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Abstract—The purpose of this study was to evaluate the
performance of a computer-controlled ultrasound pulser-
receiver system incorporating a shear mode technique for
transskull fluid detection. The presence of fluid in the si-
nuses of an ex vivo human skull was examined using a pulse-
echo method by transmitting an ultrasound beam through
the maxilla bone toward the back wall on the other side
of the sinus cavity. The pulser was programmed to gen-
erate bipolar pulse trains with 5 cycles at a frequency of
1 MHz, repetition frequency of about 20 Hz, and ampli-
tude of 100 V to drive a 1-MHz piezoelectric transducer.
Shear and longitudinal waves in the maxilla bone were pro-
duced by adjusting the bone surface incident angle to 45°
and 0°, respectively. Computer tomography (CT) scans of
the skull were performed to verify the ultrasound experi-
ment. Using the shear mode technique, the echo waveform
clearly distinguishes the presence of fluid, and the estimated
distance of the ultrasound traveled in the sinus is consis-
tent with the measurement from the CT images. Contrar-
ily, using the longitudinal mode, no detectable back wall
echo was observed under the same conditions. As a con-
clusion, this study demonstrated that the proposed pulser-
receiver system with the shear mode technique is promising
for transskull fluid detecting, such as mucus in a sinus.

I. INTRODUCTION

INUSITIS, or sinus infection, which can be caused by
Sa number of conditions, is one of the most common
healthcare problems in the U.S., accounting for more than
$5.8 billion in direct health care expenditures [1]-[4]. Acute
bacterial infection occurs when bacteria colonize and over-
grow in trapped fluid in the sinuses, [5]-[7] generally indi-
cating the need for treatment with antibiotics. However,
up to 98% of sinusitis cases are viral, and can generally be
treated with over-the-counter medications. Despite this,
primary care physicians prescribe antibiotics for 85 to 98%
of patients suspected of having rhinosinusitis [3].

To differentiate between viral and bacterial infection,
the presence of an air-fluid level in the maxillary sinus [8],
[9], as assessed by puncture or imaging, provides a stan-
dard for evaluating the diagnostic reliability of physical
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symptoms. The absence of these findings is highly signif-
icant for ruling out bacterial infection. Therefore, plain
x-ray radiographs or computed tomography (CT) is used
to evaluate the presence of fluid. Unfortunately, the cost
and inconvenience of both approaches have been obstacles
to their routine use for diagnosis.

The potential for ultrasonic pulse-echo A-scan to detect
transskull fluid, such as mucus in a sinus, has been realized
for more than three decades [10]—[15]. In ultrasound diag-
nosis of sinusitis, a high-amplitude acoustic pulse is trans-
mitted through the maxilla bone toward the back wall of
the sinus cavity on the other side of the bone. The air in
a normal sinus prevents the ultrasound propagation; only
one echo from the front wall of the sinus is produced. On
the other hand, if the sinus is infected, the sinus will be
filled with fluid that conducts the ultrasound, and a second
echo from the back wall will be generated [16].

Unfortunately, significant variability in the method re-
sults from strong ultrasound scattering and attenuation
caused by the skull. In previous ultrasonic sinus fluid de-
tection studies [17], [18], the ultrasound transducer was
placed parallel to the maxilla bone, and the incident angle
was approximately zero degree. The problem of using such
a configuration is twofold. First, the ultrasound propaga-
tion inside the bone is primarily in longitudinal mode [19],
[20]. The speed (~2820 ms~1) of longitudinal sound prop-
agation inside skull bone is almost twice that of the sound
speed in soft tissues and water (~1500 ms~!). The large
discrepancy in sound speed causes significant impedance
mismatch; most of the ultrasound energy is reflected at the
boundary between the media. As a result, the ultrasound
energy transmitted through the bone is greatly reduced.
In practice, a very high-amplitude acoustic pulse from the
transducer is required to compensate for the reflection loss.
Second, as the transducer is oriented parallel to the bone,
multiple reflections between the bone and the transducer
may occur. These multiple echoes deteriorate the signal-
to-noise ratio (SNR) of the desired back wall echo signal,
and therefore decrease the accuracy of the detection.

