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Abstract

Nanoscale phase change contrast agents (PCCAs) have been demonstrated to represent great 

potential for non-invasive extravascular imaging and therapeutic delivery. However, the contrast-

to-tissue ratio (CTR) of PCCA images is usually limited due to either physiological motion or 

incomplete cancelation of tissue signal. Therefore, to improve the CTR of PCCA images in the 

presence of physiological motion, a new imaging technique, ultrafast inter-frame activation 

ultrasound (UIAU) imaging, is proposed and validated. Results of studies with controlled motion 

in tissue-mimicking phantoms indicate UIAU could provide significantly higher CTR (maximum: 

17.3±0.9 dB) relative to conventional pulse inversion imaging (maximum CTR: 3.4±1.4 dB). 

UIAU exhibits a CTR of up to 16.1±1.0 dB relative to 3.9±2.3 dB for differential imaging in the 

presence of physiological motion at 20 mm/s. In vivo imaging of PCCAs in the rat liver also 

demonstrate the ability of UIAU for enhancing PCCA image contrast in the presence of 

physiological motion.
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Introduction:

Many previous studies have reported the use of ultrasound and microbubbles to successfully 

deliver therapeutics such as siRNA, miRNA, or genes in animal models (Bez, et al. 2019, 

Hernot and Klibanov 2008). This approach is promising due to the ability for non-invasive, 

focused delivery with image guidance. While microbubbles are required to modulate 

delivery, these agents are limited to vascular spaces due to their relatively large size (~1–10 

μm). Alternatively, the use of low-boiling point phase change contrast agents (PCCA) for 

diagnostic ultrasound imaging has been previously explored in a number of in vitro and 

preclinical studies. The volatile perfluorocarbon core in the PCCA can be vaporized (or 

“activated”) from liquid to gas form after injection by applying external energy such as laser 

pulses (Hannah, et al. 2016, Lin, et al. 2017, Strohm, et al. 2011, Yoon, et al. 2017) and 

ultrasound pulses (Apfel 1998, Cao, et al. 2018, Ho and Yeh 2017, Kang, et al. 2014, 

Kripfgans, et al. 2000, Sheeran, et al. 2011), thus transforming hypoechoic nanoscale 

droplets into echogenic gaseous microbubbles that can be visualized in ultrasound images.

Compared with the conventional ultrasound contrast agent, microbubbles, there are several 

advantages of PCCAs. First, the nanoscale diameter of the PCCA enables extravasation of 

agents into tissue either through cavitation-produced inter-endothelial pores or through the 

leaky vessel wall in tumors via the enhanced permeability and retention effect (Ho and Yeh 

2017, Ho, et al. 2016, Kang, et al. 2014, Maeda, et al. 2000, Thakkar, et al. 2013). Thus, one 

potentially promising application of PCCAs is for monitoring tumors (Rojas and Dayton 

2019a, Williams, et al. 2013) or combined imaging and therapeutics (Fix, et al. 2019, Ho 

and Yeh 2017, Ho, et al. 2016). Second, the circulation life of the low-boiling point PCCA is 

longer than its precursor microbubbles (Sheeran, et al. 2015). This advantage could 

potentially provide more opportunities for targeted binding, extravasation, and sonoporation 

in both imaging and therapeutic applications. In addition, PCCA imaging in the local region 

of cardiac infarct (Choudhury, et al. 2018) and draining into lymph nodes has also been 

demonstrated (Yang, et al. 2017, Yoon, et al. 2017).

Several techniques have been used for imaging PCCAs. Since the PCCAs vaporize into 

gaseous core microbubbles, non-linear ultrasound imaging techniques such as pulse 

inversion have been used for PCCA imaging (Sheeran, et al. 2015). However, as in 

microbubble imaging, background signals from the skin and other tissue interfaces still 

produce echogenic artifacts. In order to reduce tissue background and further enhance image 

contrast, an alternative strategy is differential imaging, in which the pre-activation image is 

subtracted from the post-activation image (Lin, et al. 2018, Yoon and Emelianov 2018). 

However, this differential imaging technique is prone to low image quality in cases of high 

tissue motion such as respiration and cardiac motion. Another PCCA imaging technique 

proposed recently is vaporization detection imaging, in which low frequency oscillations of 

PCCAs during vaporization are used to form a high contrast image (Rojas and Dayton 

2019b, Sheeran, et al. 2013). The main disadvantage of this technique is the poor spatial 

resolution relative to other techniques. Furthermore, ultrafast Doppler imaging techniques 

have been successfully demonstrated for visualizing microvasculature with high contrast by 

utilizing the temporal variation of flowing contrast agents in a given spatial location 

(Couture, et al. 2009, Errico, et al. 2016, Errico, et al. 2015). However, it would be 
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challenging to use this ultrafast Doppler strategy for imaging PCCAs in extravascular non-

flow conditions, as the contrast agent is distinguished from tissue on the basis of variation in 

signal over time due to blood flow. To enable extravascular imaging and image-guided 

delivery with PCCAs, an imaging technique capable of visualizing a low concentration of 

localized, non-flowing PCCAs in the presence of significant physiological motion is needed.

In the present study, we propose to use an ultrafast inter-frame activation strategy to provide 

high contrast PCCA images by rapidly producing vaporization events and imaging this high-

frequency fluctuation of the blinking PCCAs with high frame rate (e.g. 2000 fps) imaging 

interleaved between activation pulses. To produce a region of localized vaporization of 

PCCAs, dynamically steered, focused beams, are inserted within adjacent ultrafast imaging 

frames to activate PCCAs. A high pass filter is used to remove clutter signal from moving 

tissues and retain the signal arising from PCCA vaporization between adjacent ultrafast 

acquisitions. A correlation-based strategy (Huang, et al. 2018) is used to estimate PCCA 

signal intensity, suppress non-correlated noise, and then form the final image. Recently a 

super-resolution imaging technique, AWSALM, was presented which utilized interleaved 

activation and imaging pulses to image phase change contrast agents in tubes (Zhang, et al. 

2018). In the presented ultrafast inter-frame activation ultrasound (UIAU) technique, the 

imaging frame rate is increased to 2000 frames per second (fps) from 100 fps in AWSALM. 

For the goal of imaging local activation of extravascular PCCAs, the increase in slow time 

samples by a factor of 20 enables a temporal resolution below 0.1 second for PCCA imaging 

with an ensemble length of 100 to 200 frames, which would be beneficial in high-motion 

rate imaging such as cardiac imaging, in which an entire cycle of cardiac motion occurs 

every 0.5 to 1 second. Moreover, given a 2000 Hz sampling rate in slow time, a high-cutoff 

frequency (900 Hz) clutter filter can be used in UIAU to suppress tissue signals including 

the microvascular flow signal, which is retained by a singular value decomposition (SVD) 

clutter filter in AWSALM and useful in microvascular imaging, but undesirable in 

extravascular or targeted imaging applications. These authors have also recently presented a 

super-resolution imaging technique based on an ultrafast imaging strategy (Zhang, et al. 

