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Abstract

Plane-wave ultrasound contrast imaging offers faster, less destructive means for imaging
microbubbles compared to traditional ultrasound imaging. Despite many of the most acoustically
responsive microbubbles having resonant frequencies in the lower MHz range, higher frequencies
(>3 MHz) have typically been employed to achieve high spatial resolution. In this work we
implement and optimize low-frequency (1.5-4 MHz) plane-wave pulse inversion imaging on a
commercial, phased-array imaging transducer /n vitro and demonstrate its use /77 vivo by imaging a
mouse xenograft model. We found that the 1.8 MHz contrast signal was ~4 times that acquired at
3.1 MHz on matched probes and 9 times greater than echoes received on a higher frequency probe.
Low frequency imaging was also much more resilient to motion. /n7 vivo, we could identify sub-
mm vasculature inside a xenograft tumor model and easily assess microbubble half-life. Our
results indicate that low frequency imaging can provide better signal to noise due to generating
stronger non-linear responses. Combined with high-speed plane-wave imaging, this method could
open the door to super-resolution imaging at depth, while high power pulses could be used for
image-guided therapeutics.
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Introduction

Plane-wave ultrasound (US) imaging is becoming increasingly common due to
improvements in computational power and availability of programmable ultrasound systems,
opening new doors in US imaging and therapeutics. In conventional US imaging, select
elements are activated to generate a focused beam (scan line), which is then steered across
the imaging plane, acquiring data at each location in a line-by-line manner. The full image is
then reconstructed from the entire series of acquisitions. In plane-wave imaging (as well as
diverging wave), all elements are recruited to produce a coherent plane-wave, illuminating
the entire imaging field, and the echoes are detected and parallel beamformed by all
elements (Montaldo et al. 2009). Whereas conventional imaging can take up to hundreds of
acquisitions to generate a single image, limiting the frame rate to tens of hertz, plane-wave
imaging can produce an image from a single acquisition, allowing for frame rates in the kHz
range (Couture et al. 2009). Plane-wave imaging (as well as diverging-wave imaging) has
been implemented in applications with high temporal resolution demands such as
echocardiography (Hasegawa and Kanai 2011; Papadacci et al. 2014). The unfocused plane-
wave generates fewer pulses and lower peak-negative pressures (PNP), making it well suited
for contrast imaging, since reduced PNP minimizes microbubble (MB) disruption (Couture
etal. 2012).

Microbubbles are echogenic gas-filled vesicles of 1-10 microns clinically approved for
enhancing endocardial borders (Crouse et al. 1993) increasingly explored and translated for
improving cancer diagnosis via perfusion estimations (Kasoji et al. 2016) or targeted
imaging (Willmann et al. 2017). Upon insonation, MBs produce unique backscatter echoes
that consist of the fundamental frequency as well as harmonic and sub-harmonic
frequencies, which allows the MB signal to be isolated from tissue signal (De Jong et al.
1994). Pulse inversion (PI) is a selective contrast imaging technique that exploits the
difference in MB compression and rarefaction (Simpson et al. 1999). When a dominantly
linear responder, such as tissue is insonified with a pulse pair of inverse polarity, the
resulting echoes will be of inverse reflections to each other, and summing these two echoes
will cancel each other out, resulting in no signal. When a non-linear responder, such as a
MB is insonified with inverted pulses, the resulting echoes will not be perfect inverse
reflections to each other, and the sum of these echoes will result in a non-zero signal
(contrast image).

Combining plane-/diverging-wave and contrast imaging is a logical next step, and has been
implemented into various methods including Contrast Pulse Sequence (Couture et al. 2012),
pulse inversion (Couture et al. 2012; Leow et al. 2015; Toulemonde et al. 2015) and
amplitude modulation (Tremblay-Darveau et al. 2016; Viti et al. 2016). Plane-wave imaging
suffers from reduced lateral resolution as compared to line-by-line acquisition, but this can
be ameliorated with coherent image compounding (Montaldo et al. 2009). As image
resolution is closely tied to the transmit frequency, many of the plane-wave contrast pulses
tested thus far operate at higher frequencies (>3 MHz). However, imaging penetration depth
decreases with increasing frequency, and the higher frequency imaging does not fully
leverage the harmonic content of the most acoustically active MBs, which is one of the
MB'’s strongest mechanisms for contrast. MBs exhibit a size- and stiffness-dependent
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resonance frequency, where US back scatter is maximized (De Jong et al. 2002; Medwin
1977), and experimental work by Gorce et. al shows that for SonoVue, MBs of 3-9 um,
despite accounting for only 20% of the MB population, are responsible for 80% of the
acoustic efficiency, with the overall attenuation coefficient peaking at 1.5-2 MHz (Gorce et
al. 2000). Toulemonde et al recently successfully implemented ultra-fast diverging wave
contrast echocardiography using low-frequency (1.5 MHz) pulse-inversion /n vivoin a goat
(Toulemonde et al. 2017). By imaging at frequencies closer to the resonant frequency of the
most acoustically active MBs, a low frequency plane wave contrast imaging method may be
a useful tool for its ability to image MBs with higher contrast and at greater depths.

