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Abstract

Acoustic angiography is a superharmonic contrast-enhanced ultrasound imaging technique that 

enables 3D, high-resolution microvascular visualization. This technique utilizes a dual-frequency 

imaging strategy, transmitting at a low frequency and receiving at a higher frequency to detect 

high frequency contrast agent signatures and separate them from tissue background. Prior studies 

have illustrated differences in microbubble scatter dependent on microbubble size and 

composition; however, most previously reported data has utilized a relatively narrow frequency 

bandwidth centered around the excitation frequency. To date, a comprehensive study of isolated 

microbubble superharmonic responses with a broadband dual-frequency system has not been 

performed. Here, the superharmonic signal production of 14 contrast agents with various gas 

cores, shell compositions, and bubble diameters at mechanical indices of 0.2 to 1.2, was evaluated 

using a transmit 4 MHz, receive 25 MHz configuration. Results indicate that perfluorocarbon 

cores or lipid shells with 18- or 20-carbon acyl chains produce more superharmonic signal than 

sulfur hexafluoride cores or lipid shells with 16-carbon acyl chains, respectively. As microbubble 

diameter increases from 1 to 4 μm, superharmonic generation decreases. In a comparison of two 

clinical agents, Definity and Optison, and a preclinical agent, Micromarker, Optison produced the 

smallest superharmonic signals. Overall, this work suggests that microbubbles around 1 μm in 

diameter with perfluorocarbon cores and longer-chained lipid shells perform best for 

superharmonic imaging at 4 MHz. Studies demonstrate that microbubble superharmonic response 

follows different trends than shown in prior studies using a narrower frequency bandwidth 

centered around the excitation frequency. Future work will apply these results in vivo to optimize 

the sensitivity of acoustic angiography.
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Introduction

Since the first use of microbubbles for ultrasound contrast enhancement (Gramiak and Shah 

1968), microbubble contrast agents have become a common tool in clinical use and 

preclinical research worldwide. Several contrast agents are now commercially available and 

routinely used in the clinic. A recent evaluation of the most common clinical agents in the 

United States found differences in performance of these agents at the clinical dose (Hyvelin 

et al. 2017). As the field of contrast-enhanced ultrasound has grown, studies have been 

published on methods of microbubble synthesis (Feshitan et al. 2009; Lee et al. 2017) and 

contrast-specific techniques, such as harmonic imaging (Frinking et al. 2000), subharmonic 

imaging (Shi et al. 1999; Sridharan et al. 2013), pulse-inversion imaging (Eckersley et al. 

2005; Shen et al. 2005), and combinations of these methods. Applications of these contrast-

specific techniques include perfusion imaging (Feingold et al. 2010; Fröhlich et al. 2015; 

Hudson et al. 2009) and molecular imaging (Abou-Elkacem et al. 2015; Kaufmann et al. 

2007; Streeter et al. 2010; Tsuruta et al. 2017).

Superharmonic imaging is an extension of harmonic imaging that has been developed to take 

advantage of the broadband frequency response of microbubbles, with the goal of achieving 

signal separation between the excitation signal and scattered bubble responses (Bouakaz et 

al. 2002; Gessner et al. 2013; Kruse and Ferrara 2005). One such method optimally uses 

dual-frequency transducers to excite microbubble contrast at a low frequency (4 MHz) and 

receive the superharmonic response at a much higher frequency (25–30 MHz) (Gessner et al. 

2013). By doing so, the acoustic signals of microbubbles are isolated from the signals of 

tissue, creating detailed, high-resolution maps of the microvasculature (Gessner et al. 2013). 