2019) tested in a mimimally-attenuating water tank. Unfocused imaging pulses were used 

for both activating and imaging the PCCAs without additional interframe activation pulses. 

However, the use of unfocused pulses, which drastically decreased the acoustic pressure at 

depth, would decrease the ability to vaporize PCCAs at depth and increase the risk of tissue 

heating in the region near the transducer in the presence of tissue attenuation encountered in 

vivo. Moreover, there is also risk of mechanical damage to tissue in regions close to the 

transducer, as a mechanical index of 1.9, the safety limit regulated by Food and Drug 

Administration (FDA), could be reached in shallow regions. Additionally, the presented 

approach with interframe activation using focused waves provides an advantage over the 

unfocused wave in localizing PCCA vaporization, which is required in image-guided 

localized therapy such as blood-brain barrier opening (Chen, et al. 2013).

In the present study, the developed technique for localized activation and imaging of PCCAs 

in the presence of significant physiological motion was evaluated using PCCAs with 

decafluorobutane (DFB) cores synthesized in the lab. The performance of the UIAU 

technique in distinguishing between vaporized PCCAs and background tissue was evaluated 

in a tissue-mimicking phantom with a channel containing PCCAs and compared with pulse 
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inversion and differential imaging in terms of the contrast-to-tissue ratio (CTR). Tissue 

motion was induced at low (1 mm/s) and high (20 mm/s) speeds to test robustness of the 

imaging technique to physiological tissue motion. Furthermore, the in vivo imaging 

capability of UIAU was demonstrated by imaging PCCA vaporization in the rat liver. 

Finally, the imaging capability at depth of UIAU was demonstrated and compared with 

amplitude modulation pulse inversion imaging.

Materials and Methods:

Imaging sequence:

Imaging and activation of PCCAs were achieved by using a programmable ultrasound 

scanner (Vantage 256, Verasonics, Kirkland, WA, USA) with a 128-element linear array 

transducer (L11–5, ATL, Bothell, WA, USA).

Ultrafast inter-frame activation ultrasound (UIAU) imaging: The UIAU sequence 

was composed of ultrafast ultrasound imaging events interleaved with PCCA activation 

pulses, with one activation pulse for every 3 imaging pulses as illustrated in Figure 1. 3 

unfocused 5 MHz single-cycle pulses were consecutively transmitted at 3 angles (−10°, 0° 

and 10°) and the echoes were received by the linear array. The time interval between the 3 

imaging pulses was 100 microseconds. For these 3 steered, unfocused transmits, 3 sets of 

ultrasound in-phase/quadrature (IQ) baseband data were obtained after beamforming and IQ 

modulation. The free field peak negative pressure for the unfocused 5 MHz transmit event 

was measured by calibrated hydrophone to be 370 kPa (Mechanical index, MI = 0.17).

To activate the PCCAs, focused 5 MHz, 3-cycle pulses were transmitted using the full 

aperture of the array. By changing the transmitting delays along the array, the beam can be 

focused at different locations to locally activate the PCCAs. Based on acoustic 

measurements in free field, the peak negative pressures derated by 0.3 dB/(cm·MHz) were 

3.04 MPa (MI = 1.36) at 10 mm and 3.49 MPa (MI = 1.56) at 15 mm. Assuming an 

attenuation of 0.42 dB/(cm*MHz1.21) in the rat liver at 5 MHz (Tuthill, et al. 1989), the 

pressures were 2.57 MPa at 10 mm and 2.72 MPa at 15 mm. The focused activation pulse 

was transmitted 50 microseconds after the third imaging pulse. Transmitting for the next 

group of imaging pulses began 250 microseconds after the previous activation pulse. The 

time interval between 2 adjacent packets of imaging and activating pulses was 500 

microseconds, which resulted in a 2000 Hz sampling rate (i.e., the acquisition rate in “slow 

time”). To activate the PCCA at multiple locations within the field of view, an ensemble of 

multiple sets of imaging and activating pulses were applied. In this study, an ensemble size 

of 196 was used to achieve 196 PCCA vaporization events within the field of view. The total 

time required was less than 0.1 second (i.e., 196 × 500 microseconds).

In the slow-time domain where ultrasound frames were acquired at 2000 Hz, the activation 

of PCCAs produces a sudden change in pixel intensity, which is a step function signal 

(Figure 2K) in slow time, while the motion of tissue clutter produces a low frequency, 

sinusoidally-varying signal in slow time. In order to remove low frequency tissue signal and 

retain the high frequency signal from the activation of PCCAs, the 3 sets of 196 acquisitions 

of IQ data were filtered pixel-wise in the slow time domain using an 8th-order high pass 
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clutter filter (40 dB attenuation at 900 Hz). Instead of estimating the PCCA signal intensity 

using the conventional zero-lag auto-correlation, a cross-correlation strategy was used. This 

strategy has been demonstrated for suppression of non-correlated background noise and 

sidelobe artifacts for microvascular Doppler imaging (Huang, et al. 2018). Specifically, the 

filtered IQ data from the −10° and 10° transmit events were coherently compounded. Then, 

the correlation value of each pixel was obtained by calculating the mean of the pixel-wise 

product of the 2-angle-compounded IQ data and the 0° IQ data. The final UIAU image was 

obtained by taking the square root of the real part of the correlation value at each pixel.

Pulse inversion imaging: Pulse inversion images were formed by summing the IQ data 

obtained after sequentially transmitting one positive pulse and one negative pulse. 4.5 MHz 

single-cycle pulses were used to maximize the harmonic components in the transducer 

bandwidth, as in previous studies of PCCA imaging (Rojas and Dayton 2016). No additional 

digital filtering was applied, as additional filtering did not yield significant improvement in 

CTR for PCCA imaging in preliminary tests. A single pulse inversion frame was obtained by 

coherent compounding of IQ data from 3 steered, unfocused beam transmits. The steering 

angles were the same as in the UIAU sequence. The free field maximum peak negative 

pressure of the unfocused 4.5 MHz beam was 357 kPa (MI = 0.17). In pulse inversion mode, 

196 activation beams, which were the same as that in UIAU sequence, are transmitted 

immediately after the acquisition of the pre-activation pulse inversion image. Post-activation 

pulse inversion images were acquired immediately following activation pulses. The pulse 

repetition rate of the activation pulses was 20 kHz, which is 10 times higher than that in 

UIAU sequence. Therefore, the time interval between the pre-activation and the post-

activation acquisitions was about 0.01 seconds (i.e., 196 × 50 microseconds).