In this study we implemented plane-wave pulse-inversion imaging on a programmable US
imaging platform using a commercial, low frequency, phased array transducer (P4-1).
Contrast images were acquired and optimized /n vitro over transmit-frequencies of 1.6-4
MHz, where we found low frequency (<2 MHz) to be optimal. We compare contrast images
acquired with transducers of different central frequency to show that the enhancement is not
solely due to bandwidth limitation. We demonstrate the capability of the low-frequency
pulse sequence by characterizing MB half-life and assessing tumor vasculature /n vivo. Our
study is the first to optimize pulse inversion at a low frequency (<2 MHz) for plane-wave
imaging and apply the optimized parameters to an /7 vivo cancer model. We also contribute
our optimized code for pulse inversion imaging for other researchers to utilize
(Supplementary File 1).

Materials and methods

Flash-angle pulse inversion (FAPI) contrast imaging

Plane-wave pulse-inversion (PI) imaging was programmed on the Vantage system
(Verasonics, Kirkland, WA, USA) using MATLAB (MathWorks, Naticks, MA, USA) for the
P4-1 and L7-4 imaging probe (Philips, Amsterdam, NLD). We implemented PI in favor of
amplitude modulation schemes due to the msec-scale delay required to change pulse
amplitude while still using all elements to maintain a consistent beam. Flash-angle (FA), a
multi-angle plane-wave imaging sequence available on the Vantage system, was modified to
perform pulse-inversion (FAPI). In FA imaging an image is reconstructed from the sum of
echoes from multiple delay-modulated plane waves directed at various angles (-30 to 30
degrees). In the case of FAPI, a positive and negative pulse is collected at each angle,
summed, and reconstructed. Images were reconstructed using the \erasonics native code for
multi-angle plane-wave imaging, after acquisition that includes an 11-tap FIR low pass filter
and a 21-tap FIR band pass filter. Transmit frequency (Tx), peak negative pressure (PNP),
compounding angle numbers (Na) and pulse cycle duration in cycles (N) for the P4-1 were
experimentally optimized on an /in vitro flow phantom described below. An inter-pulse time
of 200 ps was chosen to minimize artifacts due to motion, while also allowing time for
sound waves from previous pulses to attenuate. Images were acquired at a sampling
frequency of 25 MHz.
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flow phantom characterization

FAPI parameters were optimized /n vitro by flowing MBs through a tissue mimicking flow
phantom and acquiring contrast images, in the manner illustrated in Figure 1A. Contrast-
and phantom-signal were characterized by drawing regions of interests (ROI) over the area
of MB flow and area directly adjacent (Figure 1B), and their respective mean pixel intensity
were calculated. Image analysis was carried out on images that underwent the Verasonics
standard square-root compression. Contrast to tissue ratio (CTR) was calculated by dividing
the mean pixel intensity of the contrast signal ROI over the mean pixel intensity of the
phantom ROI.

Flash angle and FAPI images of the /n vitro flow phantom were acquired and optimized for
transmit frequency (1.64 - 3.90 MHz, with and without the addition of motion noise),
pressure (PNP of 23-164 kPa), number of plane wave angles compounded (Na = 1-25
angles), and pulse length (N = 1 or 2 cycles). The flow phantom comprised of an elastic
rubber tube with 3 mm inner diameter encased in a tissue-mimicking graphite phantom (0.6
dB/cm/MHz) consisting of 3% (g/ml) silicon carbide (400 grit, Beta Diamond Products,
Anaheim, CA, USA), 1.5% agarose (g/ml) and 10% (ml/ml) n-propanol (Fisher Scientific,
Pittsburgh, PA, USA) in deionized water. The tube was embedded ~ 1 cm beneath the
graphite phantom surface, with attenuation expected to be ~ 1 dB at 1.8MHz Tx. MBs were
flowed through the flow phantom at a mean flow velocity of 6 cm/s at 0.02% (v/v) (20 ul
MB in 100 ml water). Imaging depth was fixed at 22.5 mm. Motion noise was added by
imaging the flow phantom atop a vibration source (Welch 2561B-50, Gardner Denver,
Sheboygan, WI, USA)

In vitro flow phantom contrast images were also acquired using focus-beam pulse inversion
imaging using the P4-1 and FAPI on the L7-4, and compared with P4-1 FAPI images. For
focus-beam contrast imaging, the Verasonic’s native focus-beam P1 (WBHI: wide-beam
harmonic imaging) code, with 48 multi-line acquisitions, was employed. The L7-4 was
operated at 3.9 MHz, 120 and 530 kPa PNP, Na = 7, N = 1, with and without vibration to
compare FAPI performance of a transducer operating at higher frequencies but in
comparable bandwidth region.

