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Featured Application: Continuous monitoring of cerebrovascular and cardiovascular diseases.

Abstract: Noninvasive monitoring of blood flow in the carotid artery is important for evaluating not
only cerebrovascular but also cardiovascular diseases. In this paper, a wireless neckband ultrasound
Doppler system, in which two 2.5-MHz ultrasonic sensors are utilized for acquiring Doppler signals
from both carotid arteries, is presented for continuously evaluating blood flow dynamics. In the
developed wireless neckband Doppler system, the acquired Doppler signals are quantized by 14-bit
analog-to-digital-converters running at 40 MHz, and pre-processing operations (i.e., demodulation
and clutter filtering) are performed in an embedded field programmable gate array chip. Then, these
data are transferred to an external smartphone (i.e., Galaxy S7, Samsung Electronics Co., Suwon,
Korea) via Bluetooth 2.0. Post-processing (i.e., Fourier transform and image processing) is performed
using an embedded application processor in the smartphone. The developed carotid neckband
Doppler system was evaluated with phantom and in vivo studies. In a phantom study, the neckband
Doppler system showed comparable results with a commercial ultrasound machine in terms of peak
systolic velocity and resistive index, i.e., 131.49 + 3.97 and 0.75 + 0.02 vs. 131.89 + 2.06 and 0.74 + 0.02,
respectively. In addition, in the in vivo study, the neckband Doppler system successfully demonstrated
its capability to continuously evaluate hemodynamics in both common carotid arteries. These results
indicate that the developed wireless neckband Doppler system can be used for continuous monitoring
of blood flow dynamics in the common carotid arteries in point-of-care settings.
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1. Introduction

Noninvasive monitoring of blood flow in the common carotid arteries is important for evaluating
not only cerebrovascular diseases [1,2] but also cardiovascular diseases [3,4]. Among various imaging
modalities, Doppler ultrasonography is a popular tool for measuring blood flow velocity and its
variability in the common carotid arteries [5-7]. In carotid Doppler ultrasonography, spectral
broadening with an elevated peak systolic velocity (PSV) on a pulsed-wave spectral Doppler waveform
is correlated with the degree of carotid stenosis [8-11]. In addition, carotid Doppler ultrasonography
can provide quantitative functional measurements of blood flow, e.g., the resistive index, RI, which is a
hemodynamic parameter reflecting local wall extensibility and related vascular resistance [12-14].
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Moreover, if Doppler ultrasonography can continuously measure the blood flow of the common
carotid artery, increased intracranial pressure can be assessed in patients with head trauma, stroke,
brain tumor, or hydrocephalus [15-17]. Additionally, by intraoperatively monitoring emboli during
endovascular or surgical procedure of aorta, heart, or carotid arteries, the risk of potential stroke and
brain injury can be reduced [18,19]. However, utilizing a conventional cart-based Doppler ultrasound
system is challenging for continuous assessment of the common carotid artery due to its limited
accessibility in terms of cost and size.

Recently developed portable and handheld ultrasound imaging systems feature substantially
reduced sizes and costs for bedside and intraoperative procedures, but they are still inconvenient
for use in continuously monitoring the common carotid artery. To lower operator dependency, in
the last two decades, various types of wearable ultrasound Doppler device prototypes have been
investigated [20,21]. For monitoring blood flow in the common carotid artery, the ‘Doppler Necklace’
system, in which an ultrasound array transducer was mounted to acquire blood flow signal, was
proposed. However, it was not sufficient to validate the concept of the ‘Doppler Necklace” since
theoretical analysis and simulation results were limited [20-24]. Another wearable carotid ultrasound
device, in which two 128-element linear array probes were mounted similarly to the original design,
was also proposed. Although this carotid ultrasound device can successfully visualize common carotid
arteries to measure their diameters, it cannot evaluate blood flow velocity and its variability [24].
In this paper, a new wireless carotid wearable ultrasound Doppler system, in which two single-element
ultrasonic sensors are mounted in the neckband for acquiring Doppler signals from both carotid
arteries, is proposed for continuously measuring blood flow velocities and functional index parameters
(e.g., RI). In the developed wireless carotid neckband ultrasound Doppler system, the acquired Doppler
signals are quantized, and pre-processing operations (i.e., demodulation and clutter filtering) are
performed on a field programmable gate array chip (Sparatan-6 LX150, Xilinx Inc., San Jose, CA,
USA). Then, these data are transferred to an external smartphone via Bluetooth 2.0. Post-processing
(i.e., Fourier transform and image processing) is performed using an embedded application processor
in the smartphone. The developed wireless carotid wearable ultrasound Doppler system prototype
was evaluated with a string phantom and in vivo studies.