Differential imaging: Pre-activation and post-activation B-mode images were acquired 

simultaneously during the acquisition of the pulse inversion images. That is, the differential 

image was obtained by subtracting the pre-activation B-mode IQ data from the post-

activation data.

Synthesis and sizing of phase change contrast agent

Lipid solutions were formulated as previously described (Lindsey, et al. 2017) using a 9:1 

molar ratio of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-methoxy (polyethylene–glycol)-2000 (DSPE-PEG2000) 

(Avanti Polar Lipids, Alabaster, AL) in a solution containing propylene glycol 15% (v/v), 

glycerol 5% (v/v), and phosphate-buffered saline (PBS) 80% (v/v). 1.5 mL of lipid solution 

were placed in sealed 3 mL glass vials and the air headspace was exchanged with 

decafluorobutane (DFB, boiling point: −2° C) gas (Fluoromed, Round Rock, TX, USA). 

Microbubbles with DFB gas cores and phospholipid shells were formed by agitation in a 

Vialmix device (Lantheus Medical Imaging, N. Billerica, MA). Phase change contrast agents 

were synthesized by condensing lipid-shelled microbubbles in an isopropanol bath 

maintained at −10° C by dry ice. 20 ml of air was pushed into the vial using a ratcheting 

syringe to provide additional pressure. DFB-core PCCAs are more stable than low-boiling-

point perfluorocarbon agents with octafluoropropane cores (OFP, boiling point: −37° C) 

(Sheeran, et al. 2015), and thus are more suitable for imaging at body temperature. The size 
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distribution of the PCCA was measured using a NanoSight NS300 (Malvern Instruments, 

Westborough, MA, USA). Before measuring, the PCCA solution was diluted by a factor of 

200.

Phantom studies

A custom tissue-mimicking phantom was developed consisting of gelatin (0.06 g/ml), agar 

(0.005 g/ml), 1-propanol (5% V/V), glutaraldehyde (1.2% V/V) and water (93.8% V/V). 

Graphite powder (0.06 g/ml) was added into the phantom to produce acoustic scattering. The 

attenuation coefficient of the phantom is approximately 2.8 dB/cm at 5 MHz. Agar and 

glutaraldehyde were added to prevent the phantom from melting at 37° C during experiment 

(Madsen, et al. 1978). A 5 mm-diameter channel located approximately 7 mm below the 

surface was created inside the phantom. To ensure sufficient space for the transducer to 

move axially, the linear array was placed 3 mm above the phantom. Therefore, the center of 

the channel was located approximately 10 mm deep.

First, PCCA images were acquired using the phantom without motion. The foci of the 

activation beams were separated by 0.5 mm in both the axial and lateral, as similar to that in 

the previous research (Rojas and Dayton 2016), in which the same transducer model was 

used to activate PCCAs, although the activation pressure matching approach (Rojas and 

Dayton 2016) was not used in the present study. Moreover, the foci spacing and the 

activation region were also determined by the dimension of the phantom channel. The 

activation region was a 14 × 14 grid of the foci of the 196 activation beams, which was large 

enough (6.5 × 6.5 mm2 starting at a depth of 7 mm) to cover the phantom channel (Figure 

2A). The −6 dB width of the activation region for this transducer at 5 MHz is estimated from 

the UIAU image. At a depth of 10 mm in the phantom channel, for the given acoustic output 

pressure and the configuration of the unfocused imaging wave, the widest −6 dB activation 

region covers approximately 0.52 mm, i.e. 2 pixels, on the lateral direction. The PCCA 

solution was diluted by a factor of 400 and warmed up to 37° C in a water bath before 

infusion into the phantom channel. The concentration of the nanodroplets is approximately 

108 particles/ml according to the size distribution measurements of PCCAs. Prior to infusion 

of the PCCA solution into the phantom channel, baseline images were acquired using the 

UIAU sequence (Figure 2B) and pulse inversion (Figure 2E). During infusion into the 

phantom channel, PCCAs were observed to cool slightly to approximately 35° C as 

measured by a digital thermometer during preliminary testing of the setup. After the PCCA 

solution was infused and the flow was stopped, the pre-activation images were acquired 

immediately by using either pulse inversion imaging (Figure 2F) or UIAU without activation 

pulses (Figure 2C). Then, activation pulses were enabled and the UIAU image of the 

activated PCCA was acquired by using the UIAU sequence (Figure 2D). Following the 20 

kHz activation pulses, the post-activation pulse inversion image (Figure 2G) was also 

acquired with PCCAs in the phantom channel. Before each acquisition, the phantom channel 

was flushed using degassed warm water for at least 30 seconds and fresh PCCA solution was 

then infused into the channel.

Next, the three imaging strategies were investigated in the phantom with motion introduced 

in 3 directions (i.e., axial, lateral and elevational directions with respect to the imaging plane 
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of the linear array). The 3 motion directions are illustrated in Figure 2A. Two motion rates 

were investigated in this study: 1 mm/s and 20 mm/s. The higher motion rate at 20 mm/s 

was introduced to simulate motion that occurs during peak respiratory motion 

(Seppenwoolde, et al. 2002). The 1 mm/s motion was introduced to test the performance of 

differential imaging at a much lower motion rate, i.e. similar to that during the minimum 

velocity phase of respiration. Instead of directly moving the phantom, simulation of tissue 

motion was achieved by moving the ultrasound transducer mounted on a 3-axis motion stage 

(XPS-Q8, Newport, Irvine, CA, USA). The motion stage controller was programmed to send 

a trigger signal to the ultrasound scanner to start imaging when the programmed velocity is 

achieved.

For imaging in the presence of motion in phantoms, the axial and lateral spacing between 

the foci of the activation beams was increased to 0.8 mm. The activation region was a 14 × 

14 matrix of 196 foci of the activation beams and was large enough (10.4 × 10.4 mm2 

starting at 7 mm deep) to ensure that the phantom channel would not move outside of this 

activation region during the simulated motion.

The contrast-to-tissue ratio (CTR) was calculated to evaluate the performance of these 

imaging techniques for distinguishing the PCCA-filled channel from the tissue-mimicking 

background. The contrast (PCCA) signal magnitude was obtained by averaging the signal 

magnitude inside the region in the channel indicated by the red rectangle, while the tissue 

signal magnitude was obtained by averaging the signal magnitude in the region surrounding 

the phantom channel indicated by the white rectangles (Figure 2E). The contrast signal 

magnitude (i.e., SPCCA) and tissue signal magnitude (i.e., STissue) were used to calculate the 

CTR: i.e. CTR = 20×log10(SPCCA/STissue). The regions used for CTR calculations were 

separated by 1.3 mm and 2.6 mm in the axial and lateral directions, respectively. Contrast 

enhancement (i.e., ratio between the pre-activation baseline signal intensity and the post-

activation signal intensity in the region of interest), which has been used in previous studies 

on PCCA imaging (Sheeran, et al. 2015), was not used here since there were no acoustic 

scatterers inside the phantom channel before the activation of PCCAs.