Transducer output characterization

The P4-1 and L7-4 pressure output of a single plane-wave was measured in a water bath
using a hydrophone (HNC-0200, Onda, Sunnyvale, CA, USA) and oscilloscope (DS1102E,
Rigol, Beaverton, OR, USA) at a distance of 22.5 mm from the transducer surface. The PNP
for the P4-1 and L7-4 were recorded for transmit frequencies between 1.56 and 4.46 MHz,
and 3.13 and 8.93 MHz, respectively.

Microbubbles (MB)

MBs were synthesized in-house using methods described in (Borden et al. 2005), with 90
mol% 1,2-distearoyl-srn-glycero-3-phosphocholine (DSPC) and 10 mol% 1,2-distearoyl-sr+-
glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG2000)
for a final concentration of 2.5 mg/ml in buffer solution (80% 0.9% NaCl, 10% Propylene
Glycol (1,2 Propanediol), and 10% Glycerol). MB solution headspace was filled with C4F1g
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and agitated with a VialMix (DuPont, Wilmington, DE, USA) for 45 seconds to form MBs.
DSPC and DSPE- PEG2000 were purchased from Avanti (Alabaster, AL, USA), and C4F1g
was purchased from FluoroMed (Round Rock, TN, USA). MBs were sized using the
Multisizer 3 Coulter counter (Beckman Coulter, Brea, CA, USA) and the mean diameter was
21+1.4pm.

MB radiofrequency (RF) frequency response

Microbubble RF response to positive and inverted plane-waves were captured and analyzed,
using an /n vitrotissue mimicking phantom (formulation above) with a cellulose tube of 200
um inner diameter (Spectrum Laboratories, Rancho Dominguez, CA, USA) encased inside.
MBs were flowed into the cellulose tube, stopped, and the echoes from positive and inverted
single plane-wave pulses were captured separately for Tx frequencies of 1.8, 2.1, 2.5 and 3.1
MHz. A Gaussian window was applied to the RF signal at the depth of the tube and the
frequency spectra of the RF signal for each positive and inverted pulse, as well as the
summed pulse was computed and analyzed using MATLAB.

Xenograft mouse model

Human pancreatic adenocarcinoma cells (BxPC-3) were purchased from ATCC (Manassas,
VA, USA) and cultured and expanded in accordance to the supplier’s recommended
protocol. 5-week old female nude mice (BALB/c) were purchased from Charles River
(Wilmington, MA, USA). At approximately 6 weeks of age, 2 x 10% BxPC-3 cells
suspended in 200 ul of 20% Matrigel (Corning, Corning, NY, USA)/80% FBS-free culture
media were subcutaneously injected at each thigh. Tumors were imaged after having reached
a diameter of at least 5 mm. All procedures were done in accordance with the Vanderbilt
IACUC.

In vivo FAPI imaging

Results

In vivoimaging was carried out using the experimental setup illustrated in Figure 1C. The
animal was anesthetized on a windowed platform using 2% isoflurane (SouthMedic Inc,
Barrie, CAN), with the tumor submerged in a warm water bath, allowing for tumors to be
imaged from beneath at ~22.5 mm depth. For contrast imaging, a 50ul bolus of MB solution
(30% (v/v) in DPBS—/-) was delivered through retro orbital injection for a final MB dilution
of 0.75% (15ul in ~2 ml blood). Microbubble flow-in and flow-out was captured through
FAPI imaging, acquired over 300 seconds at 1Hz (for MB in vivo half-life assessment) or
over 30 seconds at 6.7Hz (for vascular imaging). Imaging parameters found to be optimal in
the /in vitro flow phantom imaging were employed for the /n7 vivo FAPI imaging (1.83 MHz
TX, 120 kPa, Na =7, N = 1). An ROI was drawn over the tumor area and the mean pixel
intensity was calculated for each frame and plotted against time.

P4-1 and L7-4 efficiency

Pressure output of P4-1 and L7-4 transducers over the ranges of 1.56 to 4.46 MHz and 3.13
to 8.93 MHz, respectively, provided an estimate of the frequency response (Figure 2). The
P4-1 central frequency was at 2.5 MHz, with fractional bandwidth of 73% estimated from
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the —3 dB bandwidth of the measured transmit frequency response. At 1.8 and 3.6 MHz
(potential fundamental and 2" harmonic frequency), the efficiencies were 90 and 69%,
respectively. The L7-4 transducer’s central frequency and fractional bandwidth was
estimated at 6 MHz, and 96%, and the efficiency at 3.9 and 7.8 MHz was 84 and 74%,
respectively.