Yet, a reliable ultrasound method would have clear ad-
vantages over existing standard methods for sinusitis di-
agnosis, such as sinus puncture and x-ray CT. Ultrasound
represents a very compact, low-cost method that is non-
invasive and does not involve ionizing radiation [17], [21].
It is envisaged that a portable, single-channel ultrasound
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modality would provide a convenient and cost-effective
clinical procedure for sinusitis diagnosis, and follow-up of
treatment results.

The present work examines an improved method for
propagating into the sinuses using a shear mode conver-
sion. Recently, it was demonstrated that the use of shear
wave propagation, instead of the longitudinal mode, in-
side the skull bone can improve ultrasound transmission
substantially [19], [20]. The shear wave in skull bone can
be produced by adjusting the incident angle greater than
the longitudinal critical angle. Unlike that of the longitu-
dinal mode, the sound speed of shear wave (~1400 ms™—1)
in skull bone is close to that of soft tissues. The simi-
larity in speed of sound improves the acoustic impedance
matching considerably, and thus increases the transmitted
ultrasound energy through the bone. The enhanced ultra-
sound transmission reduces the required acoustic pressure
and also the energy consumption of the pulser system. Fur-
thermore, when the shear mode method is used, the trans-
ducer is oriented at an angle (>30°) with respect to the
maxilla bone; the multiple-reflection issue is naturally re-
lieved as a significant portion of the echo from the maxilla
bone reflects away from the transducer.

In this study, we developed a compact and economi-
cal computer-controlled pulser-receiver system and demon-
strated the operation of the system incorporating a shear
mode technique derived in our prior studies [19], [20]. The
purpose of this study was to investigate the performance of
the system using the shear mode method and to compare
it with its traditional counterpart, longitudinal mode, for
transcranial fluid detection using an ez vivo human skull.

II. PULSER-RECEIVER SYSTEM DESIGN

A block diagram of the proposed ultrasonic pulser-
receiver system is shown in Fig. 1. Both transmitting ultra-
sound pulses and receiving echo signal are accomplished by
the same transducer. The transducer is driven by a pulse
train generator, which delivers a high-voltage bipolar pulse
train. Bipolar voltage pulse is employed because it has
lower unwanted dc and a low-frequency component that
may increase the leakage current compared to its unipolar
counterpart. Another advantage of using bipolar pulse is
that the peak-to-peak pulse voltage can be twice the volt-
age rating of the coaxial cable connecting the pulser and
the transducer. As a result, the size and cost of the cable
can be substantially reduced, especially in the case where
a multi-element transducer array is used.

The amplitude of the pulse train is determined by the
output voltage of the high-voltage dc supply, which steps
up battery voltage (e.g., 12 V) to £60-180 Vdc. The am-
plitude and the SNR of the received echo signal can be im-
proved by increasing the pulse train amplitude and driving
the transducer at its resonance frequency. The frequency
of the pulse train can be generated either by a computer
through a digital I/O interface or from an external sig-
nal source such as a function generator or an oscillator. In
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the prototype design, the pulse train was generated by a
digital I/O card (PCI6534, National Instruments, Austin,
TX). The pulse frequency and number of pulses were pro-
grammed by a personal computer with a program imple-
mented by LabVIEW (National Instruments).

On the receiving side, the echo ultrasonic signal is con-
verted to an electrical signal by the same transducer, and
amplified by a high-gain amplifier. High-pass filters are
integrated into the echo amplifier to eliminate the low-
repetition frequency, which might saturate the high-gain
amplifier. The amplified echo signal is then converted to
digital format by a high-speed analog-to-digital converter
(ADC). These digitized echo data are temporarily stored
in the on-board memory and then transferred to the per-
sonal computer that stores and analyzes the signal.