2. Materials and Methods

2.1. Design of a Wireless Carotid Wearable Ultrasound Doppler System

Figure 1 shows the functional block diagram of the proposed wireless carotid neckband ultrasound
Doppler system. As shown in Figure 1, the two single-element transducers for the left and right
common carotid arteries are used to transmit and receive ultrasound waves, and then the received
radio-frequency (RF) ultrasound signals are quantized in analog-to-digital conversion (A/D conversion).

In the pre-processing step, the quantized RF data are first transmitted with low-voltage differential
signaling (LVDS) protocol and then converted as parallel data in the serial-to-parallel conversion,
and the multiplexing (MUX) is used for selecting one of the two single-element transducers. After
serial-to-parallel conversion and multiplexing, the quantized ultrasound RF data undergo high-pass
filtering before quadrature demodulation to remove DC components, i.e., DC rejection filtering.
To extract complex baseband data (i.e., in-phase and quadrature components), quadrature demodulation
is performed, which involves multiplying the DC-rejected RF data by a carrier-frequency reference
signal and then low-pass filtering the result of the multiplication [25]. After quadrature demodulation,
complex baseband data are accumulated over the depth within a sample volume by using a window
function (e.g., hanning). Lastly, wall filtering is applied to remove the clutter originating from slowly
moving vessel walls and/or tissue movement [26]. After wall filtering, complex-based band data are
transferred to an external smartphone for post-processing via Bluetooth 2.0.
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Figure 1. Functional block diagram of the wireless carotid wearable ultrasound Doppler system;
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ST-FFT: Short-time fast Fourier transform; PRF: Pulse-repetition frequency.

In the post-processing step, short-time fast Fourier transform (ST-FFT) is applied for generating
Doppler spectra representing the changing velocity throughout the cardiac cycle and the distribution
of velocities in the common carotid arteries [27,28]. Then, the amplitude of the Doppler spectra is
computed, and a thresholding operation is performed to remove the noise. The amplitude of the
Doppler spectra undergoes compression, in which a predesigned nonlinear curve (e.g., log) is applied
to adjust its dynamic range for enhanced visualization. Finally, a spectral Doppler waveform is
generated, and some quantitative measurements are obtained (e.g., PSV and RI).

Figure 2 shows the overall system design of the proposed wireless carotid wearable ultrasound
Doppler device supporting the functional blocks described in Figure 1. As shown in Figure 2, two
2.5-MHz single-element transducers are connected to a multi-channel pulser chip with a transmit/receive
switch, and the received signals are sent to a multi-channel ultrasound analog front-end (AFE) chip
consisting of low-noise amplifiers (LNAs), time-gain compensators (TGCs), programmable-gain
amplifiers (PGAs), and 14-bit ADCs running at 40 MHz with a LVDS protocol.
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Figure 2. Overall system design of the wireless carotid wearable ultrasound Doppler device; LNA:
Low-noise amplifier; TGC: Time-gain compensator; PGA: Programmable gain amplifier; ADC:
Analog-to-digital converter; RTC: Real-time controller; MUX: Multiplexer.
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An FPGA chip (Sparatan-6 LX150, Xilinx Inc., San Jose, CA, USA) is used for generating electrical
pulses and is controlled by a real-time controller (RTC) based on the required PRE, and the chip is also
used for performing pre-processing operations on the quantized ultrasound RF data. For pre-processing,
a 128-tap finite impulse response (FIR) filter is employed to remove DC components in DC rejection
filtering, and a direct digital synthesizer, mixer and digital filter are implemented for quadrature
demodulation. After quadrature demodulation, 40-MHz in-phase and quadrature components in
complex baseband data are separately accumulated with a hanning window whose length is determined
from the selected sample volume size in the sample volume accumulator, and these accumulated
complex baseband data are gathered with a given PRF (e.g., 4 kHz). To remove clutter components, in
wall filtering, a 128-tap FIR filter is applied. After wall filtering, a commercial Bluetooth 2.0 module (i.e.,
HC-06, Guangzhou HC Information Technology Co., Ltd., Guangzhou, China) is used for wirelessly
transmitting the complex baseband data to the external smartphone (Galaxy S7, Samsung Electronics
Co., Suwon, South Korea). In the smartphone, a complex FFT with varying window sizes (e.g., 128) is
first performed; then, the amplitude of the output of the FFT operation is calculated. These operations
were implemented with the Java running on OpenGL ES 3.0. To remove the noise, the threshold
operation based on the comparison between the input data and the predetermined value is performed.
Log-compression is applied to lower the dynamic range of the processed data, and the PSV and RI are
measured. Lastly, these values are displayed along with a spectral Doppler waveform on the screen of
the smartphone. An in-house power module is used for supplying necessary analog and digital power
to the designed wireless carotid wearable ultrasound Doppler system.

