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Abstract—Contrast-enhanced ultrasound imaging allows vascular imaging in a variety of diseases. Radial modu-
lation imaging is a contrast agent-specific imaging approach for improving microbubble detection at high imag-
ing frequencies (>7.5 MHz), with imaging depth limited to a few centimeters. To provide high-sensitivity
contrast-enhanced ultrasound imaging at high penetration depths, a new radial modulation imaging strategy
using a very low frequency (100 kHz) ultrasound modulation wave in combination with imaging pulses <5 MHz
is proposed. Microbubbles driven at 100 kHz were imaged in 10 successive oscillation states by manipulating the
pulse repetition frequency to unlock the frame rate from the number of oscillation states. Tissue background was
suppressed using frequency domain radial modulation imaging (F-RMI) and singular value decomposition-based
radial modulation imaging (S-RMI). One hundred-kilohertz modulation resulted in significantly higher micro-
bubble signal magnitude (63—88 dB) at the modulation frequency relative to that without 100-kHz modulation
(51—59 dB). F-RMI produced images with high contrast-to-tissue ratios (CTRs) of 15 to 22 dB in a stationary tis-
sue phantom, while S-RMI further improved the CTR (19—-26 dB). These CTR values were significantly higher
than that of amplitude modulation pulse inversion images (11.9 dB). In the presence of tissue motion (1 and 10
mm/s), S-RMI produced high-contrast images with CTR up to 18 dB; however, F-RMI resulted in minimal con-
trast enhancement in the presence of tissue motion. Finally, in transcranial ultrasound imaging studies through a
highly attenuating ex vivo cranial bone, CTR values with S-RMI were as high as 23 dB. The proposed technique
demonstrates successful modulation of microbubble response at 100 kHz for the first time. The presented S-RMI
low-frequency radial modulation imaging strategy represents the first demonstration of real-time (20 frames/s),
high-penetration-depth radial modulation imaging for contrast-enhanced ultrasound imaging. © 2021 World
Federation for Ultrasound in Medicine & Biology. All rights reserved.
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INTRODUCTION

Contrast-enhanced ultrasound (CEUS) imaging with
microbubble contrast agents enables low-cost, safe visuali-
zation and quantification of local perfusion dynamics in a
variety of diseases affecting vasculature, including cancer
and cardiovascular disease (Averkiou et al. 2020;
Erlichman et al. 2020). Various CEUS imaging techniques
have been proposed for mapping local hemodynamics,
including parametric perfusion imaging and microvascular
imaging (Strobel et al. 2008; Jang et al. 2009;
Dietrich et al. 2012; Lin et al. 2017; Lindsey et al. 2017a,
2017b), with a preference for using high frequencies to
provide high spatial resolution. In applications requiring

deeper penetration, such as guiding biopsy in hepatic
masses (Wu et al. 2006; Yoon et al. 2010) and transcra-
nial ultrasound imaging in stroke (Seidel et al. 2003,
2013; Kern et al. 2011), CEUS is a useful diagnostic
imaging tool; however, sensitivity can be limited in these
cases of high attenuation and penetration depth.

In imaging abdominal organs including the liver,
pancreas, spleen and kidney, low transmit frequencies
(2—5 MHz) (American Institute of Ultrasound in
Medicine [AIUM] 2012) are usually required to achieve
sufficient penetration, especially for individuals with
high body mass index (~35% of cases)
(Lyshchik et al. 2018; Putz et al. 2019). For transcranial
CEUS, transmit frequencies ranging from 1 to 3 MHz
are usually used to ensure sufficient imaging depth and
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signal-to-noise ratio, even when imaging through the
temporal bone window (Lindsey et al. 2014a, 2014b;
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Vinke et al. 2017; Jing et al. 2020a, 2020b). While non-
linear multipulse CEUS techniques at 2 to 5 MHz (Phil-
lips 2001; Eckersley et al. 2005; Whittingham 2005;
Kusunose and Caskey 2018) have been widely used for
imaging deep regions in scenarios such as abdominal
(Strobel et al. 2008; Sidhu et al. 2018) and transcranial
(Vinke et al. 2017) imaging, tissue signal decorrelation
caused by physiological motion and non-linear propaga-
tion results in significant tissue artifacts and degrades the
contrast-to-tissue ratio (CTR) (Krishnan et al. 1998;
Zhao et al. 2007; Couture et al. 2008; Tang et al. 2010;
Stanziola et al. 2019; Averkiou et al. 2020). Subhar-
monic imaging provides improved imaging depth by
detecting signals arising from microbubbles at frequencies
equal to one-half the transmitted frequency
(Shi et al. 1999; Forsberg et al. 2006;
Eisenbrey et al. 2011); however, it is challenging to sup-
press the reflections from the highly heterogeneous tissues
(Eisenbrey et al. 2011). Multiple plane wave imaging
with coded pulses has also improved the CTR for deep
CEUS imaging (Gong et al. 2018; Shen and Yan 2019).
In addition, superharmonic imaging transmits low-fre-
quency ultrasound near the microbubble resonance fre-
quency and forms images using superharmonics produced
only by the microbubbles (Bouakaz et al. 2002a, 2002b,
2003; Kruse and Ferrara 2005; Guiroy et al. 2013); how-
ever, the penetration depth is limited because of the high
frequencies of signals produced by microbubbles
(Lindsey et al. 2014a, 2014b, 2015). As an alternative to
imaging the non-linearity of microbubbles, ultrafast imag-
ing relies on the low spatial coherence of flowing agents
to image the vascular network. This technique is promis-
ing, but separating tissue from microbubbles is challeng-
ing in cases of slow flow or fast physiological motion
(Errico et al. 2015; Muleki-Seya et al. 2019).