A. High-Voltage dc Supply

A high-voltage pulse train for driving the transducer
is desired to produce large-amplitude ultrasound and im-
prove the SNR of the echo signal. The bipolar pulse train
amplitude at the pulse generator output follows the out-
put voltages (xHV) of the high-voltage dc power supply.
Fig. 2 shows the circuit diagram of the dual high-voltage
power supply. The positive and negative output voltages
designated as +HV and —HV, respectively, are variable
from 4+60 to £180 V. High voltage is accomplished by
employing a high-turns-ratio step-up transformer (7rq).
The power converter is connected in flyback topology. The
output voltage and power are controlled by the duty ra-
tio of the metal-oxide-semiconductor field effect transis-
tor (MOSFET) Q1. When Q1 is turned on, current flows
into the primary of Tr;. Diodes Dy and D5 are reverse-
biased, so secondary windings are open-circuited. At this
state, magnetic energy is stored in the transformer core,
and no energy transfers to the secondary side. When Q4
is turned off, back electromotive force (EMF) is induced
at the secondary windings, and magnetic energy stored in
the transformer is released to the secondary side. At this
state, D1 and D5 are forward-biased. Capacitors C'; and Cy
are being charged toward the desired voltage level, which
is controlled by a MOSFET controller LM3478 (National
Semiconductor Corp., Santa Clara, CA). This controller
uses a current mode control scheme to limit the MOSFET
(1) and output currents by feeding the voltage across the
current-sensing resistor (Rg) into the current-sensing pin
Isern- The output voltage is sensed through a feedback re-
sistor divider network (R;, Ry, and V Ry) and fed into the
feedback pin (FB) of the controller. The positive output
voltages, +HV, can be controlled between 60 and 180 V
by adjusting the position of potentiometer V Ry. The lower
and upper voltage limits are determined by the values of
resistors R; and R». With the information of the feedback
voltage and current, driving signal for )1 with appropriate
duty cycle can be generated by the controller. By trans-
forming the feedback resistor divider network to its equiva-
lent circuit as shown in Fig. 3, the output voltage is giving
by [22]
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Fig. 1. A block diagram of the computer-controlled ultrasonic pulser-receiver system.
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Because the pulse generator loads the positive and neg-
ative outputs symmetrically, the negative voltage ampli-
tude follows the positive voltage level, and therefore both
voltages can be regulated using the same controller. The
resistor, R3, connected to the negative output terminals
is used to discharge the high voltage across Co when the
circuit is turned off for the sake of safety. It also balances
the load at the positive and negative outputs in order to
keep the dual voltage amplitude symmetric.

The high-voltage dc supply operates as a switching
mode power converter that could be a significant source
of electromagnetic interference (EMI) to the very sensitive
high-gain echo amplifier. For this reason, the high-voltage
power supply is shut down temporarily at the period be-
tween sending the pulse train and waiting for the echo sig-
nal by applying a logic low-level signal to the high-voltage-
enable (HVEN) input. During this period, the output ca-
pacitors Cy and C5 supply energy to the pulse generator.
In the circuit prototype, ripple voltage of less than 0.1%
of the output voltage was measured when both C; and Cs
are 1 pF and the idle time is 100 us.

B. Pulse Generator

Similar to that of the high-voltage supply, the design
of the pulse train generator was configured to operate at
switching mode so as to minimize the power consumption
and heat dissipation. Without the requirement of cool-
ing, the cost, size, and weight of the pulse train generator
are significantly reduced. Moreover, reliability and accu-
racy can be considerably improved as there is no excessive
heat generated from the circuit. The driving circuit for the
transducer, as shown in Fig. 4, is made of a half-bridge
switching converter. The dual voltage supply +HV deter-
mines the amplitude of the bipolar pulse train, which is
generated by switching on and off the N-channel power
MOSFETs @3 and (4 complementarily. In the positive
half-cycle, @3 is on and @4 is off, and the generator out-
put voltage is equal to +HV. On the contrary, during the

1775

negative half-cycle, Q3 is off and Q4 is on, and the output
voltage becomes —HV.

In the design of a practical pulse generator, parasitic
capacitors associated with the MOSFETSs and the coaxial
cable connecting to the transducer have to be considered.
These capacitors keep the pulse generator output at high
voltage for a long period that could saturate the high-gain
echo amplifier and also increase the leakage current that
may create safety issues. Thus, at the end of each pulse
train, discharging the parasitic capacitors to zero poten-
tial is essential. The purpose of solid-state switch S; is to
discharge the parasitic capacitors when both @3 and Q4
are in the off state. Fig. 5 illustrates the solid-state switch
that discharges the parasitic capacitor, via MOSFETSs Q5
and @Qg. The operating principle of this solid-state switch
is detailed in [23].