FAPI optimization; Transmit (Tx) frequency

The effects of Tx frequency (1.64 to 3.91 MHz) on FA and FAPI image quality was
characterized on contrast agents flowing through the tissue-mimicking flow phantom at
120kPa pressure, Na = 7, and N = 2. In FA imaging, both contrast and phantom signal
increased with Tx frequency up to 3.13 MHz, after which signal decreased (Figure 3A).
Both contrast and phantom signal followed similar patterns, though FA CTR (contrast ROI
signal/phantom ROI signal) was highest at the lower Tx frequencies (Figure 3B). In FAPI
imaging, contrast signal peaked between 1.64 and 1.83 MHz and decreased with increasing
Tx frequency. FAPI imaging suppressed phantom signal to varying degrees, from 65%
reduction at 1.64 MHz to over 99% at 3.13 MHz and above. FAPI CTR was greatest at
higher frequencies primarily due to FAPI phantom signal approaching zero at higher
frequencies. However, high CTR with narrow dynamic range can lead to images susceptible
to noise, such as those expected to be encountered in /7 vivoimaging. The introduction of
vibration led to a consistent increase in overall phantom signal that decreased the CTR at
high frequencies (Figure 3C, D). To maximize contrast signal and minimize phantom signal
with motion noise, 1.83 MHz was chosen as the FAPI imaging frequency.

FAPI optimization; PNP

The effects of PNP (23, 58, 120, 164 kPa) on FA and FAPI images were characterized /n
vitro on the tissue mimicking flow phantom with MBs flowing through, at 1.83 MHz Tx, Na
=7, N = 2. Contrast signal under FA and FAPI was nearly identical over the pressure range
studied (Figure 4A). FAPI phantom signal, as expected, was significantly smaller than FA
phantom signal. Past 120kPa, the rise in FAPI phantom signal increased, while the rise in
FAPI contrast remained the same, suggesting that employing higher pressure would result in
diminished CTR. For contrast imaging studies, 120kPa was employed.

FAPI optimization; Flash angle numbers (Na)

Contrast and phantom signal amplitude from FAPI images acquired with Na ranging from 1
to 25 angles were compared with the following settings; 1.83 MHz Tx, 120 kPa, N = 2. The
number of acquisitions compounded had minimal effect on contrast agent signal, while
phantom signal suppression steadily improved with increasing Na (Figure 4B).
Compounding over multiple angles significantly improved CTR, with single-, 3-, 7-, and 15-
angle images yielding CTR of 8, 12, 16, and 17 dB, respectively (Figure 4C). Since we
expect that increasing the number of angles to be compounded to also increase FAPI
susceptibility to motion, we chose 7 angles where contrast signal, as well as CTR began to
plateau, for our /n vivo contrast imaging parameter.
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FAPI optimization; Number of cycles per pulse (N)

FAPI images obtained using a pulse of either 1 or 2 cycles were compared over a TX
frequency range of 1.64 to 3.91 MHz, with the following settings; 120 kPa, Na=7. The
longer pulse duration led to a stronger signal for both contrast and phantom at Tx
frequencies below 2.5 MHz, however the phantom signal exhibited a greater proportional
increase with longer pulse duration (Figure 4D). Above frequencies of 2.5 MHz, no
noticeable difference in signal strength due to pulse duration was observed. The 2-cycle
pulses generated visibly blurrier images as expected from the longer axial length. Overall,
for optimal FAPI imaging, a transmit pulse of 1.83MHz, 120kPa, single cycle and a
compound of 7 flash angles was chosen to achieve adequate axial contrast and CTR.

L7-4 FAPI and P4-1 WBHI

To determine whether lower Tx frequency truly led to greater non-linear echo production, or
simply that as Tx frequency increased the 2"4 harmonic echoes were being pushed out of the
transducer bandwidth, we compared FAPI images acquired with a transducer with greater
central frequency. P4-1 and L7-4 were operated at Tx of 1.8 and 3.9 MHz, where transducer
sensitivity at 2*Tx (3.6 and 7.8 MHz) was 69 and 74%, respectively (Figure 2). Since the
second harmonic of both transducers has similar sensitivity, comparable CTRs should be
achievable with both transducers if contrast agents generated similar harmonic echo
amplitudes. /n7 vitro flow phantom images were acquired at PNP of 120 kPa and 530 kPa, Na
=7, N =1, with and without vibration, and the contrast and phantom signals were quantified
(Figure 5A). Contrast and phantom signals in images from the L7-4 were detectable but with
lower amplitude than the P4-1 probe at both pressures. During vibration of the phantom, the
contrast signal detected by the P4-1 decreased by 18% while both contrast and phantom
signals increased with the L7-4, significantly reducing CTR.