In vivo demonstration of UIAU imaging

To demonstrate the feasibility and performance of UIAU for in vivo imaging, two 5–6 week-

old male Sprague-Dawley rats (Envigo, Greenfield, IN, USA) were imaged according to a 

protocol approved by the Institutional Animal Care and Use Committee of Emory 

University. The rats were anesthetized using 2.5% isoflurane and placed on a heating pad. 

Real-time B-mode imaging was used to monitor respiration. The respiration rate was 

approximately 60 breaths per minute, i.e. 1 Hz.

Before injection of PCCAs, baseline images were acquired using UIAU, pulse inversion and 

differential imaging techniques for each rat during either minimum respiratory motion or 

peak respiratory motion. Next, PCCA solution was injected via tail vein at a concentration 

33 microliters per 100 grams of body weight (total concentration 4.0×1010 particles/ml) for 

each rat. 2 minutes after injection, images were acquired using either pulse inversion or 

UIAU sequence. Differential images were also acquired during the acquisition of pre-

activation and post-activation pulse inversion images. The pre-activation UIAU image was 
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acquired using UIAU with the PCCA activation pulses disabled. Immediately after the 

acquisition of the pre-activation UIAU image, the UIAU image of PCCAs was acquired by 

enabling the PCCA activation pulses. The spacing between 196 activation beam foci is 0.8 

mm for all 3 imaging techniques. Preliminary results indicated that there is no contrast 

enhancement after >24 hours of waiting. Therefore, when the same animal was imaged more 

than once, PCCAs were allowed to clear out of rat tissue by waiting >24 hours. For in vivo 

imaging, the contrast enhancement was calculated for each imaging technique as the ratio of 

signal magnitudes between the post-activation PCCA image and the baseline image.

Imaging at depth

To test imaging capability at depth, a layer of 15 mm thick porcine liver was placed on the 

top of the tissue-mimicking phantom. The attenuation of the excised porcine liver is 

approximately 4.5 dB/cm at 5 MHz (Bush, et al. 1993). The phantom channel containing 

contrast agents was located > 25 mm deep below the ultrasound transducer.

In order to ensure sufficient CTR at depth, a 3-pulse amplitude modulation pulse inversion 

(AMPI) sequence with 17 steered transmit events at varying angles (−10° to 10°) was used 

here (Couture, et al. 2012). Thus the total number of transmit events was 51 (3 pulses per 

angle: 1 full-amplitude pulse and 2 inverted half-amplitude pulses). Baseline images were 

acquired in the absence of the PCCA. The post-activation AMPI image was acquired after 

196 focused beams were transmitted to vaporize the PCCAs in the phantom channel. The 

baseline and post-activation UIAU images were also acquired.

The driving voltage of the transducer was increased to 40 V in order to achieve vaporization 

of contrast agents at depth. The focused beam for activating contrast agents was not directly 

measured in non-attenuating free field to prevent potential damage to the hydrophone. For 

the unfocused imaging wave, with the attenuation induced by the 10 mm phantom and 15 

mm excised liver, peak negative pressure of the 5 MHz unfocused wave in the UIAU 

sequence was estimated to be 258 kPa (MI = 0.12) based on acoustic measurements. The 

peak negative pressure of the full amplitude 4.5 MHz unfocused wave in amplitude 

modulation pulse inversion was 286 kPa (MI = 0.14).

Results:

Size distribution of the PCCAs

Five recordings of 60 seconds in length of diluted DFB-core PCCAs yielded mean and mode 

diameters of 161.2 nm and 127.1 nm, respectively, with a standard deviation of 65.1 nm and 

a concentration of 2.01×108 ± 3.17×106 particles/ml. According to these measurements, the 

concentration of the PCCAs in the phantom study was approximately 108 particles/ml.

Imaging PCCA activation in a stationary phantom

In the pulse inversion baseline and pre-activation images (Figure 2E and F), the anechoic 

channel was distinguishable from the surrounding echogenic gel-phantom. Conversely, the 

channel was not discernable in the baseline UIAU (Figure 2B), pre-activation (Figure 2C) 

UIAU, or baseline differential images (Figure 2H). In the post-activation pulse inversion 
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image (Figure 2G), the vaporization of the PCCAs resulted in the channel being filled up 

with echogenic, speckle-producing targets. However, it was difficult to distinguish the 

vaporized PCCAs from the surrounding tissue in this image (Figure 2G) to determine the 

locations of PCCA vaporization.

In the UIAU (Figure 2D) and differential (Figure 2I) images of PCCAs activated by 196 

focused beams, the channel became hyperechoic. Although most of the surrounding tissue 

remained anechoic, there were some echogenic speckle-producing targets located 

immediately deep to the hyperechoic channel in the differential image (Figure 2I), while 

some weak signals originated from near the bottom of the UIAU image (Figure 2D). The 

enhancement distal to the channel might be due to reduced attenuation through the phantom 

channel compared with the surrounding background. The variation of the B-mode signal 

intensity of the pixel in the center of the phantom channel over the entire ensemble length 

(196 frames) is also illustrated in Figure 2K. The activation of PCCAs formed a step 

function. Overall, the PCCA vaporization in the channel was easy to distinguish from the 

surrounding tissue background using UIAU.

The CTR was obtained from the PCCA images (Figure 2D, G and I) for these 3 imaging 

techniques. 5 measurements from 5 independent acquisitions were made for each technique. 

The CTR of UIAU, pulse inversion and differential images were 17.3±0.9 dB, 2.1±1.4 dB 

and 22.6±3.5 dB respectively (Figure 2J). Mann-Whitney U-test indicated that UIAU 

produced a significantly higher CTR than that of pulse inversion (p < 0.01). However, UIAU 

did not perform any better than differential imaging.