Radial modulation imaging represents an alterna-
tive in which low-frequency ultrasound waves are used
to modulate the size and thus the high-frequency scatter-
ing characteristics of microbubbles (Bouakaz et al. 2007;
Chérin et al. 2008; Masoy et al. 2008;
Phillips et al. 2008; Emmer et al. 2009; Hansen and
Angelsen 2009; Cheng et al. 2011; Renaud et al. 2014;
Yu et al. 2014; Muleki-Seya et al. 2019). This imaging
approach does not rely on the flow of microbubbles or
on harmonics and thus is suitable for vascular imaging at
high penetration depths and in the presence of relatively
slow blood flow or fast physiological motion. However,
as indicated by previous studies (Shariff et al. 2006;
Chérin et al. 2008), a large separation between the modu-
lation and imaging frequencies is typically needed to
avoid artifacts arising from the coupling of the harmon-
ics of the low-frequency modulation wave. As the modu-
lation frequency used in these studies was at least
0.5 MHz, images were mostly acquired using a high

imaging frequency (>7.5 MHz) (Shariff et al. 2006;
Masoy et al. 2008; Phillips et al. 2008; Yu et al. 2014;
Muleki-Seya et al. 2019), which limited application of
radial modulation strategies for imaging deeper into tissue.

To improve imaging depth for applications such as
abdominal and transcranial imaging, we propose a strat-
egy in which very low frequency ultrasound (100 kHz)
is used to modulate microbubble oscillation; then images
are acquired at frequencies typically used in diagnostic
ultrasound imaging (<5 MHz). While decreasing the fre-
quency of both the modulation pulse and the imaging
pulse maintains the separation required to avoid har-
monic artifacts, this approach encounters the alternative
challenge of providing sufficient image contrast at mod-
ulation frequencies significantly below microbubble res-
onance. We also propose unlocking the frame rate from
the number of microbubble oscillation states for the first
time by manipulating the pulse repetition frequency to
retain a large number of transmit events without
compromising imaging frame rate or depth. This is
important to avoid high microbubble decorrelation when
the blood flow rate is too high—or when the frame rate
is too low—which may cause a decrease in CTR
(Muleki-Seya et al. 2019).

This article is structured as follows. First, micro-
bubble oscillation caused by a low-frequency modula-
tion pulse is simulated. Next, the low-frequency radial
modulation imaging sequence is described. The feasibil-
ity of the proposed low-frequency radial modulation
imaging technique for deep-penetration, high-contrast
imaging is then evaluated in tissue-mimicking phantoms,
including in the presence of tissue motion, which is com-
mon in abdominal imaging because of respiration. To
form CEUS images in the presence of varying degrees of
physiological motion, both a frequency domain process-
ing method and a singular value decomposition (SVD)
method have been adopted, and their performance is
compared. Finally, in the last part of this study, the per-
formance of this imaging technique is tested in a highly
attenuating scenario, transcranial ultrasound imaging.

METHODS

Numerical simulation of low-frequency excitation of
microbubbles

To assess the feasibility of the very low frequency
radial modulation contrast-enhanced imaging approach,
numerical simulations of microbubble oscillation were
performed. The model of Morgan et al. (2000) was used
to simulate the oscillation of a 1.2-pum-diameter micro-
bubble using the proposed very low frequency radial
modulation strategy in which microbubbles driven at
100 kHz were imaged in 10 successive oscillation states
(described in greater detail in the next section). The
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physical properties of the microbubble in simulations
were in accordance with previous characterization of the
commercial  lipid-shelled  microbubble  Definity
(Tu et al. 2011), which is similar to the microbubble
used in this study. The sequence comprised a short 2-
cycle, 5-MHz imaging pulse with an amplitude of 74
kPa and a 10-cycle, 100-kHz modulation pulse with an
amplitude of 16 kPa. Three sets of simulations were
obtained by transmitting the 5-MHz pulse at different
phases relative to the 100-kHz wave: (i) with the 5-MHz
pulse at the negative peak, (ii) at the positive peak and
(iii) in the equilibrium phase. The scattered ultrasound
wave was recorded at a distance of 50 mm from the
microbubble.

Very low frequency radial modulation imaging sequence

In experimental studies, a low-frequency ultrasound
transducer (BQLZR, Beijing, China) was driven at a fre-
quency of 100 kHz using a waveform generator
(AFG3021C, Tektronix, Beaverton, OR, USA) and
power amplifier (2200L, E&I, Rochester, NY, USA) to
provide the very low frequency modulation pulse. The
diameter of the transducer is 45 mm. While previous
studies on ultrafast radial modulation imaging have used
a bandpass filter to extract bubble signals to form high-
contrast images, the microbubble decorrelation arising
when the flow rate is too high relative to the frame rate
may decrease the CTR (Muleki-Seya et al. 2019). A high
frame rate avoids decrease in the CTR; however, the
frame rate of ultrafast acquisition is constrained by both
the number of transmits per frame (i.e.,, for coherent
plane wave compounding) and the detection states of
oscillating microbubbles. While previous studies with
high-frame-rate radial modulation indicate that at least
three detection states during each oscillation cycle are
needed to provide sufficient contrast (Muleki-
Seya et al. 2019), maintaining a high frame rate requires
a high pulse repetition frequency (PRF) and a limited
number of transmits per frame, which is sufficient only
for imaging shallow targets (Muleki-Seya et al. 2019).
For imaging deeper targets, a greater number of transmit
events would be required to retain the signal-to-noise
ratio (SNR). Therefore, to retain a large number of trans-
mit events without compromising high imaging frame
rate, we propose unlocking the frame rate constraint
from the microbubble oscillation state by manipulating
the pulse repetition frequency, which is described in
greater detail below.