The gating signals for Q3, 4, and Sy are generated by
the computer I/0 interface with software control, although
we have verified they can be achieved by standalone digital
circuitry. Because the source terminals of both (3 and
@4 are not connected to the ground, isolated gate drive
circuits for the MOSFETSs are required. In this prototype,
isolation is achieved by using a signal transformer T'ry with
two secondary windings and turns ratio of 10:15:15.

C. Echo Amplifier

In practical situations, the received echo signal intensity
can be less than 1% of that sent out from the transducer.
A high-gain amplifier is required to amplify the echo sig-
nal received from the transducer. The echo amplifier being
used consists of four stages of low-noise operational ampli-
fiers, OA; to OAy4, as shown in Fig. 6. Each stage provides
a voltage gain of 10 times, and 10* times in total. Two
first-order high-pass filters (HPFs) are integrated into the
amplifier circuit to eliminate the low-repetition frequency,
which may cause the amplifier to become saturated. The
coarse and fine gain adjustments of the amplifier are ac-
complished by potentiometers V' Ry and V R3, respectively.
Because the echo amplifier input is connected directly to
the pulse generator output that delivers the high-voltage
pulse train, a protection scheme is necessary to prevent
the echo amplifier from being damaging by the high volt-
age. At the echo amplifier input, the non-inverting input
of OA; is limited to less than one volt by using two in-
expensive small signal diodes (D4 and Ds) in anti-parallel
connection.

D. Analog-to-Digital Converter and Memory

The amplified echo signal is converted to digital format
by a high-speed analog-to-digital converter (AD9215, Ana-
log Devices, Inc., Norwood, MA) as shown in Fig. 7. The
sampling frequency of data conversion is set to 66.67 Mega-
samples per second (MSPS). In order to achieve optimum
signal conversion performance, the single-ended amplified
echo signal is converted to differential format by a signal
transformer T'ry, and filtered by a pair of RC' low-pass net-
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works [24]. The digital output from the ADC is connected
to the data I/O pins (Do—Dg) of the memory via an array
of switches Sy, which controls the data flow from the ADC
to the memory. The switches turn on only when the echo
signal is being recorded to the memory.

Because of the high sampling rate of the data conver-
sion, a high-speed static random-access memory (SRAM)
(K6R1016V1D, Samsung Semiconductor, Inc., San Jose,
CA) is employed to cache the digitized echo signal. This
SRAM is a 64-kB, 16-bit, high-speed memory module with
up to 8 ns access time. After a whole frame of analog echo
signal is digitized and cached in the SRAM, the data in the
SRAM will be transferred to a PC through the digital I/O
card PCI6534 for storage and analysis. The memory ad-
dressing of the SRAM is controlled by a high-speed 16-bit
counter. The triggering of the data conversion, the data
flow direction, and the memory address counting are con-
trolled by the LabVIEW program through the same digital
I/0O card.

III. EXPERIMENT
A. Sinus Fluid Detection Setup

The use of the ultrasonic pulser-receiver system for the
detection of fluid in sinus cavities is illustrated in Fig. 8.
The presence of fluid in the maxillary sinuses of an ex
vivo human skull was being detected. An ultrasound sim-
ulation study was conducted with a previously described
transskull ultrasound propagation algorithm, using mag-
netic resonance imaging (MRI) sinus images of a volunteer
in order to determine the optimal transducer frequency, di-
ameter, and radius of curvature. In this study, ultrasound
was propagated first as a longitudinal signal that was then
separated into both a longitudinal and a shear mode in the
bone. Both modes then transferred back to two longitudi-
nal signals in the fluid-filled sinus. This signal was reflected
off the back wall of the sinus, where the mode conversion
occurred again as the signal exited the head. Based on
this study, a 1-MHz-resonance PZT crystal (EBL Prod-
ucts, Inc., East Hartford, CT) was selected, with a 20-mm
diameter, and a 40-mm radius of curvature. The crystal
was backed with 25% tungsten-epoxy composite material
for acoustic damping, and mounted so that the ultrasound
was directed at an angle of approximately 45° relative to
the skull surface. The beam width at the point of contact
with the mandible was elongated due to the angle of inci-
dence, entering with an approximately 10 x 7 mm footprint
on the mandible surface.