Applications of this approach in 3D enable “acoustic angiography,” which provides 

volumetric imaging of microvascular patterns akin to computed tomography angiography, 

yet with contrast ultrasound (Gessner et al. 2012). Previous work has focused on optimizing 

microbubble response for this technique, examining contrast-to-tissue ratio as a function of 

peak negative pressure for varying transmit frequencies, contrast concentrations, and 

microbubble diameters (Lindsey et al. 2014). A similar study investigated the generation of 

superharmonic energy from microbubbles, finding that shell fragmentation creates the 

strongest superharmonic signals (Lindsey et al. 2015a). To date, clinical implementation of 

acoustic angiography has demonstrated that increased signal-to-noise ratio would improve 

the utility this technique in human use where contrast dose is regulated (Shelton et al. 2017). 

One means to achieve a superharmonic signal increase might be to use optimally-sized 

microbubble contrast agents, as it is well known that the microbubble diameter can influence 

scattered signal intensity (Kaya et al. 2010; Segers et al. 2018; Sirsi et al. 2010; Streeter et 

al. 2010; Talu et al. 2008). We also note that composition of the encapsulating shell and gas 

core of microbubbles may affect echogenicity. Previous studies have suggested increased 

microbubble stability (Garg et al. 2013) and nonlinear response (Van Rooij et al. 2015) with 

increasing acyl chain length of the main phospholipid in the encapsulating shell. However, to 

date, a comprehensive study of the superharmonic signal produced as a function of 

microbubble and acoustic parameters has not been performed. Thus, the purpose of the 

present work is to evaluate differences in superharmonic signal production across various 

types and sizes of contrast agents under conditions of varying acoustic pressure and to 
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establish which agent might provide the best performance for acoustic angiography and 

similar applications.

Materials and Methods

Contrast Agent Preparation

The microbubble contrast agents tested in this work are summarized in Table I. In-house 

microbubble contrast was formulated as described previously (Shelton et al. 2015). Briefly, 

dried lipids were dissolved in a mixture of phosphate buffered saline (PBS), propylene 

glycol, and glycerol at the molar ratios and volume percentages described in Table II. The 

lipid solution was then aliquoted into vials, the headspace in each vial was exchanged with a 

selected gas as listed in Table I, and each vial was shaken with a mechanical agitator 

(Vialmix, Lantheus Medical Imaging, North Billerica, MA, USA) to form polydisperse, 

lipid-shelled microbubbles. Several commercially-available contrast agents were used in 

addition to those formulated in-house: Optison (GE Healthcare, Inc., Marlborough, MA, 

USA), Definity (Lantheus Medical Imaging, Inc., North Billerica, MA, USA), Micromarker 

(FUJIFILM VisualSonics, Inc., Toronto, ON, Canada), and a variety of preclinical size-

isolated microbubbles (SIMBs, Advanced Microbubbles Laboratories, Boulder, CO, USA). 

Clinical agents were prepared according to manufacturer-provided instructions (Optison 

package insert 2016; Definity package insert 2017).

In total, the fourteen contrast agents used were separated into four groups for comparison: 1) 

clinical and preclinical, 2) bubble diameter, 3) gas core, and 4) lipid shell. Table I lists the 

contrast agents chosen for each group. Although SIMBs are a preclinical agent, in this work, 

they were used specifically for examining the effect of microbubble diameter and were not 

compared in the clinical and preclinical group. To examine the effect of lipid composition, 

four lipid formulations were tested with varying acyl chain lengths: 1) C16–2L and 2) C16–

3L, both with 16 carbons in their acyl chains; 3) C18–2L, which has an 18-carbon acyl 

chain; and 4) C20–2L, aptly named for its 20-carbon acyl chain. More detail on these 

formulations can be found in Table II. Microbubbles with the same shell (the in-house lipid 

formulation referred to as C18–2L) and either octafluoropropane (C3F8 or “OFP”), 

decafluorobutane (C4F10 or “DFB”), or sulfur hexafluoride (SF6) as the gas core were 

compared to evaluate the effect of gas core composition. The concentration and size 

distribution of all contrast agents were measured with a single particle optical sizing device 