2.2. Experimental Setup

The performance of the wireless carotid wearable ultrasound Doppler device prototype was
evaluated with phantom and in vivo studies. In the phantom study, as shown in Figure 3, a Model 043
Doppler string phantom (CIRS Inc., Norfolk, VA, USA) was used. In the string phantom, as shown in
Figure 3, a filament was attached to a series of pulley wheels and a drive wheel was controlled by an
electronic controller producing steady or pulsatile movement of the filament. In the phantom study,
the pre-programmed pulsatile flow (i.e., adult common carotid mode) was selected and the filament is
accordingly moved. The movement of the filament produced a flow around the filament. A 2.5-MHz
bipolar electrical pulse with 20 cycles was generated, and the peak-to-peak voltage applied to the
ultrasound transducer was 40 Vpp. The PRF was set to 4 kHz. The PSV and end diastolic velocity
(EDV) were first measured, and then, the RI value was computed by

_ PSV-EDV

RI
PSv

)

The RI values measured by the developed prototype were compared with those from a commercial
rack-based ultrasound machine (Accuvix V10, Samsung Medison Co., Seongnam, South Korea).

Neckband Doppler
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Smart phone String Phantom

Figure 3. Experimental setup for the Doppler string phantom.
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In addition, to demonstrate the feasibility of the wireless carotid wearable ultrasound Doppler
device for clinical use, an in vivo study was conducted on a healthy volunteer to measure the PSV
and RI values under the institutional review board (IRB) approval. The same parameters used in the
phantom study were applied to the in vivo study.

3. Results and Discussion

3.1. Prototype of a Wireless Carotid Wearable Ultrasound Doppler System

The developed prototype of the wireless carotid neckband ultrasound Doppler system is shown
in Figure 4. It consists of two single-element ultrasound transducers mounted on the neckband,
two coaxial cables for the transducer connection, an ultrasound pre-processing module, a Bluetooth
module, a power module, a battery pack, and a smartphone.

Battery pack f "

Neckband

Bluetooth module

| R

Transducers

(a) (b)

Figure 4. (a) Prototype of the wireless carotid wearable ultrasound Doppler system and (b) the
pre-processing module and the power module.

The neckband is used for holding the transducers, and their positions can be adjusted to find the
proper locations of the common carotid arteries. The two coaxial cables are used to connect the two
2.5-MHz transducers to the pre-processing module. Figure 4b shows the pre-processing module and
the power module. The sizes of the pre-processing module and the power module are 70 mm (width) x
50 mm (height) and 80 mm (width) X 50 mm (height), respectively. The two modules are interconnected
via a 26-pin flat cable. The developed wireless carotid wearable ultrasound Doppler system can be
operated by two serially connected, 3.7 V, 750 mAh Li-ion batteries, and can be continuously operated
for approximately 1.5 h.

3.2. Phantom Study

Figure 5a,b shows the Doppler spectrograms obtained from the commercial rack-based ultrasound
machine (i.e., Accuvix V10) and the developed wireless carotid wearable ultrasound Doppler system
prototype, respectively. From visual assessment, the developed prototype successfully visualizes the
pulsatile flow waveform similarly to the commercial rack-based ultrasound machine. The systolic
and diastolic phases are clearly differentiated, and comparable spectral broadening is observed in the
two spectrograms. Moreover, two systems show parabolic velocity profiles, as shown in the right
side of the Figure 5a,b, at the peak systolic phase indicated by white dotted lines. Compared to the
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commercial rack-based ultrasound machine, the developed prototype presents more noise spikes and
lower frequency resolution (i.e., a blocky representation of the velocity).
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Figure 5. Doppler spectrogram obtained from (a) the commercial rack-based ultrasound machine
(i.e., Accuvix V10, Samsung Medison Co., Seongnam, South Korea) and (b) the developed wireless
carotid wearable ultrasound Doppler system prototype (PRF = 4 KHz). The velocity profile at a peak
systolic phase, indicated by a white dotted line, is given in the right side of each Doppler spectrogram.