A programmable ultrasound scanner (Vantage 256,
Verasonics, Kirkland, WA, USA) was used to image
microbubbles at a frequency <5 MHz. To improve the
SNR, five successive plane wave transmits were used in
each frame to acquire five sets of beamformed in-phase
quadrature (IQ) data. The IQ data were then formed into
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an image of microbubbles at a specific oscillation state.
To ensure that the modulated microbubbles at each point
in the field of view were imaged at the same phase across
five plane wave transmits, no steered (tilted) transmit
events were used in this study. Importantly, imaging
pulses were transmitted at varying pulse repetition inter-
vals. Specifically, for the first through fourth transmit/
acquisition events, the interval between each subsequent
event was 200 us, and the time delay between the fifth
transmit event and the start of the next frame was 201 us
(Fig. la). As the microbubble was modulated at a fre-
quency of 100 kHz, non-tilted plane wave transmits with
200-us intervals ensured the microbubbles were sampled
at the same state of the oscillation across five transmit/
acquisition events. With the additional 1-us delay
between frames, the microbubbles driven at 100 kHz
were imaged at 10 successive oscillation states (Fig. 1a)
for every 10 successive images. The final imaging frame
rate was approximately 1000 frames/s (i.e.,, 1/[5 x 200
us]). On the basis of previous studies (Muleki-
Seya et al. 2019), imaging contrast increases when the
number of states increases, which could be because using
more microbubble modulation states provided more
information. However, the maximum number of imaging
states that can be achieved in our study is 10 because the
resolution of the time delay between frames is 1 us for
our system (Verasonics). As the echogenicity of tissue is
assumed to be independent of the 100-kHz ultrasound
wave, the resulting image will only exhibit variation in
the echogenicity of microbubbles caused by the 100-kHz
modulation wave.

In this study, two different processing strategies
were used to isolate the microbubble signal from the tis-
sue signal and generate the radial modulation images
from the data acquired using the described sequence.
The first processing method was implemented in the fre-
quency domain and applied to the beamformed data in
the slow time direction. The received 1Q data were
coherently summed, and a fast Fourier transform was
implemented along the slow time direction for each pixel
in the image. Then the mean amplitude of the signal
within the frequency band centered at a normalized modu-
lation frequency of 0.1 (from 0.08 to 0.12) was calculated
at each pixel to form the final radial modulation image. It
should be noted that the method is implemented efficiently
in the frequency domain rather than using time-domain
bandpass filtering, which is different from the method
used in a previous study of high-frame-rate radial modula-
tion imaging (Muleki-Seya et al. 2019). Images obtained
using the frequency domain radial modulation imaging
approach are denoted as F-RMI.

The second processing method is based on singular
value decomposition (SVD) filtering (Demené
et al. 2015) and was applied to the same data acquired
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Fig. 1. Imaging sequence (a) and experimental setups for (b) 100 kHz + 5 MHz imaging experiment and (c) 100
kHz + 2 MHz transcranial imaging experiment.

using the described sequence. The five received sets of
IQ data, corresponding to five successive plane wave
acquisitions, were each filtered using an SVD filter to
suppress the tissue background signal. It should be noted
that each of the five sets contained 50 frames in this
study, which means that the input of the SVD filter was
50 frames. Next, the filtered five sets of 1Q data were
separated into two different groups—one containing
acquisitions 1, 3 and 5, and the other containing acquisi-
tions 2 and 4—and coherently summed within each
group. The final image was obtained by calculating the
square root of the correlation between the two groups of
data. Images obtained using the SVD filtering radial mod-
ulation imaging approach are denoted as S-RMI. This cor-
relation-based processing method has exhibited high
contrast in Doppler imaging (Huang et al. 2021) and rep-
resents an alternative to the lock-in amplifier approach
used for ultrafast radial modulation imaging (Muleki-
Seya et al. 2019). Fifty frames of images were used for
both F-RMI and S-RMI processing in this study.

Contrast agents and tissue-mimicking phantom

The microbubbles used in the present study were
synthesized in-house according to the protocol previ-
ously described (Shelton et al. 2016;
Lindsey et al. 2017b). Lipid solution was prepared using

a 9:1 molar ratio of 1,2-distearoyl-sn-glycero-3-phos-
phocholine (DSPC) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-methoxy(polyethylene glycol)-
2000 (DSPE-PEG2000) (Avanti Polar Lipids, Alabaster,
AL, USA) in a solution containing propylene glycol
15% (v/v), glycerol 5% (v/v) and phosphate-buffered
saline (PBS) 80% (v/v). After degassing of the lipid solu-
tion in 3-mL glass vials, the headspace of the vial was
filled with octafluoropropane gas. Microbubbles were
formed by agitation using a Vialmix device (Lantheus
Medical Imaging, North Billerica, MA, USA). The
microbubble concentration, which was obtained using a
Multisizer 4 equipped with a 20-um aperture, was 4.8
x 10® microbubbles/mL. The mode size of the microbub-
ble based on volume concentration was 1.2 pum.

A tissue-mimicking phantom was fabricated using
gelatin (0.06 g/mL), glutaraldehyde (1.2% v/v) and water
(93.8% v/v). Graphite powder (0.06 g/mL) was added to
the phantom to produce acoustic scattering. The attenua-
tion coefficient of the phantom was approximately
2.8 dB/cm at 5 MHz.