(0.5 to 400 μm measurable range, Accusizer 780A, Particle Sizing Systems, Santa Barbara, 

CA, USA). In this work, we have focused on quantifying superharmonic production from a 

population of bubbles, where the size of the population (i.e. #/mL) is a constant variable 

across all measurements. As such, all concentration and size measurements presented are 

number- rather than volume-matched. After concentration analysis of the stock solution, all 

microbubbles were diluted in PBS to a target concentration of 108 bubbles/mL, and final 

concentration was tested again before data collection. For preclinical acoustic angiography, 

108 bubbles/mL is a typically employed dose and was therefore chosen as the target 

concentration for comparison in this work (Lindsey et al. 2017a; Lindsey et al. 2017b; Rao 

et al. 2016; Shelton et al. 2015).
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Ultrasound Parameters and Setup

For this work, a prototype dual-frequency transducer (modified RMV 710, FUJIFILM 

VisualSonics, Inc., Toronto, ON, Canada) with two confocally-aligned single elements was 

used (Gessner et al. 2010). At a pulse repetition frequency (PRF) of 20 Hz, a single cycle 

cosine-windowed sine wave at 4 MHz was transmitted with the low frequency element of 

this transducer, which has been described in detail previously (Lindsey et al. 2015b). The 

high frequency element received at 25 MHz, and both elements have a focal depth of 16 

mm. This results in transmit and receive beamwidths of approximately 474 μm and 142 μm, 

respectively. The peak negative pressure of the transmit waveform varied from 400 to 2400 

kPa, corresponding to a mechanical index (MI) range of 0.2 to 1.2. This MI range was 

chosen to cover acoustic pressures that we have explored for superharmonic imaging. 

Previous studies have demonstrated that acoustic pressures which typically result in 

microbubble fragmentation result in the greatest superharmonic content, although lower 

pressures which do not result in immediate bubble fragmentation can also produce weaker 

superharmonics (Lindsey et al. 2014). A cellulose tube of inner diameter 200 μm was placed 

at the focal depth of the transducer and aligned perpendicular to the direction of acoustic 

propagation in a water bath maintained at 37°C (±1°C). The contrast agent of interest was 

infused through the tube at a rate of 15.9 mm/s using an infusion pump (Pump 11 Elite, 

Harvard Apparatus, Holliston, MA, USA). With this flow rate, a PRF of 20 Hz, and the 

beamwidths given above, fresh contrast was insonified with each transmission. Between 

different trials and contrast agents, the tube was flushed with distilled water until no bubble 

signal remained.

Data Acquisition and Analysis

To collect raw radiofrequency (RF) data, a custom circuit was built to allow connection of 

the modified RMV probe to a broadband receive amplifier (Ritec, Inc., Warwick, RI, USA), 

removing the need for a Vevo770 preclinical ultrasound scanner (FUJIFILM VisualSonics, 

Inc., Toronto, ON, Canada). Collecting data through a simple receive amplifier was 

preferable for this work because it allowed greater control over experimental parameters, 

such as pulse repetition frequency, and removed possible unknown data transformations 

performed within the scanner. The experimental setup used is depicted in Figure 1. After 

amplification, the RF data was sampled at 200 MS/s and digitized with a 12-bit digitizer 

board (CSE1222, DynamicSignals LLC, Lockport, IL, USA) before collection with a 

custom LabVIEW program (National Instruments Corporation, Austin, TX, USA). For all 

contrast agents, twelve trials were performed. The twelve trials were split equally among 

four vials of each contrast agent, with an exception for SIMB1–2, for which only three vials 

of contrast agent were available. For each trial, a fresh dilution was prepared, the 

concentration was measured, and 200 lines of RF data were saved for analysis at each 

pressure. RF data was also saved at each pressure while the tube was infused with water as 

reference.