For the study, a human skull was reconstituted after
full desiccation by submersing it in deionized water and
degassing the specimen in a bell jar. Afterward, the skull
was stored in a 10% buffered formaldehyde solution. A
previous study has shown that human skulls undergoing
this dehydration-reconstitution process have sound speeds
closely matching that of fresh bone tissues [25].
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The transducer and human skull were immersed in de-
gassed deionized water in a tank filled with padded rubber
to reduce reflections from the tank walls. The detections of
fluid in both left and right maxilla sinus cavities were per-
formed. For the experiments of sinus fluid detection, the
sinus cavity was first completely filled with water. Con-
trol experiments were conducted by inserting a tube into
the sinus cavity and injecting air by means of a syringe
attached to the other end of the tube. The skull was ori-
ented with the face horizontal in order to trap the air in
the sinus for the control experiments.

The effects of shear and longitudinal propagation
through the maxilla bone were examined by orienting the
transducer at different angles, as shown in Fig. 9. For the
measurement of the echo signal with shear mode propa-
gation through the maxilla bone, the incident angle was
adjusted to approximately 45°, which is greater than the
longitudinal critical angle of about 30° [19]. It is noted
that both the transmitted and received waves were longi-
tudinal. The propagation involved a mode conversion from
longitudinal in the skin into a shear wave in the bone, and
then back into longitudinal in the sinus fluid, if present. If
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Fig. 8. Experimental setup for detecting the presence of fluid in the maxillary sinuses.
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maxilla bone is shown; the skull was upside down.

the cavity was fluid-filled, the reverse process took place
where echoes off of the back of the sinus cavity were again
converted to shear waves in the bone and then back to
longitudinal before reaching the transducer. For the echo
measurement associated with longitudinal propagation in
bone, the transducer is positioned approximately parallel
to the maxilla bone, so that the incident angle (~0°) is
smaller than the longitudinal critical angle.

B. Pulser-Receiver System

The computer-controlled ultrasonic pulser-receiver sys-
tem described in the previous section was constructed in-
house. The pulser-receiver system was used to transmit
a high-voltage pulse train to and receive echo signal from
the same transducer. The transducer was connected to the
pulser-receiver through a Belden 8216 RG174U 5002 coax-
ial cable of length about 1 m. A bipolar pulse train with
amplitude regulated at £100 V was adopted to excite the
transducer. The pulse train frequency of 1 MHz and five

pulse cycles in each pulse train were set through a soft-
ware interface, implemented in LabVIEW code, as shown
in Fig. 10. At the end of each pulse train, the pulser output
was shorted to ground for 10 us to discharge the undesired
stray capacitor formed by the pulser output MOSFETsS,
the coaxial cable, and the transducer.

Both pulse train transmission and echo receiving were
controlled using the same software interface. The voltage
across the transducer terminals was sensed, recorded, and
transmitted to the computer in real time. Data record-
ing started when the pulse train was transmitted, and the
record duration was set to 100 us. The sensed transducer
voltage was converted to 10-bit digital offset binary for-
mat, buffered in a static RAM, and then transmitted to
a PC at a rate of 20 Mbytes/s. Signal processing for the
received transducer voltage was handled by a sixth-order
software Butterworth low-pass-filter implemented in Lab-
VIEW code in order to filter out high- frequency noise.
The cut-off frequency was set to 3.4 MHz. The repetition
frequency of the pulse train and data conversion/recording
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Fig. 10. Software front panel for the pulser-receiver system.

cycle was approximately 20 Hz. Real-time transducer volt-
age waveform was displayed on the software interface for
the measurements of time-of-fight, and hence the distance
between the objects that the ultrasound beam traveled.
The echo waveforms for the experiments were saved in the
computer hard disk for further analysis.

C. Sinus Imaging

Structure and dimensions of the maxilla bone of the ex
vivo human skull used in the sinus fluid detection experi-
ment were obtained from CT images (Somatom Sensation
64, Siemens, Erlangen, Germany). The skull was preserved
in formalin and scanned under water. Two hundred CT
slides in coronal view were taken at 1-mm intervals using
a 279 x 279-mm field of view with resolution of 512 x 512
pixels (0.54 mm? pixels). Image data for each slide were
saved to an individual file in binary format. Axial and
sagittal views of the skull were reconstructed (Fig. 11)
from the coronal view image files using a program (written
in-house) implemented by LabVIEW code with embedded
MATLAB (The MathWorks, Inc., Natick, MA) script.