Experimental setup

Feasibility of very low frequency radial modulation
imaging. To determine the feasibility of modulating and
detecting microbubbles using the proposed strategy with
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a 100-kHz wave and an imaging pulse in the low-mega-
hertz range, an experiment was performed with the 100-
kHz transducer placed outside of a plastic container
(Fig. 1b). This container was filled with microbubbles
diluted by a factor of 30,000 (1.6 x 10* microbubbles/
mL). A linear array transducer (L11-5, ATL, Bothell,
WA, USA) was placed above the phantom. One-cycle,
5-MHz pulses were transmitted for imaging. Ultrasound
images were not saved until the motion of microbubbles
was minimal, although not fully stationary. One hundred
fifty frames of compounded images were acquired at
approximately 1000 frames/s in the presence of 100-kHz
continuous wave modulation.

Next, the imaging performance of the 100
kHz + 5 MHz imaging strategy was evaluated in a tis-
sue-mimicking phantom with a 4-mm-diameter channel.
The microbubbles from the vial were diluted by a factor
0f 20,000 (2.4 x 10* microbubbles/mL) and infused into
the phantom channel. The acoustic pressure of the imag-
ing pulse was 74 kPa at a depth of 20 mm. In addition to
the case without using 100-kHz ultrasound, five different
voltage levels were used to drive the 100-kHz transducer
for modulation during imaging. A low-frequency hydro-
phone (TC 4038, RESON, Camarillo, CA, USA) with a
linear receiving response from 100 to 500 kHz was used
to measure the acoustic output of the 100-kHz transducer
at different acoustic levels. To prevent any damage to the
hydrophone, the highest two pressure levels were
obtained by linearly extrapolating the low acoustic meas-
urements. Based on the acoustic measurements and
attenuation of the phantom, the negative acoustic pres-
sures of the 100-kHz wave were estimated to be 8, 16,
30, 61 and 121 kPa.

An ensemble of 50 frames was acquired, which
would allow real-time imaging at approximately 20 fram-
es/s. For each pressure level, five sets of data were
acquired. To simulate the slowest moving microbubbles
perfusing capillaries, there was a 30-s pause after the
infusion was stopped to minimize the motion of micro-
bubbles in the phantom channel before each data acquisi-
tion. To produce S-RMI images, the first, largest singular
value was discarded to filter out tissue background.

As indicated in previous studies, radial modulation
image quality degrades because of the presence of arti-
facts when the high-frequency signal is generated by
microbubbles excited at low frequency and coupled into
the bandwidth of the imaging transducer
(Chérin et al. 2008). These high-frequency artifacts,
which could be harmonics or broadband signal generated
from either stable or inertial cavitation, should be
avoided. In this study, to isolate and monitor the high-
frequency artifacts generated by 100-kHz ultrasound,
five sets of ultrasound data were acquired for each low-
frequency ultrasound pressure level without transmission
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of 5-MHz imaging pulses. The average signal magnitude
of all pixels in the field of view was obtained. The
receiving bandwidth was from approximately 4 to
10 MHz. In addition, to analyze the cavitation at each
pressure level of 100-kHz ultrasound, a 5-MHz single-
element piston transducer (V309, Panametrics, Waltham,
MA, USA) was used to passively receive acoustic sig-
nals for 4 ms at a sampling frequency of 100 MHz
(PDA14, Signatec, Newport Beach, CA, USA). The
acquisition was repeated 20 times at each pressure level.
The power spectrum was obtained using fast Fourier
transform. As the duration of the passive acquisition (4
ms) was much longer than the acquisition obtained by
the Verasonics system, the frequency resolution (250
Hz) was sufficient to identify the harmonics (e.g., 200
kHz) and ultraharmonics (e.g., 150 kHz) of microbub-
bles modulated at 100 kHz.

In addition, the described RMI approaches were
also compared with a non-linear microbubble-specific
imaging technique, amplitude modulation pulse inver-
sion (AMPI) (Phillips 2001; Eckersley et al. 2005).
AMPI is a widely used contrast pulse sequence (CPS)
(Phillips 2001, Whittingham 2005). AMPI provides
higher CTRs than the pulse inversion (PI) because of the
additional modulation of the pulse amplitude. Seventeen
steered transmit events at varying angles (—10° to 10°)
were used to produce each frame for AMPI imaging, as
in previous studies (Jing et al. 2020a, 2020b). Three 4.5-
MHz pulses (one full-amplitude pulse and two inverted
half-amplitude pulses) were transmitted at each angle.
The two half-amplitude pulses were transmitted using
only even or odd elements, respectively. The received
radiofrequency data sampled at 31.25 MHz were
summed for each angle before being reconstructed into
beamformed IQ data. Before data acquisition, the trans-
mit amplitude was optimized to produce the highest con-
trast while avoiding microbubble destruction. The in situ
pressure of the full-amplitude transmitted pulse was esti-
mated to be 41 kPa based on acoustic measurements and
phantom attenuation.

Evaluation of very low frequency radial modulation
imaging performance in the presence of motion. Physio-
logical tissue motion, such as respiratory motion, may
induce a Doppler shift in slow time and result in promi-
nent tissue artifacts in contrast-specific imaging techni-
ques. Therefore, the performance of the proposed low-
frequency radial modulation imaging strategy in the
presence of motion was also assessed. Respiratory
motion is often seen when imaging abdominal tissues
such as the liver and kidney (Averkiou et al. 2010;
Mule et al. 2011; Wang et al. 2019); thus, motion similar
to respiratory motion was induced at high and low veloc-
ities (1 and 10 mm/s) (Seppenwoolde et al. 2002) by
attaching the transducer to a computer-controlled motion
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stage (XPS-Q8, Newport, Irvine, CA, USA). The motion
was in the axial direction (i.e., along the beam). Both F-
RMI and S-RMI processing approaches were applied to
the acquired imaging data, and resulting CTR values
were compared. The total displacement of the transducer
array during imaging was approximately 0.05 mm at
1 mm/s and 0.5 mm at 10 mm/s. The F-RMI image was
obtained using the frequency domain processing method
described above, while S-RMI images described in the
Results represent the optimal singular value cutoff yield-
ing the maximum CTR for each data set.