To account for the frequency response of the transducer used for data collection, a proxy for 

the frequency response of the receive element was measured via pulse-echo test on a linear 

reflector. A steel ball with a diameter of 6.35 mm (44x larger than the beamwidth of the 

receive element) was placed at the focus of the transducer to be used as a linearly reflecting 
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target, and a single-cycle 30 MHz pulse was transmitted. The received pulse-echo RF data 

was sampled, digitized, and recorded as mentioned above. The frequency spectrum was 

taken as the magnitude of the Fourier transform of the RF data, and the receive frequency 

response was obtained by taking the square root of the pulse-echo spectrum. The receive 

bandwidth measured in this way does not provide a full electromechanical and acoustical 

frequency response, but it is representative of the frequency behavior of the transducer. The 

measured receive response is depicted in Figure 2.

All analysis was performed in MATLAB (The Mathworks, Inc., Natick, MA, USA). For 

each line of RF data, the linear frequency spectrum was obtained by taking the magnitude 

component of the fast Fourier transform of each line. To remove any signal from the tube 

walls, the average spectrum from water was subtracted from each contrast spectrum. The 

resulting spectrum was then normalized by the frequency response of the receive element. 

Superharmonic response was quantified as the area under the curve (AUC) of the 

normalized, water-subtracted frequency spectrum of the collected data inside the −6 dB 

bandwidth of the receive element, indicated by the arrow in Figure 2 (8.5 MHz to 35.7 

MHz). The AUC metric was calculated by the trapezoidal method and averaged over the 200 

lines collected for each agent and pressure. The mean AUC from each trial was then 

averaged over all trials for the final superharmonic metric, which is presented as mean ± 

standard error.

Results and Discussion

The mean diameter and concentration of each sample of contrast agent as measured after 

dilution for concentration-matching are shown in Figure 3. The mean diameter of each 

contrast agent is shown in Figure 3 (A, C, E, G). Here, the target concentration was 108 

bubbles/mL. To ensure that each dilution was adequately matched to the target 

concentration, we characterized the variability of our complete experimental setup. 

Preliminary data (unpublished) found that a 2.3x increase in concentration led to only a 5% 

increase in superharmonic AUC, while two independent dilutions of the same concentration 

produced superharmonic AUCs differing by 7%. This data demonstrates that up to two-fold 

changes in concentration result in AUC values within the variability of this experimental 

measurement. The source of this experimental variability may be a combination of variations 

in the mixing of individual dilutions, small temperature fluctuations in the water bath and 

surrounding laboratory, variations in concentration measurement on the sizing device used 

here, among others. As such, the spread of concentrations displayed in Figure 3 (B, D, F, H) 

was deemed acceptable for this work.

First, the effect of gas core composition on superharmonic energy production by 

microbubbles was evaluated. The three gases used here (OFP, DFB, and SF6) are commonly 

used in the current generation of ultrasound contrast agents, as their high molecular weights 

improve stability in circulation in vivo (de Jong et al. 2009; Kabalnov et al. 1998). Our 

results, as shown in Figure 4A, indicated greater superharmonic production from either 

perfluorocarbon-filled agent compared to the SF6-filled bubbles for MI ≥ 0.6. OFP and DFB 

bubbles produced superharmonic AUCs of 53.68 ± 4.276 and 46.43 ± 3.805 a.u., 

respectively, at MI = 1.2, while that produced by SF6 bubbles was 28.56 ± 1.769 a.u.. SF6 
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microbubbles have been shown to exhibit increased resistance to pressure changes, such as 

those experienced in cardiac flow (Schneider et al. 1995). Due to this increased resistance, a 

clinically-used SF6-filled contrast agent has been shown to exhibit longer circulation time 

compared to Definity and Optison (Hyvelin et al. 2017). The diffusivity and solubility 

properties of the gas core may have an effect on certain acoustic responses, in addition to 

microbubble stability; one study reported that bubbles filled with higher diffusion coefficient 

gases, such as SF6, exhibited less delayed subharmonic emissions compared to 

perfluorocarbon-filled bubbles (Kanbar et al. 2017). As such, it is fathomable that other 

acoustic responses, such as superharmonic production, could also be influenced by 

properties of the gas core. In addition, the SF6-filled microbubbles prepared here had a 

slightly larger mean diameter (1.23 μm) than either OFP-filled (1.00 μm) or DFB-filled (0.92 

μm) bubbles, though all three contrast agents were prepared under the same conditions. Due 

to the inverse relationship between bubble diameter and resonance frequency (de Jong et al. 