To compare FAPI to traditional B-mode imaging, flow phantom contrast images were
acquired with the P4-1 at 1.83 MHz using focus-beam pulse inversion (WBHI) and
compared with those acquired using FAPI. At matched pressure (120 kPa), FAPI contrast
signal was 45 times that of WBHI’s. However, unlike FAPI WBHI phantom signal was
completely suppressed (Figure 5B). Increasing pressure to 380kPa significantly improved
the amplitude of WBHI contrast signal without affecting phantom signal. Signal intensity
acquired through WBHI was minimally affected by vibration.

RF frequency response

The RF response of positive and negative ultrasound pulses of varying frequencies to MBs
were acquired and analyzed. Both RF responses to positive and inverted pulse shared similar
fundamental harmonic components, while the mismatch arose from the 2"d harmonic
components (Figure 6A). The frequency spectra of the sum of the positive and inverted
pulses (PI) of Tx frequencies of 1.8, 2.1, 2.5 and 3.1 were calculated (Figure 6B). The
majority of the PI signal stems from the signal mismatch in the 24 harmonic component,
and the difference diminishes as Tx frequency is increased.
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In vivo imaging; Wash-in, wash-out of microbubbles

Xenograft mouse contrast imaging was carried out using FAPI parameters optimized in the
above reported /n vitro imaging characterization. The mean pixel intensity of an ROI inside
the tumor during MB wash-in and wash-out increases quickly after injection and dissipates
(Figure 7A). Pixel intensity across the tumor reached maxima within 10 seconds of initial
MB detection, presumably when the tumor became fully perfused with MB. On wash-out,
the MB signal reduced to ¥ its maximum 140 seconds after peaking. Figures 7B, 7C, 7D
and 7E represent images acquired prior to MB injection (Figure 7B), immediately post
injection (Figure 7C), during signal peak (Figure 7D) and after much of the washout had
already occurred (Figure 7E).

A 30 second FAPI acquisition was collected at 6.7 Hz to better visualize MB wash-in. The
FA B-mode image, FAPI contrast image, and the combined image, with B-mode represented
in magenta and FAPI represented in green are displayed in Figures 8A, 8B and 8C,
respectively. Figure 8D was created by averaging together the first 45 FAPI frames (~7
seconds) acquired post contrast injection. Here, the tumor vasculature of sub-mm size can be
readily identified, such as can be seen between the white arrows in figure 8D.

Discussion

In this work we developed and optimized low frequency plane-wave contrast imaging /n
vitro on a commercial imaging transducer (P4-1) and validated its performance in a mouse
tumor xenograft. We observed higher CTR with low frequency harmonic imaging compared
to higher frequency harmonic imaging implemented on the same and a separate probe
(L7-4). We demonstrated /n vivo imaging capabilities of low frequency plane-wave imaging
by characterizing MB half-life and assessing tumor vasculature. We show that plane-wave
contrast imaging at low frequencies is feasible in vivo and offers higher magnitude contrast
signal and therefore better selective imaging of contrast agents compared to higher
frequencies. We attribute the higher SNR observed with the low frequency probe to a
combination of 1) increased non-linear echo amplitude from contrast signal emitted in
response to lower transmit frequencies and 2) efficient motion cancellation at longer
wavelengths.

Source of contrast signal

To elucidate whether the stronger contrast signal at lower transmit frequency (Tx) was due
solely to greater non-linear echo production or simply transducer bandwidth, we compared
the P4-1 contrast imaging performance with that of the L7-4, operated at similar ranges of
their bandwidths, where both Tx and 2*Tx fit comfortably within. Images at 3.9MHz on the
L7-4 had considerably lower contrast and phantom signal, as compared to the P4-1 at
1.8MHz. Using a transmit pressure of 530 kPa, the 3.9 MHz pulse inversion image had
substantially lower magnitude than the 1.8 MHz acquisition acquired at 120 kPa. Since the
signal acquisition and image presentation post-processing were closely matched between the
probes, this observation is consistent with the idea that the microbubbles used in our study
generate stronger non-linear echoes in response to lower frequencies compared to higher
frequencies.
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To relate our observations to underlying bubble activity, we can consider the properties of
the bubble and expected activity in response to acoustic pulses. The lipid-shelled
microbubbles used in this study had a mean diameter of 2.1 + 1.4 um and median volume
concentration of 5.6 um. This distribution is similar to prior measurements of the
commercial contrast agent Definity® decanted from a solution within 30 sec of mixing
(Goertz et al. 2007). Using commonly assumed shell properties for lipid-shelled bubbles, the
resonant frequency of a 2.1-um and 5.6-um bubble can be estimated to be 8.5 MHz and 2.1
MHz, respectively (De Jong et al. 2002a; Morgan et al. 2001; Qin et al. 2009). We expect
this bubble population to be responsive across the frequencies examined. Lower imaging
frequencies yielded higher contrast signal and better CTR in the presence of motion in our
study. One potential explanation is that a majority of the signal observed in the reconstructed
image is contributed by a sub-population of bubbles that are most acoustically active. Prior
researchers have observed that MBs of 3-9um, despite accounting for only 20% of the MB
population, are responsible for 80% of the acoustic efficiency, with the overall attenuation
coefficient peaking at 1.5-2MHz (Gorce et al. 2000). Kaya et al. have reported simulated
and experimental echo amplitudes from lipid shelled bubbles with monodispersed
populations across diameters of 1.8-4.8 um in response to frequencies ranging from 0.75 to
3 MHz at 100 kPa PNP. In their study, echoes from monodisperse microbubbles with mean
populations in the range of 3—4.4 um were many times higher at 1.25 MHz and 1.75 MHz
compared to echoes from bubbles in response to 3 MHz pulses regardless of size (Kaya et al.
2010). We conclude that the majority of the nonlinear signal observed from the
polydispersed bubbles used in our study is from the large bubbles that generate substantially
larger non-linear echoes in response to the 1.8 MHz pulse compared to comparable resonant
bubbles at 3.9 MHz.