Imaging PCCAs in a phantom with motion

Figure 3 shows the images of PCCAs in the phantom channel when the linear array was 

translated in 3 orthogonal directions at a low speed (1 mm/s). The focused activating beams 

with 0.8 mm spacing resulted in a set of uniformly-spaced, hyperechoic targets within the 

phantom channel. In the UIAU images (the first row of Figure 3), the gel-phantom 

surrounding the channel exhibited low intensity compared with the hyperechoic region filled 

with PCCAs. In the pulse inversion images (the second row of Figure 3), there was still high 

image intensity in the region of the tissue-mimicking phantom surrounding the channel 

resulting from poor cancelation. For differential imaging, the region in the phantom outside 

the channel was echogenic when the motion was along the axial direction (Figure 3G), 

although the image intensity in this region was much lower compared with the region of 

PCCA activation in Figure 3H and 3I. In addition, the phantom-water interface, as indicated 

by the white arrows in Figure 3H and 3I, was still discernible in the differential images while 

it was not visible in the UIAU images.

Figure 4 shows the images acquired from the same phantom at a higher motion rate (i.e., 20 

mm/s). In the UIAU images, the magnitudes of signals from the surrounding phantom were 

still quite low compared with the region of PCCA activation in the channel. In the pulse 

inversion images (the second row of Figure 4), the image intensity in the gel phantom 

appeared to be similar to that of the activated PCCAs, although there were visible echoes at 

the bottom of the channel in Figure 4D. The results of differential imaging (the third row of 

Figure 4) showed significant non-cancelation of signals in the gel of the phantom. There is 
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visible variation of the background brightness between the different motion directions, 

which could be due to strong echoes at the top and bottom of the channel that fail to cancel 

in the presence of motion, or due to hyperechoic contrast agents that aggregate at the bottom 

of the channel even though the channel was flushed using degassed water for more than 30 

seconds before each acquisition. Therefore, during the quantification of the CTR, the ROI is 

always placed inside the channel and the channel wall was not included.

Quantitative evaluation of CTR values are shown in Figure 5. At 1 mm/s, the CTRs for 

UIAU images were 13.1±0.8 dB, 12.1±0.8 dB, and 12.9± 0.7 dB for axial, lateral, and 

elevational motion respectively, while the CTRs for pulse inversion were −2.0±1.0 dB, 

−0.9±1.3 dB, and −1.1±1.2 dB, and the CTRs for differential imaging were 3.5±1.6 dB, 

9.7±6.4 dB, and 13.75±4.9 dB (Figure 5A). The Mann-Whitney U-test indicated that the 

CTR of UIAU and differential imaging were both significantly higher than pulse inversion 

imaging (p<0.01). However, UIAU didn’t perform any better than differential imaging for 

motion in the lateral and elevation directions.

At 20 mm/s, the CTRs for UIAU image were 16.1±1.0 dB, 12.8±1.1 dB, and 13.7±0.9 dB 

for axial, lateral, and elevational motion, respectively, while the CTRs for pulse inversion 

were 3.4±1.4 dB, −0.5±1.5 dB, and −1.4±0.5 dB and the CTRs for differential imaging were 

3.9±2.3 dB, −0.8±1.9 dB, and 3.9±1.6 dB (Figure 5B). The CTR of UIAU is significantly 

higher than both pulse inversion and differential imaging at 20 mm/s (p<0.01).

In vivo demonstration

The B-mode, pulse inversion, and differential images of the rat liver were acquired 

simultaneously during the low velocity phase of respiratory motion (Figure 6). In B-mode 

imaging (Figure 6A), the liver appeared hypoechoic compared with the hyperechoic stomach 

and small intestine located below the liver. The overlapped region between the liver and the 

activation beam foci were indicated by the green border. When the post-activation pulse 

inversion image (Figure 6D) was compared with the baseline (Figure 6B) and pre-activation 

images (Figure 6C), it can be seen that the 196 activation beams resulted in a set of 

uniformly-spaced hyperechoic activation regions in the liver. The signal magnitude 

(normalized to the baseline signal magnitude) of the pre-activation image (Figure 6C) in the 

activation region (indicated by the green border in Figure 6A) was 1.4 dB, while the signal 

magnitude of the post-activation (Figure 6D) image was 7.3 dB. However, the clutter signal 

(signal magnitude at 4.6 dB in Figure 6D) in the region indicated by the yellow rectangle, 

which was not within the activation regions (indicated by the red dots), remained as 

echogenic as the vaporized PCCAs through Figure 6B to 6D. These targets were highly 

likely the echogenic tissues rather than the vaporized PCCAs. Thus it was difficult to 

differentiate between PCCAs and the tissue clutter signals in pulse inversion images. Most 

of the tissue signal appeared anechoic in the baseline differential image acquired without 

PCCA injection except for a small number of hyperechoic targets (Figure 6E), compared 

with the post-injection differential image (Figure 6F) of the PCCAs, although there was still 

some echogenic signal outside the activation region in Figure 6F. The PCCA signal 

magnitude in the activation region in Figure 6F was 21.1 dB, while the amplitude of the 

clutter signal was 13.7 dB.
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The same images were also acquired during the peak velocity of the respiration phase 

(Figure 7). The vaporized PCCAs were again echogenic speckles (5.9 dB) in the hypoechoic 

liver in the post-activation pulse inversion image (Figure 7D) compared with baseline 

(Figure 7B) and pre-activation (Figure 7C) images. In all these pulse inversion images, the 

skin can be identified as echogenic layers (indicated by the white arrows) superficial to the 

hypoechoic liver. The amplitude of the clutter signal in the yellow-bounded region in Figure 

7D was 6.9 dB, which was similar to the amplitude of the PCCA signal. Again, it was not 

possible to distinguish between the vaporized PCCAs using the post-activation pulse 

inversion image alone. In the baseline differential image (Figure 7E) acquired before 

injection, the liver deep to the echogenic skin exhibited higher image intensity compared 

with the B-mode and pulse inversion images. The vaporized PCCAs appeared as bright, 

hyperechoic targets in the differential image (Figure 7F). However, the signal magnitude of 

the region of PCCA activation was only 0.6 dB when it was normalized to the baseline. Part 

of the skin layer and the tissue outside the activation region still appeared echogenic in 

Figure 7F. It was also difficult to distinguish between the vaporized PCCAs and the tissue in 

the differential image.

The UIAU images were acquired during minimum respiratory motion (Figure 8) and peak 

respiratory motion (Figure 9) in the rats. The echogenic tissue (in the yellow bounded 

region) outside the activation region in the B-mode images (Figure 8A and Figure 9A) 

became anechoic in the baseline and pre-activation UIAU images (Figure 8B, C and Figure 

9B, C). As the PCCA activation pulses were applied, these dark regions in the field of view 

were illuminated by the uniformly spaced echogenic targets, while the region outside the 

activation beam foci remained dark (Figure 8D and 9D). During minimum respiratory 

motion, the magnitudes of the pre-activation (Figure 8C) and the tissue clutter signal in 

Figure 8D were 0.2 dB and 0.1 dB, respectively, while that of the PCCA signal (Figure 8D) 

was 19.5 dB. During peak respiratory motion, the magnitudes of the pre-activation (Figure 

9C) and tissue clutter signals in Figure 9D were 0.01 dB and −1.0 dB respectively, while that 

of the PCCA signal (Figure 9D) was 12.3 dB.