Transcranial imaging

In addition to imaging in the presence of physiolog-
ical motion, imaging at high penetration depths or high
attenuation is also a challenge for contrast-enhanced
ultrasound, with transcranial assessment of brain perfu-
sion through the intact adult cranial bone representing a
particularly challenging application. To test imaging per-
formance in this highly attenuating scenario, a custom
transcranial imaging phantom was designed, as illus-
trated in Figure lc. To achieve better penetration for this
application, a P4-1 transducer array (ATL) was used to
transmit imaging pulses at 2 MHz. An ex vivo human
temporal bone with a thickness of approximately 3 mm
was placed between the P4-1 array and the phantom. A
6-mm-thick ex vivo parietal bone was placed between
the 100-kHz transducer and the phantom. Images were
processed using the S-RMI technique, with the largest
singular value being discarded to suppress the signal of
the tissue background. All skull samples used in this
work were purchased from Skulls Unlimited Interna-
tional Inc. (Oklahoma City, OK, USA), a supplier of
skulls for researchers; thus, no identifying information
was collected and no institutional review board (IRB)
approval was required. Transcranial AMPI images were
also acquired. Images were obtained using steered trans-
mit events at 17 angles (—10° to 10°). At each angle,
three one-cycle pulses (one full-amplitude pulse and two
inverted half-amplitude pulses) at a center frequency of
1.5 MHz were transmitted using a P4-1 array.

Statistical analysis

To quantify the performance of this microbubble-
specific imaging method, the CTR was quantified
according to the equation CTR = 20 X logio (SMicrobub-
ble/STissue)- SMicrobubble 1S the mean signal magnitude of
microbubbles, and Stigse 1S the signal magnitude of the
tissue-mimicking phantom background. CTR has been
widely used in previous studies of contrast-enhanced
ultrasound imaging techniques (Desailly et al. 2017;
Gong et al. 2018). As off-axis artifacts are present at the
same depth as the microbubbles because of unfocused
transmit events, during CTR quantification, we measured

the tissue signal at locations that were slightly different
from the depth of microbubbles to minimize the bias of
the measurement. To compensate for variation in signal
magnitude caused by the attenuation and variation of the
receiving beamforming aperture, we intentionally mea-
sured the tissue signal at both shallower and deeper loca-
tions relative to the region of microbubbles and averaged
these measurements. In this study, five independent sets
of data were acquired for each condition and each imag-
ing technique. The differences in decibel-scaled signal
magnitude and CTR between different pressure levels
were tested using a non-parametric method, the Krus-
kal—Wallis test. The comparison between two cases
among multiple cases was carried out using Tukey’s
honestly significant difference procedure. The difference
between two different processing methods, F-RMI and
S-RMI, was tested using the Mann—Whitney U-test. The
difference was considered significant when the p value
was less than 0.05.

RESULTS

Numerical simulations

The 100 kHz + 5 MHz transmits (Fig. 2a) induced
high-frequency oscillation superimposed on the 100-kHz
oscillation (Fig. 2b). The scattered wave is illustrated in
Figure 2c¢ for the three simulated conditions in Figure 2a.
Specifically, the positive amplitude of the scattered 5-
MHz wave reached the maximum value (6.31 Pa) when
the 5-MHz pulse was transmitted at the positive pressure
peak of the 100-kHz wave. The lowest amplitude (5.04
Pa) of the scattered wave was seen when the 5-MHz
pulse was transmitted at the negative pressure peak of
the 100-kHz wave. Overall, the peak negative amplitude
of the scattered high-frequency wave was modulated by
the 100 kHz wave when the high-frequency pulse was
transmitted at different phases of the 100-kHz ultra-
sound. This variation in microbubble response and scat-
tered pressure waves suggests that 100-kHz modulation
may be feasible for imaging.

Ultrasound detection of radially modulated
microbubbles

Figure 3a is an image of microbubbles in water with
100-kHz modulation. After the low-frequency compo-
nent in the IQ data along the slow time direction is fil-
tered out, multiple angled stripes can be seen in the
images (Fig. 3b), illustrating the signal magnitude of the
microbubbles varying sinusoidally (Fig. 3c). The power
spectrum (Fig. 3d) of the signal in slow time exhibits a
peak at a normalized frequency of 0.1, which indicates
that the microbubbles can be modulated and the resulting
signal can be detected using the 100 kHz + 5 MHz radial
modulation technique.
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Fig. 2. Numerical simulation of dual-frequency excitation of microbubbles. (a) Dual-frequency transmitted pressure,

with the arrows indicating the location of the 5-MHz pulse. The 5-MHz pulse was transmitted at the positive peak (top

row), negative peak (middle row) and equilibrium phase (bottom row) of the 100-kHz ultrasound wave. (b) Radius of
the oscillating microbubble. (c) Scattered pressure with the peak positive amplitude indicated for each condition in (a).

Figure 4a is a B-mode image of the tissue-mimick-
ing phantom with microbubbles. Fifty frames of images
were acquired for analysis. The signal of the microbub-
bles in the phantom channel is shown in the frequency
domain (Fig. 4b). When there is no 100-kHz wave, the
low-frequency component dominates the spectrum.
When 100-kHz ultrasound is applied, a peak can be seen
at the normalized frequency of 0.1, while another peak
at the second harmonic was also seen. The signal magni-
tude at 0.1 was significantly higher in the presence of
100-kHz ultrasound than that without the 100-kHz ultra-
sound (Fig. 4c; Mann—Whitney U-test, p < 0.05). The
magnitude of the signal at a normalized frequency of 0.1
increases with increasing 100-kHz acoustic pressure,
although the difference is not significant.