The PSV and RI values from the commercial machine and the developed prototype were measured,
and the results are summarized in Table 1. As listed in Table 1, the PSV and RI values for the commercial
machine and the prototype were 131.49 + 3.97 and 0.75 + 0.02 vs. 131.89 + 2.06 and 0.74 + 0.02,
respectively. There is no statistically significant difference in the measured PSV and RI values between
the commercial rack-based machine and the wearable Doppler device prototype (p = 0.66 and p = 0.70,
respectively). In addition, the velocity component at a specific time was also similary measured in the

same manner as shown in Figure 5.

Table 1. The measured peak systolic velocity (PSV) and resistive index (RI) values (mean =+ std) from the
commercial rack-based Accuvix V10 machine and the developed wireless carotid wearable ultrasound

Doppler system prototype.

. _ Wearable Doppler
Parameter Accuvix V10 (n = 10) Prototype (n = 10) p-Value
PSV [cm/s] 131.49 + 3.97 131 £ 2.06 0.64
RI 0.75 £ 0.02 0.74 £ 0.02 0.70

Boxplots of the measured PSV and RI values are also shown in Figure 6. As indicated in
Table 1, the commercial rack-based machine and the wearable Doppler device prototype show

comparable results.
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Figure 6. Boxplots of (a) PSV and (b) RI values from the commercial rack-based ultrasound machine
(Accuvix V10) and the developed wireless carotid wearable ultrasound Doppler system prototype.

In the developed system, the system PRF setting determines the measurable maximum speed of
blood flow. For example, with the default setting (i.e., PRF = 4 kHz), the developed prototype is capable
of measuring up to 150.0 cm/s in common carotid arteries, as shown in Figure 5b. With PRF = 6 kHz,
the measurable speed is extended up to 225.0 cm/s without aliasing. Figure 7 shows the obtained result
when using PRF = 6 kHz from the string phantom for an acquisition time of 10 s.

150
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(4]
o
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Figure 7. Doppler spectrogram obtained from the developed wireless carotid wearable ultrasound
Doppler system prototype (PRF = 6 KHz).

3.3. In Vivo Study

Figure 8 shows the placement of the developed wireless neckband carotid wearable ultrasound
Doppler system prototype. As shown in Figure 8, the developed neckband ultrasound Doppler system
can be placed on the neck so that blood flow dynamics from the common carotid arteries can be
continuously monitored. It must be noted that, in the in vivo study, the location of the volunteer’s
common carotid artery was found by adjusting the position of the transducer mounted in the neckband.
Before placing the neckband ultrasound Doppler system, an acoustic gel was first applied to the two
ultrasonic sensors for providing sufficient contact to the skin. Each measurement took 3 min.
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Figure 8. Placement of the wireless neckband carotid wearable ultrasound Doppler system prototype.

Figure 9 shows the spectrogram of the left and right common carotid arteries from a volunteer
using the developed wireless wearable ultrasound Doppler system prototype. Comparable to the
phantom study, the pulsatile waveform from the common carotid artery was successfully reconstructed,
and the systolic and diastolic phases are clearly differentiated. In addition, the dicrotic notch is
clearly visualized.
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Figure 9. Spectrograms of (a) the left common carotid artery and (b) the right common carotid artery
from a volunteer using the wireless carotid wearable ultrasound Doppler system prototype.

The PSV and RI values are measured and summarized in Table 2. Aslisted in Table 2, the developed
wireless carotid wearable ultrasound Doppler system prototype successfully measured the PSV and RI
values from the left and right common carotid arteries, i.e., 137.09 + 4.82 and 0.83 + 0.01 vs. 138.21 +
6.73 and 0.81 + 0.02, respectively.
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Table 2. The measured peak systolic velocity (PSV) and resistive index (RI) values (mean =+ std) from
the left and right common carotid arteries from a volunteer using the developed wireless carotid
wearable ultrasound Doppler system prototype.