IV. RESULTS

The transducer signals recorded by the pulser-receiver
system for sinus fluid detection are shown in Figs. 12 and
13. First, it should be noted that a high-amplitude volt-
age swing with a duration of a few microseconds at the
beginning of every recorded signal was caused by the cou-
pling from the high-voltage pulse train originating from the
pulse generator. Second, a short period of voltage swing
appearing at around 15-16 us was caused by the trans-
ducer transient when the solid-state switch connecting the
transducer and the ground was opened. Thus, the receiver
began to receive echo signal after the settling of the trans-
ducer transient at around 16 us.
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views of the human skull used in the fluid detection experiment.

The sagittal views of the CT scans for the ex vivo hu-
man skull in upside-down orientation, showing the left and
right maxillary sinuses, are displayed in Fig. 14(a) and (b),
respectively. The positions of the transducer for the shear
mode experiment are indicated on the figures. For the case
of shear wave propagation, the transducer voltage signals
from the left and right sinuses filled with air and water
are shown on Fig. 12(a)—(d), respectively. In this case, the
ultrasound beam first hit the outer surface of the maxilla
bone (indicated as point 1), as illustrated in Fig. 14(a)
and (b). This echo propagated back to the transducer sur-
face at about 18 us after transmitting the pulse train as
shown in Fig. 12. When the sinus cavity was filled with
water, the ultrasound beam then transmitted through the
sinus and hit the back wall of the maxilla bone, indicated
as point 2 in Fig. 14(a) and (b). The second echo propa-
gated back to the transducer surface at around 40 us, as
shown in Fig. 12(a) and (b). Conversely, when the sinus
was filled with air, the ultrasound beam was reflected back
at the first hit and could not transmit through the air si-
nus due to impedance mismatch. Fig. 12(c) and (d) reveal
that the received transducer signal had only one echo for
the air-filled sinus.

As indicated on the CT images in Fig. 14, the shapes of
the left and right maxilla bones are not identical. Echo sig-
nal measurements, in Fig. 12(a) and (b), also show that the
echo amplitudes from the second reflection on the left and
right maxilla bones are not the same. The ratio between
the second echo and the noise amplitudes on the left and
right sides are 3.3 and 13.9, respectively. However, the echo
times are approximately the same on both sides. Based on
the measured echo time, the distance between points 1 and
2 in both sinuses are approximately 16.5 mm, with the as-
sumption that the sound speeds in water and the bone in
shear mode [19] are both 1500 ms~!. The distance estima-
tion is found to be consistent with the measurement from
the CT scan, as illustrated in Fig. 14.
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Fig. 12. Measured transducer voltage for shear propagation in bone: (a) left sinus filled with water, (b) right sinus filled with water, (c) left

sinus filled with air, and (d) right sinus filled with air.

The effect of longitudinal wave propagation in bone was
examined by orienting the transducer in parallel to the
maxilla bone. In this case, the incident angle was approxi-
mately zero degree and smaller than the longitudinal crit-
ical angle of the skull [19]. The transducer voltage wave-
forms for longitudinal propagation measured on both left
and right maxillary sinuses filled with water and air are
displayed in Fig. 13. For all of these cases, only one echo
from the maxilla bone was received at 18 us.

V. DISCUSSION

This study confirms our previous investigations on
transskull ultrasound transmission enhancement using
shear mode conversion, in which the transmitted ultra-
sound intensity is increased and the distortion is reduced
by improved acoustic impedance matching. In this study,
we developed a self-contained clinical prototype of ultra-
sonic pulser-receiver system with computer control for
transskull fluid detection. Incorporating the shear mode
technique, we demonstrated that the system could be used
to distinguish the presence of fluid in sinus cavities in
an ez vivo human skull, while the traditional longitudinal
method cannot detect at the same pulse voltage.