When analyzing the amplitude of the passive cavi-
tation detection (PCD) signal under 100 kHz excitation,
the signal magnitude is not significantly higher at a pres-
sure of 8 to 61 kPa than that without 100 kHz ultrasound
(Fig. 4f). The significant increase in passive cavitation
detection signal magnitude at the highest pressure level
(121 kPa) indicates a significantly high frequency signal
generated by the 100-kHz ultrasound alone. It should be
noted that the PCD signal amplitude in Figure 4f is dif-
ferent from that in Figure 4c, which is the amplitude of
pulse-echo signal at a normalized frequency of 0.1 in
slow time. The tissue background signal is illustrated in
Figure 4d and e. The tissue signal in the presence of 100-
kHz ultrasound is not significantly different from that
without 100-kHz ultrasound. These results indicate a

significant difference between the phantom and the
microbubble in response to the low-frequency modula-
tion.

Harmonics (200 kHz) can be detected at all pressure
levels, while the ultraharmonic cavitation signal is
detected only at the highest pressure (121 kPa) in the
power spectrum of the signal passively received by the
piston transducer (Fig. 4g). The average harmonic power
at 200 kHz increased from —122 to—65 dB with the
increase in 100-kHz pressure (Fig. 4h). The average
ultraharmonic power (i.e., 150 kHz) at 121 kPa is
—100 dB, which is significantly higher than that at lower
pressure levels. There is no significant difference in the
ultraharmonic power between signals obtained at 8, 16,
30 and 61 kPa and the signal obtained without 100-kHz
ultrasound (Fig. 4i). It should be noted that the signal
received from the piston transducer (Fig. 4g) is on a dif-
ferent scale than that of the PCD signal received using
Verasonics (Fig. 4f).

Contrast-enhanced ultrasound imaging

In Figure 5 are F-RMI images obtained at different
pressure levels. The signal magnitude of the microbub-
bles increases as the 100-kHz ultrasound increases, while
the tissue background is mostly suppressed compared
with the B-mode image in Figure 4a. At the highest pres-
sure level, strong artifacts are visible near the phantom
channel (Fig. 5f). Based on the PCD results in Figure 4f,
the artifacts could be caused by the high-frequency
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trum of the signal in (c). The white rectangle in (a) indicates the region where the bubble signal in (c) and (d) is
extracted.

signal generated by 100-kHz-modulated microbubbles
and coupled to the imaging array.

Contrast-to-tissue ratio measurements of the F-RMI
indicate an increase in contrast (Fig. 5g) with increasing
100-kHz acoustic pressure. The statistical test indicates
that the CTR at pressure levels of 30 and 61 kPa is sig-
nificantly higher than that without 100-kHz ultrasound.
Overall, the frequency domain processing method produ-
ces high-contrast images of microbubbles in a stationary
phantom.

Figure 6 contains S-RMI and AMPI images. The
CTR of S-RMI images was higher than the CTR of F-
RMI images at each pressure level (Fig. 6g). In addition,
although the transmit amplitude of AMPI images was
optimized before data acquisition, the CTR of AMPI
images is lower than that of S-RMI images (Fig. 6g).

Imaging in the presence of tissue motion

Figure 7 includes both F-RMI and S-RMI images
obtained in the presence of 1 mm/s motion. The CTR of
F-RMI is approximately 0 dB (Fig. 7f), indicating failure
to suppress tissue background. Applying the S-RMI

strategy with introduced motion of 1 mm/s yields CTR
values up to 18 dB (Fig. 71), although the CTRs are
lower than those without tissue motion.

Images obtained in the presence of 10 mm/s motion
are provided in Figure 8. The performance of the S-RMI
approach (Fig. 81) still is better than that of F-RMI
(Fig. 8f). The CTR when S-RMI processing is applied is
approximately 10 dB in the case without 100-kHz ultra-
sound and the lowest pressure level (8 kPa), with the tis-
sue background still visible after SVD filtering. The
CTR of S-RMI increases when the pressure level
increases from 8 to 30 kPa (Figs. 71 and 81). However,
the CTR does not increase when the pressure reaches the
highest level (61 kPa). In addition, S-RMI in the pres-
ence of tissue motion provided even higher CTRs than
AMPI without tissue motion.

Transcranial imaging

The average negative pressure of the continuous
100-kHz ultrasound was 18 kPa in the presence of the
parietal bone and tissue-mimicking phantom. According
to the free field measurement using a needle hydrophone
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was approximately 0.17 MPa. The phantom channel
filled with microbubbles was visible in the transcranial
AMPI image (Fig. 9a). The measured CTR of AMPI was
between 11.1 and 12.2 dB. In the S-RMI image
(Fig. 9b), the tissue background, especially the signal at
a depth of 5 to 25 mm, is suppressed after SVD filtering.
The contrast of the phantom channel is enhanced in the
S-RMI image, despite the reduced imaging resolution
caused by the aberration, attenuation and reverberation
in the presence of the cranial bone. The CTR values vary
from 17.9 to 23.1 dB, with a mean CTR of 20.3 dB.

Effect of microbubble concentration

In this study, we also investigated the imaging per-
formance at different microbubble concentrations. The
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CTR was measured at three different concentrations:
2.4 x 10%, 2.4 x 10" and 2.4 x 10°microbubbles/mL.
The peak negative pressure of the 100-kHz ultrasound
was 61 kPa. S-RMI images were generated via SVD fil-
tering as described in the Methods section. As illustrated
in Figure 10, there is no significant difference in CTR
between concentrations of 2.4 x 10° and 2.4 x 10*. The
CTR was significantly increased at the concentration of
2.4 x 10°.