Overall, results indicate a contrast enhancement of 15.9±5.0 dB for UIAU, while the contrast 

enhancements for pulse inversion and differential imaging were 6.6±1.0 dB and 10.9±14.5 

dB, respectively. Importantly, as shown in the color-coded UIAU image overlaid on 

grayscale B-mode images (Figure 8E and 9E), the PCCAs vaporized in the confined region 

could be easily located and distinguished from the background tissue at both low and high 

rates of respiratory motion.

Imaging at depth

The amplitudes of focused beams were adjusted to be higher than the vaporization threshold 

of the DFB droplets until significant contrast enhancement was seen in the post-activation 

amplitude modulation pulse inversion image (Figure 10B). The baseline and post-activation 

UIAU images using the same focused activation beams were shown in Figure 10. The CTR, 

which was measured in the post-activation images, indicated that the UIAU sequence (CTR 

= 27.8±0.9 dB) provides significantly higher contrast than AMPI (CTR = 11.9±0.9 dB) at a 
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depth > 25 mm. The increased CTR of UIAU, which was significantly higher than the CTR 

at shallow region (Figure 2), is due to the increased driving voltage and acoustic pressure.

Discussion:

The phantom study results indicated that the proposed UIAU imaging technique performs 

better than pulse inversion in all cases. The differential imaging performed the best when 

there was no tissue motion (Figure 2J), but its performance degraded (Figure 5) when 

motion was introduced, especially when a high motion rate (i.e., 20 mm/s) was introduced to 

mimic breath motion. It was also found that the CTR for pulse inversion in the presence of 

axial motion at 1 mm/s was −2.0±1.0 dB, and at 20 mm/s was 3.4 ±1.4 dB. Similarly, UIAU 

performs better at 20 mm/s than that at 1 mm/s. While there is expected to be variation 

between acquisitions (i.e. due to local variation of contrast agents), pulse inversion and 

differential imaging were compared in the same experimental setup using contrast agents 

from the same preparation at each motion direction and motion rate. Except for the 20 mm/s 

axial motion case, there was no significant difference in the CTR of UIAU between high and 

low motion rate as indicated by Kruskal-Wallis test combined with a pairwise comparison. 

Collectively, these results indicated that the UIAU provides a higher contrast than the pulse 

inversion.

The CTR of pulse inversion PCCA images was quite low in the phantom study even when 

the activation foci were dense enough to fill the phantom channel with vaporized PCCAs 

(Figure 2G). To ensure the performance of the pulse inversion sequence, the precursor DFB 

microbubbles (diluted by a factor of 4000, i.e. 107 bubbles/ml) were also imaged in the 

phantom with the same pulse inversion imaging sequence used in PCCA imaging. Both 

single-pulse B-mode and pulse inversion images of the DFB microbubbles are shown in the 

supplemental figure. 21.6±0.1 dB suppression of the graphite phantom signal was achieved 

with pulse inversion, resulting in a CTR of 12.4±0.8 dB with microbubbles alone, which is 

much higher than that of PCCAs. This is consistent with previous reports that the contrast of 

precursor microbubbles (12.63±3.64 dB in Sheeran, et al. 2015) is higher than the vaporized 

PCCAs (7.29 ± 3.65 dB in Sheeran, et al. 2015). The difference in CTR between the 

vaporized PCCA and the precursor microbubble images could be due to the focused 

activation pulses, as a large portion of vaporized PCCAs were excessively insonified and, 

therefore, potentially destroyed by the focused pulses. Another cause for this difference 

could be the difference in acoustic behavior between the vaporized PCCA and the precursor 

microbubbles, which has been previously reported (Lin, et al. 2018). It should be also noted 

that the level of tissue suppression in contrast-specific imaging sequences is highly 

dependent on the hardware, i.e. the degree of cancellation of pulses produced by the transmit 

circuitry and transducer.

For pulse inversion imaging results, there were also differences between the in vivo contrast 

enhancement measurements (6.6±1.0 dB) and the CTR values measured in the phantom. 

This is likely due to differences in the acoustic scattering property between the graphite 

phantom and the liver, though the nature of the motion is also different in vivo. The same 

acoustic output was used for in vivo and phantom studies, but the rat liver was less echoic 

than the phantom, which would be expected to produce higher in vivo contrast enhancement 
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measurements. Despite this, the in vivo contrast enhancement measured in this study is 

similar to the contrast enhancement reported in a previous study (7.29 ± 3.65 dB) using the 

same type of contrast agents (Sheeran, et al. 2015).

The final UIAU image was obtained by compounding 196 ultrafast frames acquired at 2000 

frames per second (fps). While low-cutoff frequency clutter filters can be used for filtering 

tissue motion and spatiotemporal SVD filters have been demonstrated for suppressing tissue 

clutter while retaining low-flow rate microvascular signals that are otherwise inseparable 

from moving tissue in the frequency domain, in this case a high-cutoff frequency (900 Hz) 

clutter filter was used to suppress tissue signals including the microvascular flow signal in 

order to image agents with very low motion in the presence of high tissue motion, as in 

extravascular or molecular-targeted imaging applications. Using a center frequency of 5 

MHz and a slow-time sampling frequency of 2000 Hz results in Doppler aliasing at speeds 

of 150 mm/s. The 900 Hz cutoff frequency provides cutoff velocity at 135 mm/s, which 

makes the high frequency signal of PCCAs separable from most moving tissues, as tissue 

motion including respiratory motion is normally much slower than 135 mm/s. However, the 

peak cardiac tissue velocity could be higher than 135 mm/s. Therefore, a higher imaging 

frame rate might be required for cardiac imaging applications. Alternatively, since the PCCA 

activation observed in successive acquisitions is a step function compared with the 

sinusoidally-varying tissue signal, an alternative clutter filtering strategy might be employed 

to improve separation between tissue motion and PCCA activation in order to form an image 

of PCCA activation alone.

Another factor that could affect the UIAU image quality is random noise. Denoising would 

be particularly helpful for low concentration and higher frame rate imaging scenarios, when 

even fewer angles of unfocused imaging pulses can be utilized. Although the correlation 

strategy used in the present study has been demonstrated to significantly decrease 

background noise level, there is still room to further improve the signal to noise ratio by 

employing additional filtering and signal processing strategies. For instance, SVD filters 

could potentially be used to suppress the spatially uncorrelated random noise by rejecting 

the last few high-order singular values in addition to high-pass filtering to cancel tissue 

signals.

