The method according to claim 26 further comprising
the steps of coupling the outputs first and second polyvi-
nylidene fluoride piezoelectric film ultrasonic transducers to
a time division multiplexer.

28. The method according to claim 27 further comprising
the steps of transmitting information from the time division
multiplexer to a computer and displaying the information on
a display.

29. The method according to claim 21 further comprising
the steps of forming a reflecting surface of'the first gel pad as
a multi-planar surface such that reflected ultrasonic signals
have substantially the same direction as transmitted ultra-
sonic signals.
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30. The method according to claim 29 further comprising
the steps of forming a reflecting surface of the second gel pad
as a multi-planar surface such that reflected ultrasonic signals
have substantially the same direction as transmitted ultra-
sonic signals.

31. A method for measuring intracranial contents’ volume
change of a patient’s head comprising the steps of:

generating a first ultrasonic pulse with a first ultrasonic

transducer;

transmitting the first ultrasonic pulse through a patients

head;

generating a second ultrasonic pulse with a second ultra-

sonic transducer, the second ultrasonic transducer posi-
tioned on a substantially opposite side of the patient’s
head from the first ultrasonic transducer;

transmitting the second ultrasonic pulse through a patients

head;

generating a first electrical pulse corresponding to the

transmitted first ultrasonic pulse;

measuring a first echo pulse corresponding to an echo

signal of the transmitted first ultrasonic pulse;
generating a first echo electrical pulse corresponding to the
measured first echo pulse;

generating a second electrical pulse corresponding to the

transmitted second ultrasonic pulse;

measuring a second echo pulse corresponding to an echo

signal of the transmitted second ultrasonic pulse; and
generating a second echo electrical pulse corresponding to
the measured second echo pulse.

32. The method according to claim 30 further comprising
the steps of inputting the first and second electrical pulses into
a multiplexer.

33. The method according to claim 31 further comprising
the steps of inputting the first and second echo electrical
pulses into the multiplexer.
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