The pulser-receiver system, built in-house, generates a
multi-cycle pulse train, instead of a single negative pulse
used in traditional pulsers, for transducer excitation that
delivers higher transmitted ultrasound energy, thus in-
creasing the echo signal level for SNR improvement. The
pulse train frequency was selected to match the transducer
resonant frequency at which the transducer efficiency is
optimized. The lower limit of the number of cycles is de-
termined by the transducer time response when the ultra-
sound amplitude generated reaches its steady-state value,
while the upper limit is limited by the distance between the
transducer and the first object hit by the ultrasound beam.
Although the pulser can generate pulse amplitude up to
180 V, we found that a pulse train with 5 cycles and 100 V
pulse amplitude was enough to obtain a back wall echo
with sufficiently high amplitude that the presence of fluid
in an ezx vivo human sinus could be distinguished using the
shear mode method. The number of pulse cycles and the
pulse amplitude values were not optimized in this study;
they can be further reduced by increasing the gain of the
echo amplifier and optimizing the filter parameters. The
frequency of the pulse train used in the experiment was
1 MHz; that is within the appropriate frequency range for
ultrasonic transskull diagnostic imaging [26]. A frequency
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lower than 1 MHz can be used to reduce the attenuation
in bone at the expense of lower spatial resolution. In this
study, the echo signal was digitized by a high sampling
rate (66.67 MSPS) and high resolution (10-bit) ADC and
stored in spreadsheet format for clinician’s analysis.

In the pulser-receiver system design, both the high
voltage power supply and the pulse generator operate in
switching mode, which generally results in higher energy
efficiency, smaller size, and lighter weight, compared to
those parameters for linear mode circuits. The issues due
to the parasitic capacitor at the pulser output, the trans-
ducer, and the coaxial cable connected between them were
considered. For reasons of safety, a solid-state switch was
used to discharge the high potential across the capaci-
tor after sending pulses. The pulser-receiver system does
not generate high temperature; it does not require cooling
means, such as heat sink and cooling fan, and works stably
throughout our experiments.

From the experimental results of fluid detection using
the shear mode technique, the right sinus gave a higher
back wall echo amplitude than the left, though the system
parameters, including pulse amplitude and gain of the echo
amplifier, were the same. This result was expected and can
be explained by the CT images that the left and right si-
nuses are not symmetric. The area of the right sinus back
wall hit by the ultrasound beam and parallel to the trans-
ducer surface is larger than the left. Thus, the amount of
ultrasound energy reflected back to the transducer from
the right back wall is higher than that from the left, at
which a significant portion of ultrasound reflects away from
the transducer; however, in reality the ultrasound trans-
mission is more complicated than the beam illustrated in
the principle diagram in Fig. 9, due to refraction, geome-
try, and dispersion of the ultrasonic beam, as well as scat-
tered reflection from curved surfaces. In these experiments,
the transducer angles for the left and right measurements
were approximately the same. The amount of ultrasound
energy received by the transducer can be increased by us-
ing a transducer with a larger area or adjusting the trans-
ducer position and angle so that maximum echo amplitude
is measured. Experimental results also confirm that only
one echo occurs when the sinus is filled in air in the cases
of both shear mode and longitudinal mode propagation.

Our comparison results reveal that ultrasound transmis-
sion through the skull bone with shear mode conversion
for sinus fluid detection is more efficient than the longi-
tudinal mode in which no detectable back wall echo was
observed. Although the attenuation coefficient of a shear
wave is higher than that of a longitudinal wave [19], [20],
from the CT scan, the sinus bone is very thin (~1 mm);
so the reflection loss in this application is more significant
than the loss due to attenuation. Using the shear mode
technique, the back wall echo waveform clearly shows the
back wall echo time, and thus the approximate distance be-
tween the transducer and the back wall and that between
the front and back sinus walls are 30 mm and 16.5 mm, re-
spectively, assuming the speed of sound in water and shear
wave speed in bone are 1500 ms~'. These results are con-
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sistent with the measurements from the CT images and
were expected because the shear wave encounters reduced
refraction and temporal distortion due to the similarity
between the speed of shear wave in bone and the speed of
sound in water.

VI. CONCLUSION

A computer-controlled ultrasound pulser-receiver sys-
tem incorporating a shear mode technique was proposed
and successfully demonstrated for transskull fluid detec-
tion. The presence of fluid in sinuses of an ex vivo human
was clearly distinguished using shear wave propagation in
skull bone, but the longitudinal method failed to detect
with the same pulser parameters.
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