2009; Kaya et al. 2010), this could have an effect on the resulting acoustic response.

Microbubble contrast agents with different lipid shell compositions were also compared. The 

results for this group are shown in Figure 4B. Here, we observed greater superharmonic 

production from the contrast agents with longer acyl chains, C18–2L and C20–2L. At MI = 

1.2, C18–2L produced the most superharmonic energy with an AUC of 53.68 ± 4.276 a.u., 

followed by C20–2L with 46.20 ± 1.565 a.u., C16–3L with 36.04 ± 3.182 a.u., and C16–2L 

with 25.55 ± 2.524 a.u.. These results agree with those of van Rooij et al. (2015), who 

reported higher second harmonic responses for bubbles with 18 carbon acyl chains 

compared to 16 carbon acyl chains. Others have evaluated microbubble stability as a 

function of acyl chain length and found that as chain length increased from 16 to 22 carbon 

atoms, stability also increased (Garg et al. 2013). However, the differences in stability 

observed by Garg et al. (2013) in diluted microbubbles were insignificant at short time 

scales (i.e. less than 20 minutes in dilution). For the current study, each trial was performed 

in five minutes or less from time of dilution to completion of data acquisition. As such, any 

effects of stability should be negligible in the current results.

The clinical and preclinical contrast agents compared in this work were Definity, Optison, 

and Micromarker (Table I). Definity and Optison are both approved for clinical use in the 

United States, while Micromarker is solely a preclinical agent. While Definity and 

Micromarker have phospholipid shells, Optison is protein-shelled (Vevo Micromarker 

booklet; Optison package insert 2016; Definity package insert 2017). To reach 108 

bubbles/mL, Definity required a 0.68% dilution from the measured stock concentration of 

1.51 × 1010 bubbles/mL, while Optison required a 23.8% dilution from the measured stock 

concentration of 4.21 × 108 bubbles/mL. These values may be of interest to others who use 

these commercially available, clinical contrast agents. The results of the comparison of this 

group are shown in Figure 4C. The superharmonic response of Optison behaved 

asymptotically above MI = 0.8, while Micromarker and Definity increased relatively linearly 

throughout the mechanical index range tested. At MI = 1.2, the maximum MI tested, the 

superharmonic AUC of Optison was 17.79 ± 2.013 arbitrary units (a.u.), nearly three times 

less than that of Definity (48.67 ± 4.712 a.u.) or Micromarker (52.84 ± 2.285 a.u.). At a 

more intermediate MI = 0.6, Optison produced an AUC of 7.96 ± 0.661 a.u., only half that 

of Definity (15.67 ± 1.75 a.u.) or Micromarker (18.42 ± 0.584 a.u.). Similar trends were 
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observed between Optison and Definity in a comparative study of clinical ultrasound 

contrast agents (Hyvelin et al. 2017).

The relatively poor performance of Optison compared to these other agents is likely due to 

two factors: 1) its albumin shell and 2) larger size distribution. Albumin-shelled 

microbubbles have been found to be more susceptible to static diffusion and less susceptible 

to shell fragmentation at acoustic pressures below 800 kPa compared to phospholipid-

shelled microbubbles (Chomas et al. 2001). This could have negative implications for 

superharmonic imaging with albumin-shelled bubbles based on previous work 

demonstrating that superharmonic signals are preferentially generated by microbubbles 

undergoing substantial oscillations and that these signals are largest when these oscillations 

lead to fragmentation (Lindsey et al. 2015a). Furthermore, in this work, Optison had a mean 

diameter of 2.94 μm, compared to 0.96 μm for Definity and 0.99 μm for Micromarker 

(Figure 3G). The effect of microbubble diameter on superharmonic signal production is 

discussed in the following paragraphs.