From our RF studies, we observe that the majority of the enhanced contrast-agent signal
arose from the 24 harmonic frequency components in the inverted pulse-echoes. This is
consistent with prior studies by others, where it was shown that the sum of echoes from
inverted pulse pairs would contain the even-ordered harmonic components, whereas the
difference would contain the odd-ordered harmonics (Simpson et al. 1999). Contrast
enhancement diminished as Tx frequency was increased. The contrast signal improvement at
the lower frequencies is likely due to a combination of factors, with one being transducer
bandwidth limitation. Because the bulk of the contrast signal is at the 24 harmonic, this
frequency must be within the transducer’s upper bound of bandwidth for optimal contrast
signal via Pl imaging.

Contrast imaging sequences such as Pl and CPS, which rely on summing sequential pulses
to suppress linear responders, are particularly susceptible to motion artifacts. Any spatial
changes that occur between the acquisition of pulses to be summed will persist, regardless of
the echo’s linearity. In our study, higher Tx frequencies were more susceptible to motion
induced by vibration. Since PI relies on algebraic summing of sequential pulses, the pulses
to be summed need only be mismatched by % wavelength to be maximally mismatched and
generate motion artifacts. Successful tissue suppression can only take place if the tissue
displacement occurring between successive pulse transmissions is much smaller than %2 the
Tx wavelength. Low frequencies have longer wavelengths and are less sensitive to motion
since tissue would need to move further. This is consistent with our finding that low
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frequency contrast imaging on the P4-1 maintained good tissue suppression and a high CTR
in the presence of vibration compared to the high frequency probe that did not.

Benefits of low frequency plane wave imaging

The use of low Tx frequency on a commercial imaging transducer could lead to simplified,
more economic means for image-guided therapy. Lower ultrasound frequencies are used in a
variety of therapies with MB, including delivery of genes (Bez et al. 2017), opening the
blood brain barrier (BBB) (McDannold et al. 2005), and ablation at very high intensities
(Kennedy 2005). Effective and safe FUS treatment requires guidance via MRI or ultrasound
imaging, typically achieved by using separate imaging and therapy systems, but often
require custom hardware development and co-registration of imaging and therapeutic
systems. Ultrasound-guided FUS (USgFUS) systems have been steadily gaining prominence
(Ebbini and Ter Haar 2015) since they supply real-time feedback and do not require an MR
imaging system, but many of these systems are bulky or are dedicated treatment systems
(Choi et al. 2014; Haritonova et al. 2015). A perpendicular configuration of a transmit
(therapeutic) and receive transducer to monitor bubbles at the focus has been used but leaves
for a mechanically limited system with a constrained treatment area (Wang et al. 2015).
Others have employed a parallel configuration, where the receive transducer is embedded
into the center of a doughnut shaped transmit transducer (Choi et al. 2014; Liu et al. 2016;
Tung et al. 2010), or sandwiched between the therapeutic transducers (Kruse et al. 2010).
The use of a low-frequency phased-array transducer opens the possibility of having dual
therapy and imaging modes in a single transducer (Ebbini et al. 2006; Kotopoulis et al.
2013) with no custom hardware development or co-registration required to align the
therapeutic and imaging plane. A commercial, low frequency imaging probe such as the
P4-1 could be adapted for image-guided therapeutics since it is capable of generating a PNP
of >4 MPa at low duty cycles. The P4-1’s small aperture likely limits its theranostic
capabilities to small animals and superficial areas, but it has been used recently to image in
larger animals (Toulemonde et al. 2017). However, by reducing the maximum spatial
compounding angle and using a transducer with a larger aperture, low-frequency plane-wave
contrast imaging for deep tissue imaging and therapy may be feasible.