Parameter Left (n = 10) Right (n = 10)
PSV [cm/s] 137.09 + 4.82 138.21 £ 6.73
RI 0.83 £ 0.01 0.81 £0.02

3.4. Discussion

A wireless neckband ultrasound Doppler system was proposed for continuous monitoring of the
common carotid arteries, and its prototype was developed. From the phantom study, the developed
prototype showed comparable results with a commercial rack-based ultrasound machine (Accuvix
V10) in terms of the visual assessment of the spectrogram and the measured values (i.e., PSV and
RI). However, the image quality of the spectrogram from the developed prototype is worse than that
from the commercial rack-based ultrasound machine. This may be caused mainly by electrical noise,
a less-optimized ultrasound Doppler signal and the image processing parameters (e.g., the window
size in the FFT and the thresholding value). In addition, limited image enhancement functional
blocks are only implemented in the developed prototype to lower the computational complexity of the
post-processing running in the application processor of the smartphone. Thus, the image quality in the
developed prototype can be further enhanced by adding some image processing blocks applied in
ultrasound B-mode imaging. For example, the spikes of the spectrogram shown in Figures 5b and 8 can
be reduced by applying 2D median filtering (e.g., 3 x 3) and 1D lateral smoothing filtering (e.g., 3-tap
low-pass FIR filter). The sharpness of the spectrogram can be improved by using edge enhancement
filtering (e.g., unsharp masking [29]). However, due to the limited computational resource in the
smart-phone, the computational requirement must be carefully analyzed for implementing these
images processing algorithms for the developed wireless neckband ultrasound Doppler system.

Currently, the position of the two ultrasound transducers mounted in the neckband is adjusted to
find the location of the common carotid arteries, and then the sample volume is manually positioned to
obtain the proper spectrogram of the common carotid arteries. The location of the sample volume may
be automatically determined by analyzing the pulsatile characteristics in the amplitudes of the complex
baseband data acquired from the predetermined depths. For example, if the sample volume size is
determined as 5 mm and the overlap ratio is 50%, there are seven candidates of the optimal sample
volume location when the scanning depth is from 10 mm to 30 mm. The pulsatility from the seven
candidate locations can be measured, and the optimal sample volume position can be determined
when the pulsatile index reaches a maximum.

The proposed wireless carotid neckband ultrasound Doppler system was preliminarily evaluated
with phantom and in vivo experiments. For use in clinical settings, further clinical evaluation is
necessary. Once the proposed wearable Doppler device is clinically validated, it can be used during
coronary artery bypass surgery where the detection of emboli is critical to lower the risks of stroke and
brain injury. Additionally, it can be used for continuously monitoring hemodynamics in common carotid
arteries to monitor intracranial pressure, which can be increased in patients with head trauma, stroke,
brain tumor, or hydrocephalus. Moreover, the proposed wireless carotid neckband ultrasound Doppler
system can be used as a monitoring tool for symptomatic or asymptomatic patients with cerebrovascular
and/or cardiovascular diseases, as shown in Figure 10. Risk indicators can be continuously measured
and sent to a server for archiving and data analysis and for predicting abnormalities in advance. Deep
learning can be applied to identify proper indicators of cerebrovascular and/or cardiovascular diseases
by using the Doppler spectrum archived in a patient database. Alternatively, the spectrogram of
symptomatic or asymptomatic patients wearing the wireless carotid neckband ultrasound Doppler
device can be fed to the server, and if a risk associated with cerebrovascular and/or cardiovascular
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diseases is indicated, this information can be directly sent to the patient or healthcare providers for
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4. Conclusions

In this paper, a wireless carotid neckband ultrasound Doppler system was proposed for
continuously monitoring blood flow dynamics in the common carotid arteries. From the phantom
study, the developed wireless Doppler device prototype showed comparable results with a commercial
rack-based ultrasound machine in terms of visual assessment and measured parameters. In addition,
in the preliminary in vivo study, the spectrograms of the common carotid arteries of a volunteer
were successfully reconstructed and the peak systolic velocities and resistive indexes were reliably
calculated. These results indicate that the developed wireless neckband Doppler system can be used
for continuous monitoring of blood flow dynamics in the common carotid arteries in point-of-care
settings after further clinical investigation.
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