CTR values in UIAU images were higher in the stationary phantom than in the case of 

induced tissue motion, likely due to the PCCAs being activated with a higher spatial density 

in the stationary phantom. A high density of activation could be achieved by shrinking the 

activation area or increasing the number of activation pulses. To maintain a constant 

activation area and imaging speed, a higher pulse repetition frequency is needed. In the 

present study, the pulse repetition frequency of the activation beams is 2000 Hz, which is the 

same as the ultrafast imaging frame rate since there is only one activation pulse between 

adjacent imaging frames. Denser activation foci are achievable by inserting 2 or more 

activation pulses between the imaging frames. These tradeoffs will likely be determined 

based on the rate of local physiological motion for the intended application.

Deeper imaging depth is achievable by increasing the focal depth and pressure of the 

focused activation beams as shown in Figure 10 and the previous study (Rojas and Dayton 
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2019b). Besides, activation pulses at lower frequencies with increased penetration and 

increased mechanical index would also favor the vaporization of PCCAs in the deep imaging 

scenario. To activate PCCAs in both shallow and deep tissues without damaging the tissue in 

shallow regions, a uniform acoustic pressure within the FDA limit across a large depth range 

is desired (Rojas and Dayton 2016). However, one limitation of the present UIAU sequence 

is that a uniform acoustic pressure across a large depth range is difficult to achieve, as this 

would require rapidly changing the transducer driving voltage, as indicated by previous 

research (Rojas and Dayton 2016). An alternative option for imaging activation in tissue 

across a large range of depths could be to run the UIAU sequence multiple times with 

different voltage levels at different depths. Simultaneous generation of multiple foci has also 

been demonstrated (Ebbini and Cain 1989, Ilovitsh, et al. 2019, Matrone, et al. 2017, Song, 

et al. 2012), which could facilitate the generation of larger activation areas with increased 

imaging rates. In addition, presented images were processed offline in this study, with the 

image formation process requiring several minutes, which is much longer than the data 

acquisition time (i.e. < 0.1 s). However, implementation of this pixel-by-pixel processing 

algorithm in a parallel manner on a graphics processing unit could potentially enable real-

time image formation.

In potential applications such as extravascular imaging and delivery, the vaporization of 

PCCAs could be detected and used as an indicator of molecular binding (Rojas and Dayton 

2019a), extravasation within a tumor (Williams, et al. 2013) or local aggregation in an 

infarct zone (Choudhury, et al. 2018). UIAU is a strong candidate to cancel tissue signal and 

retain the PCCA signal in these applications. However, stationary targeted or extravasated 

agents would need to be differentiated from the non-targeted circulating agents. A potential 

solution is to acquire UIAU images after a sufficient wait time for the free flowing PCCAs to 

be cleared out of the circulation while the targeted and extravasated PCCAs remain stable 

before activation by ultrasound. A previous study of extravascular imaging in mice with 

KHT-C sarcoma tumors suggests a waiting time of 1.5 hours for differentiating tumor and 

healthy tissue (Williams, et al. 2013). However, these times would likely depend on 

pathophysiology as well as the core gas of the PCCA, thus additional studies are still needed 

to determine the optimal wait time for the DFB-core PCCA used in the present study for a 

given application.

Finally, while PCCA activation in these feasibility studies was performed using focal 

locations in a grid with uniform spacing in order to assess the robustness of imaging 

techniques to physiological motion, in the future, the UIAU approach could be used to 

selectively activate PCCAs in small, well-defined locations. The UIAU image could then be 

overlaid on the B-mode image (as in Figures 8D and 9D) to allow tracking of activation 

locations, e.g. for live tracking of local therapeutic delivery in the presence of physiological 

motion.

Conclusion:

The results of the phantom study indicate the proposed UIAU imaging technique provides a 

significantly higher contrast-to-tissue ratio for PCCA imaging relative to conventional pulse 

inversion imaging. Although the differential imaging strategy performs the best in the 
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absence of motion, its performance degrades with tissue motion, as indicated by the results 

of the phantom study. The UIAU technique is more robust to tissue motion, especially at 

higher velocities. In addition, the proposed UIAU technique also provides higher CTR than 

that of the amplitude modulation pulse inversion (AMPI) approach for PCCA imaging at a 

depth of 25 mm. The in vivo results also demonstrate the UIAU technique is able to enhance 

image contrast in PCCA imaging in a localized vaporization region and significantly 

suppress the background tissue signal in the presence of respiratory motion. Overall, the 

UIAU technique is a promising imaging tool for locally activating and visualizing the 

nanoscale PCCAs. This technique can potentially be used to further enhance the contrast of 

the PCCA-based extravascular imaging and targeted molecular imaging at a low 

concentration of PCCAs and for image-guided drug delivery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Illustration of ultrafast interframe activation ultrasound (UIAU) imaging sequence and the 

formation of the final UIAU image of activated phase change contrast agents (PCCAs).
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Figure 2. 
Results of PCCA (phase change contrast agent) imaging in the channel of a stationary 

tissue-mimicking phantom. (a) B-mode ultrasound image of the phantom and channel prior 

to infusion of contrast agents, with red overlays indicating focal locations of PCCA 

activation. The axial, lateral, and elevational directions of the present coordinate system are 

indicated by the axes in (a); (b) Baseline UIAU image of phantom channel before PCCA 

infusion; (c) Pre-activation UIAU image of PCCA with the activation pulses disabled; (d) 

UIAU image of the PCCA in phantom channel; (e) Baseline pulse inversion image of 

phantom channel before PCCA infusion. (f) Pre-activation pulse inversion image of PCCAs; 

(g) Post-activation pulse inversion image of PCCAs; (h) Baseline differential image of the 

phantom before PCCA infusion; (i) Differential image of PCCAs obtained by subtracting the 

pre-activation B-mode IQ data from the post-activation data; (j) The contrast-to-tissue ratio 

(CTR) of these 3 imaging techniques in the stationary phantom. (k) The B-mode signal 

intensity variation of the pixel in the center of the phantom channel over the entire ensemble 

length (196 frames), showing persistent high intensity after PCCA activation in a single 

spatial location. The activation of PCCAs is indicated by the arrow in (k). The contrast 

(PCCA) signal magnitude is obtained by averaging the signal magnitude inside the red 

rectangle region in the channel, while the tissue signal magnitude is obtained from the white 

rectangles surrounding the phantom channel. The contrast and tissue signal magnitude are 

used to calculate the contrast-to-tissue ratio. The axial and lateral spacing between the 

regions is 1.3 mm and 2.6 mm, respectively. The baseline and pre-activation images are 

normalized to the post-activation PCCA images. All images are log-compressed and 

displayed with 30 dB dynamic range.
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Figure 3. 
Results of PCCA imaging in the channel of the tissue-mimicking phantom moving at a low 

motion rate (i.e., 1 mm/s). (a) UIAU image of PCCA in phantom with axial motion; (b) 