Compared with traditional line-by-line acquisitions, at matched pressure, plane-wave
contrast imaging can achieve higher frame rates and exhibited greater contrast signal, but
was less successful at tissue suppression. Compounding data acquired over multiple angles
significantly improved FAPI CTR, consistent with the previous works of others (Montaldo et
al. 2009; Viti et al. 2016). The increase primarily stemmed from the reduction in tissue
signal with increased acquisition number. CTR enhancement plateaued at ~7 angles, where a
16 dB greater contrast agent signal to tissue signal was observed. Even with multiple
acquisitions for compounding, contrast plane-wave imaging significantly reduced
acquisition time as compared to line-by-line imaging. At the depths examined, a 3- or 7-
angle FAPI sequence can be acquired at frame rates of over 1 kHz and 440 Hz, respectively,
whereas a traditional contrast acquisition with 96 elements would be limited to 32 Hz.

The ultrafast (FPS greater than 500 Hz) nature of plane-wave imaging has recently been
used for super-resolution imaging (Errico et al. 2015), improving the resolution of MB
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imaging over 10-fold the wavelength limit. Super resolution methods have been successfully
implemented on the programmable imaging platforms at high frequencies (>7 MHz) with
and without harmonic imaging sequences (Foiret et al. 2016; Lin et al. 2017). Our studies
suggest that the transmit frequency and bandwidth of transducers used in prior imaging
studies may primarily emphasize MB motion and do not leverage the MB’s non-linear
responses. Comparing contrast signal of stationary vs flowing MB in the /in vitro flow
phantom, we observed a reduction in CTR of ~19% (Supplemental Figure S1), leading us to
conclude that approximately 19% of the contrast signal was due to motion rather than
harmonic content. Low-frequency plane wave contrast imaging presented here could be ideal
for super-resolution applications, since the penetration depth of the low frequency could
compensate for the mm-scale resolution, resulting in a contrast imaging method with high
CTR, deep penetration, and fine resolution for vasculature mapping.

Limitations and practical considerations

Our study supports the idea that high CTR achieved with low frequency plane wave imaging
occurs due to very strong bubble oscillations at low frequencies (<2 MHz). Strong
oscillations are well-known to occur in this range, and here we explore the role of these
oscillations with respect to algebraic contrast imaging methods. Although we have matched
filters and image processing closely when varying parameters in our study (i.e. transmit
frequency or imaging probes), many factors that are difficult to control will affect the
reconstructed intensity. One potential issue is soft-clipping, which can be obscured by either
of the receive filters of the Verasonics. As part of this study, the RF echoes from MBs
imaged at varied pressures were also collected and analyzed (Supplementary S2). At
pressures of 200 kPa and above, frequency peaks outside of the transducer bandwidth
emerged, suggesting the presence of soft clipping. In a practical scenario where the transmit
MI is adjusted interactively along with post processing on the beamformed image, it would
be difficult to predict whether this had occurred. Our analysis also does not consider the role
of the elevational plane, which varies between the transducer geometry and transmit
frequency. Hydrophone measurements indicate that the P4-1 elevational plane ranges from
~7mm to 3mm over the depths used in this study. Although we demonstrated perfusion
imaging in a mouse tumor with a diameter of 5mm, better images would likely be feasible if
we optimized imaging depth with respect to maximum spatial compounding angle and
elevational profile. Potential applications of low frequency plane wave imaging may
ultimately require large apertures, such as those currently being explored for abdominal
imaging (Bottenus et al. 2018).

Conclusion

Overall, our study demonstrates that low frequency plane-wave contrast imaging is a viable
tool for monitoring contrast agents /n7 vivo in real-time, with resolution to identify
vasculature on the sub-mm scale. To our knowledge, this is the first work where low-
frequency (<2 MHz) plane-wave pulse inversion imaging was optimized and then applied /in
vivo. In addition to the improved penetration depth that low frequency imaging offers, we
find that the use of low frequency pulses significantly improves contrast signal. Low
frequency plane-wave contrast is a promising tool since it could potentially be combined
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with super-resolution localization to improve image resolution for vascular mapping. The
low peak negative pressure of plane-wave imaging is conducive to targeted contrast imaging,
and should be suitable for integration with ultrasound-guided focused ultrasound therapy.
We have made the codes for the algorithms developed in this study publically available to
facilitate the use of plane wave contrast imaging. By making the codes publicly available,
we hope to provide the research community with an accessible tool for low-frequency plane
wave contrast that has been demonstrated to work in small animals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Imaging
transducer

Figure 1.
In vitroand /n vivo imaging set up. A) /n vitro flow phantom - MBs flowing through a

rubber tube (3 mm inner diameter) encased in 3% m/m silicon carbide agar phantom was
imaged perpendicularly. B) ROIs were drawn over the flow area (red) and the area directly
adjacent (green) on the flow phantom images. Mean pixel intensity was measured for each
ROI. C) /n vivoimaging - the mouse was laid on a platform with a window, allowing for the
tumor to be submerged into a warm water bath. The tumor was imaged from beneath.
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Figure 2.