DISCUSSION

As illustrated by the simulation, the variation in
scattered wave amplitude indicates that 100-kHz ultra-
sound can modulate the echogenicity of microbubbles.
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The 100-kHz wave induced very low-amplitude, low-
frequency oscillation of the microbubble (Fig. 2b),
which is consistent with previous studies of microbubble
oscillation at very low frequencies (Ilovitsh et al. 2018).
The scattered wave amplitude at 100 kHz, which is
barely discernible in Figure 2c, is much lower than the
amplitude of the scattered high-frequency wave. Even
with the low scattering at 100 kHz, the microbubble
oscillation is sufficiently altered by this low-frequency
wave to produce variation in response to the high-fre-
quency imaging pulse, thus providing the theoretical
basis for this low-frequency contrast-specific imaging
approach.

The experimental results of the variation in micro-
bubble echogenicity indicate that the modulation of
microbubbles at such a low frequency is feasible even
though 100 kHz is expected to be much lower than the
microbubble’s resonant frequency. In Figure 3b, the
angled stripes can be attributed to fact that the imaging
wavefront intersects with the 100-kHz modulation wave-
front at a 90° angle. Low-frequency oscillation was also
seen in optical images of microbubbles in previous stud-
ies using a 250-kHz ultrasound transducer
(Ilovitsh et al. 2018). Previously, dual-frequency acous-
tic cameras were used to measure the relative change in
diameter of microbubbles based on modulation of the
high-frequency (25—30 MHz) scattering amplitude with
low-frequency ultrasound (1—5.2 MHz) near the reso-
nant frequency; however, these frequencies are much
higher than those in our study, in which microbubbles
are modulated well below resonance
(Renaud et al. 2012, 2014). In another study, researchers
successfully used 50 kHz + 1 MHz dual-frequency ultra-
sound to measure the absolute diameter of bubbles at
several tens of micrometers (Fouan et al. 2015).
Although the absolute measurement of the changes of

the diameter of the microbubbles was not assessed
optically in our study, the periodic variation of the echo-
genicity at the modulation frequency indicates that the
scattering of the imaging pulse is modulated by the low-
frequency oscillation of the microbubble. Further inves-
tigation of the sensitivity of microbubbles of different
sizes for the proposed low-frequency imaging technique
could be performed using a high-speed camera.

As indicated by the presented RMI results, the dual-
frequency transmit approach at two lower frequencies
allows contrast-enhanced ultrasound imaging with
deeper penetration. This could expose microbubbles to
higher acoustic pressures than conventional single-fre-
quency transmit imaging techniques because of the pres-
ence of low-frequency ultrasound. Separately, the use of
very low frequency ultrasound results in an increased
mechanical index and reduced pressure threshold for
cavitation (Ilovitsh et al. 2018). In a recent study at
80 kHz, microbubbles are destroyed at peak negative
pressures of 120 kPa (Bismuth et al. 2021). Alterna-
tively, at 120 kHz, the broadband signal indicates the
occurrence of microbubble inertial cavitation at approxi-
mately 100 kPa (Gruber et al. 2014). These reports indi-
cate that low-frequency ultrasound could cause
microbubble destruction even at low pressures. For diag-
nostic imaging, inertial cavitation and potentially accom-
panying irreversible bio-effects should be avoided
(Ter Haar 2002, 2009). In our study, the mechanical
index at 100 kHz was 0.025, 0.05, 0.09 and 0.19 at pres-
sures of 8, 16, 30 and 61 kPa, respectively. The mechani-
cal index was below 0.3, which is the safety threshold
recommended in the previous study (Fouan et al. 2015).
However, further study is required to investigate these
safety considerations, as stable cavitation of microbub-
bles may only be possible within a narrow range of low
acoustic pressures at low frequencies (<1 MHz).

In our study, a single-element piston transducer
(V309) was also used as a passive receiver to monitor
the signal (harmonics and ultraharmonics) arising from
microbubbles excited by the 100-kHz ultrasound. The
ultraharmonics detected at 121 kPa (Fig. 41) indicate that
the threshold pressure of ultraharmonics is between 61
and 121 kPa, which is similar to the results from the pre-
vious study (Gruber et al. 2014). In this previous study,
Gruber et al. found that the ultraharmonic threshold for
Definity microbubbles at 120 kHz is approximately 100
kPa (200 kPa peak-to-peak pressure). These results also
indicate that the high-contrast images (Fig. 5) without
artifacts were obtained below the threshold of ultrahar-
monics at 100 kHz.

Tissue motion is ubiquitous and arises from respira-
tion, cardiac pulsation and movement of the transducer.
Thus, the microbubbles in capillaries are expected to
move with the tissue in the field of view during imaging.
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The F-RMI processing technique (Fig. 5) produced high-
contrast images of microbubbles in a stationary phantom.
However, the F-RMI results obtained in the presence of
simulated tissue motion indicate the frequency domain
processing method is not capable of separating the
microbubbles from surrounding tissue (Figs. 7 and 8).
The comparison indicates that the S-RMI processing
technique outperforms F-RMI in tissue signal suppres-
sion and contrast enhancement.