UIAU image of PCCA in phantom with lateral motion; (c) UIAU image of PCCA in 

phantom with elevational motion; (d) Pulse inversion image of PCCA in phantom with axial 

motion; (e) Pulse inversion image of PCCA in phantom with lateral motion; (f) Pulse 

inversion image of PCCA in phantom with elevational motion; (g) Differential image of 

PCCA in phantom with axial motion; (h) Differential image of PCCA in phantom with 

lateral motion; (i) Differential image of PCCA in phantom with elevational motion. The 

white arrows indicate the phantom-water interface in (h) and (i). All images are log-

compressed and displayed with 30 dB dynamic range.
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Figure 4. 
Results of PCCA imaging in the channel of the tissue-mimicking phantom moving at a high 

motion rate (i.e., 20 mm/s). (a) UIAU image of PCCA in phantom with axial motion; (b) 

UIAU image of PCCA in phantom with lateral motion; (c) UIAU image of PCCA in 

phantom with elevational motion; (d) Pulse inversion image of PCCA in phantom with axial 

motion; (e) Pulse inversion image of PCCA in phantom with lateral motion; (f) Pulse 

inversion image of PCCA in phantom with elevational motion; (g) Differential image of 

PCCA in phantom with axial motion; (h) Differential image of PCCA in phantom with 

lateral motion; (i) Differential image of PCCA in phantom with elevational motion. All 

images are log-compressed and displayed with 30 dB dynamic range.
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Figure 5. 
The contrast to tissue ratio (CTR) of 3 imaging techniques (i.e., UIAU, pulse inversion and 

differential imaging); (a) The CTR at a low motion rate (i.e., 1 mm/s). (b) The CTR at a high 

motion rate (i.e., 20 mm/s).
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Figure 6. 
In vivo imaging of the PCCA in rat liver during minimum respiratory motion using pulse 

inversion and differential imaging techniques. (a) Pre-activation B-mode image with 

superimposed activation beam focal locations. The overlap region between the liver and the 

activation foci, where the baseline, pre-activation and post-activation PCCAs signal 

magnitudes are calculated, is indicated by the green boundary. The region outside the PCCA 

activation zone, where the signal magnitude of the echogenic clutter is calculated, is 

indicated by the yellow rectangle boundary. (b) Baseline pulse inversion image of the liver 

before the PCCAs are injected; (c) Pre-activation pulse inversion image after the PCCAs are 

injected; (d) Post-activation pulse inversion image of the PCCAs; (e) Baseline differential 

image of the phantom before the PCCAs are injected; (f) Differential image of the PCCAs 

after injection. Baseline and pre-activation images are all normalized to the post-activation 

images. All images are log-compressed and displayed with 30 dB dynamic range.
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Figure 7. 
In vivo imaging of the PCCA in rat liver during maximum respiratory motion using pulse 

inversion and differential imaging techniques. (a) Pre-activation B-mode image with 

superimposed activation beam focal locations. The overlap region between the liver and the 

activation foci, where the baseline, pre-activation and post-activation PCCAs signal 

magnitudes are calculated, is indicated by the green boundary. The region outside the PCCA 

activation zone, where the signal magnitude of the echogenic clutter is calculated, is 

indicated by the yellow rectangle boundary. (b) Baseline pulse inversion image of the liver 

before the PCCAs are injected; (c) Pre-activation pulse inversion image after the PCCAs are 

injected; (d) Post-activation pulse inversion image of the PCCAs; (e) Baseline differential 

image of the phantom before the PCCAs are injected; (f) Differential image of the PCCAs 

after injection. The white arrows indicate the skin layer. Baseline and pre-activation images 

are all normalized to the post-activation images. All images are log-compressed and 

displayed with 30 dB dynamic range.
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Figure 8. 
In vivo imaging of the PCCA in rat liver during minimum respiratory motion using the 

UIAU imaging technique. (a) Pre-activation B-mode image with superimposed activation 

beam focal locations. The overlap region between the liver and the activation foci, where the 

baseline, pre-activation and post-activation PCCAs signal magnitudes are calculated, is 

indicated by the green boundary. The region outside the PCCA activation zone, where the 

signal magnitude of the echogenic clutter is calculated, is indicated by the yellow rectangle 

boundary. (b) Baseline UIAU image of the liver before the PCCAs are injected; (c) Pre-

activation UIAU image of the PCCA with the activation pulses turned off; (d) UIAU image 

of the vaporized PCCA; (e) PCCA image in (d), shown in green, overlaid on the B-mode 

image (a) (grayscale); Baseline and pre-activation images are all normalized to the post-

activation images. All images are log-compressed and displayed with 30 dB dynamic range.
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Figure 9. 
In vivo imaging of the PCCA in rat liver during maximum respiratory motion using the 

UIAU imaging technique. (a) Pre-activation B-mode image with superimposed activation 

beam focal locations. The overlap region between the liver and the activation foci, where the 

baseline, pre-activation and post-activation PCCAs signal magnitudes are calculated, is 

indicated by the green boundary. The region outside the PCCA activation zone, where the 

signal magnitude of the echogenic clutter is calculated, is indicated by the yellow rectangle 

boundary. (b) Baseline UIAU image of the liver before the PCCAs are injected; (c) Pre-

activation UIAU image of the PCCA with the activation pulses turned off; (d) UIAU image 

of the vaporized PCCA; (e) PCCA image in (d), shown in green, overlaid on the B-mode 

image (a) (grayscale); Baseline and pre-activation images are all normalized to the post-

activation images. All images are log-compressed and displayed with 30 dB dynamic range.
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Figure 10. 
Imaging PCCAs at a depth of 25 mm. (a) Baseline amplitude modulation pulse inversion 

(AMPI) image without PCCAs in the phantom channel. A porcine liver sample was placed 

on the top of the phantom. The contrast (PCCA) signal magnitude is obtained by averaging 

the signal magnitude inside the red rectangle region in the channel, while the tissue signal 

magnitude is obtained from the white rectangles surrounding the phantom channel. The 

contrast and tissue signal magnitude are used to calculate the contrast-to-tissue ratio (CTR). 

(b) Post-activation AMPI image with the CTR; (c) Baseline ultrafast interframe activation 

ultrasound (UIAU) image; (d) Post-activation UIAU image with the CTR. All images are 

log-compressed and displayed with 30 dB dynamic range.
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