Hydrophone measurements of pressure output of P4-1 and L7-4 probe at 22.5 mm from
surface, with unfocused plane-wave. Pressure is normalized to each transducer’s maximal
output pressure at that distance.

Ultrasound Med Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kusunose and Caskey

Page 17

Individual ROI signal CTR (ROI ¢;nirast/ ROI jpantom)

Effect of Tx
frequency on signal

100 - 60 -
- ‘ OFAPI
£ 80 1 50 1 @ra <
£ 0 -! |
i =)
[T} S -
E 40 _| o, o AP| contrast E 0 O
c ‘ - seessFAPI phantom © 54 .
m " o
S | FA contrast (o)
2207 S FA phantom 10 - ﬁ
h-
0 + 12'...‘,_._;-..‘-;4%4‘ﬂ 0 4 1‘._¥‘_.
5 2 2.5 3 35 4

1.5 2 2.5 3 3.5 4 1.
o o D
2 — Contrast 25 10 . "
'S | © w/o vibration
g = ‘g 30 = e» ®Phantom _ / ) . <
e E s 25 s Contrast w/ Vib. 20 -+ ®w/vibration
c.2 § w= = ®Phantom w/ Vib. __ <o
B 8|52 8157 2
— | i =
EQ |35 - o
10 1
“5 & H ] & Y
- O g 10 -
®°|° s 51
= 0l memszE===1 O —
1.5 2 2.5 3 1.5 2 2.5 3 3.5
Tx frequency (MHz) Tx frequency (MHz)
Figure 3.

P4-1 FAPI frequency optimization. A) Comparison of contrast and phantom signal acquired
through FA and FAPI, over a range of Tx frequencies. Data acquired with PNP of 120kPa,
Na =7 and N = 2. B) CTR representation of data from 3A, comparing CTR of FAPI and FA
at various frequencies. C) Comparison of FAPI contrast and phantom signal with and
without the addition of vibration to simulate motion noise. Data acquired with PNP of
120kPa, Na =7 and N = 1. D) CTR representation of data from 3C, comparing CTR of FAPI
with and without vibration and various frequencies.
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Figure 4.

P4-1 transducer optimization. A) Effect of transducer voltage across each element on
contrast and phantom signal, under FA and FAPI imaging. B) Effect of the number of angles
(Na) to be coherently summed on FAPI contrast and phantom signal as well as C) the
contrast to tissue ratio (CTR). D) The effect of pulse cycle (N) on contrast signal and
phantom signal, acquired over a range of Tx frequency.
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Figure 5.

Comparison of contrast image acquired with A) transducers of differing center frequency,
and B) differing contrast imaging methods. A) Contrast and phantom signal amplitude
captured with FAPI using P4-1 (1.8MHz) and L7-4 (3.9MHz), with and without vibration.
L7-4 Tx frequency was chosen based upon its spectral efficiency (figure 2), such that the
transducer would be comparably sensitive to both the fundamental and 2"4 harmonic
frequencies. B) Comparing FAPI with wide beam harmonic imaging (WBHI), the
Verasonics’ line-by-line contrast imaging method using pulse inversion.
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Figure 6.
Frequency spectra of the pulse-echo from MBs received on a single element, with y-axis

representing the linear Fourier transform amplitude at each frequency. RF echoes were
generated in response to an incident pressure of 150kPa. A) Frequency spectrum of the
response from MBs of a positive pulse (blue line) and an inverted pulse (red line). B)
Frequency spectra of the summed positive and negative pulse (pulse inversion) for 1.8, 2.1,
2.5and 3.1 MHz Tx.
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Figure 7.
In vivo plane-wave pulse inversion imaging of MBs in mouse with tumor. Microbubbles

were injected at the 27 s mark, and the images were collected over a period of 300 seconds.
A) Time activity curve of signal inside ROI drawn over tumor. B) Tumor image obtained at t
=15, prior to MB injection. C) Tumor image obtained at t = 31 s, immediately after MB
injection. D) Tumor image obtained at 46 s, when MB signal has peaked. E) Tumor image
obtained at 250s, after much of the MBs has washed out.
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Figure 8.
In vivo contrast imaging, and B-mode imaging. A) B-mode image of tumor. B) Contrast

image of tumor post MB injection. C) Combined image of B-mode (gray scale) and contrast
imaging (copper) post contrast injection, and D) Average of contrast images of the first 45
frames of (~7 seconds) post MB injection. In contrast imaging, vascular features on the
order of sub mm size can clearly be identified (white arrows)
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