In the presence of tissue motion, the contrast of S-
RMI (Figs. 7 and 8) increases with increasing 100-kHz
pressure until 30 kPa. There is no significant improve-
ment in the CTR when the pressure is increased to 61
kPa, possibly because the variation in spatiotemporal
coherence induced by tissue motion reduces the benefit
from the further increase in low-frequency ultrasound
pressure. In this study, tissue motion was simulated only
along the axial direction. Nevertheless, given that SVD
filtering operates on differences in spatial coherence
between microbubbles and tissue, the contrast enhance-
ment of S-RMI is still expected to be valid for in vivo
imaging, when tissue motion could be more complex
and larger in magnitude relative to the constant axial
motion simulated in this study (Desailly et al. 2017).

The reason why we used only 50 frames is to main-
tain a final frame rate of approximately 20 frames/s
(~1000/50) for real-time imaging as described in the
Methods section. In addition, unlike the less echogenic
red blood cells in Huang et al. (2021), the echogenicity
of the microbubble already provides sufficient SNR to
enable separation of contrast agents and tissue back-
ground. However, it should also be noted that the image
contrast and sensitivity could be further increased by
increasing the number of frames used in SVD filtering
(at the expense of decreased frame rate), as the separa-
tion of tissue, microbubbles and noise is easier with
more frames.

The selection of the cutoff value of the SVD filter
affects image contrast; however, the cutoff value is not
predetermined or automatically computed for S-RMI
(Figs. 7 and 8) with tissue motion. As shown in a previ-
ous study of ultrafast Doppler imaging, the selection of
optimal cutoff value is affected by the spatial —temporal
statistics of the tissue and blood/microbubble signals
(Demené et al. 2015). In this study, the presence of the
low-frequency ultrasound is an additional factor that
changes the spatiotemporal statistics of the signal.
Development of an automated method for estimation of
the optimal cutoff value is needed based on data acquired
in different in vivo imaging scenarios.

In this study, the main purpose was to develop strat-
egies for imaging targeted microbubbles (molecular
imaging) or the slowest flowing microbubbles. There-
fore, the effect of flow was not quantified in this study.
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However, it should be noted that the performance of F-
RMI is expected to be affected by the flow because the
spectrum of the slow-time signal will be altered by the
flow. On the other hand, the performance of S-RMI
could be enhanced in the presence of flow because of the
capability of the SVD filter to separate the microbubbles
from the tissue based on the spatial—temporal statistical
coherence.

Results in a transcranial imaging phantom (Fig. 9)
indicate it is feasible to use a 100 kHz + 2 MHz transmit
strategy for transcranial imaging through the highly
attenuating cranial bone. Even with reduced microbub-
ble modulation far below resonance, 100-kHz low-fre-
quency ultrasound not only provides sufficient
penetration through the skull but also enables sufficient
separation between the modulation frequency and imag-
ing frequency so that high-CTR images can be obtained.
However, there is a sharp increase in signal magnitude at
the depth in the phantom where the channel is located
and additional echogenic regions near the channel
(Fig. 9b). These signals outside the phantom channel
appear to be correlated with the signal in the phantom
channel, which indicates that these signals may be attrib-
uted to the sidelobes arising from the single-angle plane
wave transmit events or the aberration and the multiple
reflections of bubble signals induced by the cranial bone.
Moreover, in this study, transcranial imaging was tested
using 2-MHz imaging pulses. Penetration depth would
be increased by further reducing the imaging frequency
to 1 MHz or lower as long as the higher-order harmonics
induced by 100-kHz ultrasound are not coupled to the
imaging bandwidth. The further decrease in imaging fre-
quency could benefit high-contrast transcranial imaging
through the thick cranial bone beyond the temporal bone
window (Lindsey et al. 2013).

A limitation of this study is that the 100-kHz trans-
ducer was placed perpendicular to the imaging array,
which is likely not feasible for in vivo imaging. How-
ever, in the transcranial imaging experiment, imaging
was demonstrated with the 100-kHz transducer posi-
tioned to transmit through a thicker, more attenuating
part of the skull, which is a realistic representation of the
required in vivo imaging scenario with two transducers.
In addition, unlike previous dual-frequency ultrasound
transducers (Bouakaz et al. 2002a; Gessner et al. 2010;
Guiroy et al. 2013; Li et al. 2018; Lindsey et al. 2017a),
the 100-kHz ultrasound used in the presented approach,
RMI, is much lower in frequency. Additional optimiza-
tion of the radiation beam profile would be needed given
the near-field perturbation of pressure and safety con-
cerns related to the inertial cavitation threshold at such a
low frequency.

Moreover, compared with the previous study of
ultrafast radial modulation imaging techniques (Muleki-
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Seya et al. 2019), the low-frequency (100 kHz) radial
modulation imaging technique offers several advantages.
First, the ultrasound frequency used to modulate and
detect microbubbles is significantly lower, which enables
high-contrast imaging for clinical scenarios involving
deep targets and unfavorable imaging windows in some
patients, such as the liver and brain. Furthermore,
because the frame rate of the presented RMI technique is
no longer constrained by the number of oscillation states
of modulated microbubbles, an increased number of
imaging transmit events at a lower PRF can be used for
imaging targets with increased depth. Real-time (~20
frames/s) contrast-enhanced imaging is achievable by
using short ensembles (i.e., 50 frames). Finally, high-
contrast imaging in the presence of tissue motion has
been determined to be feasible by using singular value
decomposition filtering.

CONCLUSIONS

The feasibility of modulating microbubble echoge-
nicity using very low frequency (100 kHz) ultrasound
has been determined. This very low frequency radial
modulation imaging strategy could be used for real-time,
high-penetration-depth  contrast-enhanced ultrasound
imaging, especially in the presence of tissue motion. In
addition, this imaging strategy could be used in transcra-
nial imaging. The novel contrast-enhanced ultrasound
imaging strategy developed could also be beneficial in
abdominal applications such as liver perfusion imaging,
in which high penetration depth is required and image
quality can be highly patient specific.
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