Size-isolated microbubbles (SIMBs, Advanced Microbubbles Laboratories, LLC, Boulder, 

CO, USA) were used to compare the superharmonic response of microbubbles with the same 

shell and gas properties but different diameters (Table I). The diameters tested ranged from 

1.34 μm to 3.78 μm (Figure 3E). Results are shown in Figure 4D. Superharmonic AUC 

generally decreased as bubble diameter increased, with the smaller SIMBs performing 

similarly and producing greater superharmonic signal than the larger SIMBs. For example, 

at MI = 1.2, AUC values of 33.59 ± 2.881, 29.14 ± 3.331, 17.36 ± 2.455, and 9.40 ± 1.061 

a.u. were obtained for SIMB 1–2, 3–4, 4–5, and 5–8, respectively. As MI increases, the 

difference in superharmonic production between the groups (particularly SIMB 1–2 and 3–4 

versus SIMB 4–5 and 5–8) became more exaggerated. As previously discussed, bubble 

diameter is inversely related to resonance frequency, which likely contributes to the 

differences in superharmonic AUC observed among these groups. As bubble diameter 

increased, resonance frequency decreased, moving the insonification frequency further from 

resonance. Kaya et al. (2010) performed a comprehensive study on the acoustic responses of 

monodisperse microbubbles with different diameters and demonstrated the importance of 

coupling excitation frequency to microbubble resonance. These studies demonstrated via 

simulation and experiment that larger bubbles (6–8 μm diameter) resonate and produce their 

largest response around 1 MHz, while smaller bubbles (2–4 μm diameter) produce greater 

responses near resonance between 3–6 MHz (Kaya et al. 2010).

Previous work by our group has elucidated the origins of superharmonic signal production 

(Lindsey et al. 2015a). The authors determined that the strongest superharmonic signals are 

produced by oscillations resulting in microbubble shell fragmentation, and that such 

fragmentation occurs preferentially for smaller bubbles (1 μm) on the initial insonifying 

pulse, while larger bubbles (4 μm) are prone to shrinking, which persists over several pulses, 

producing weaker superharmonic signals (Lindsey et al. 2015a). Moreover, for stationary 

bubbles, 1 μm bubbles initially produced greater superharmonic intensity, which decayed 

quickly to a lower value than that produced by 4 μm bubbles (Lindsey et al. 2015a). In the 

current work, all data was acquired while contrast was flowing, so signal decay was not 
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observed, and smaller bubbles consistently produced greater superharmonic signals than 

larger bubbles. Our results therefore agree with those of Lindsey and colleagues.

However, other studies have suggested increases in scattered signal when using larger 

bubbles (Lin et al. 2017; Sirsi et al. 2010; Streeter et al. 2010; Talu et al. 2008), due to the 

dependence of scattering cross section on microbubble radius (Dayton et al. 1999). For 

example, Streeter et al. (2010) showed increased molecular targeting signal using 3 μm 

bubbles over 1 μm bubbles with a 7 MHz harmonic imaging scheme, while Sirsi and 

colleagues (2010) used 6–8 μm bubbles to enhance fundamental imaging at 40 MHz. It is 

obvious that there are many interconnected factors influencing the results of these previous 

works and the current study, including microbubble composition, size, the frequencies at 

which bubbles are excited, and the bandwidth at which bubble echoes are received. Future 

work is needed to continue illuminating these relationships, as the current study is limited to 

the specific 4 MHz excitation case with a receive bandwidth between 8.5–35.7 MHz.

While all contrast agents were tested at a matched concentration in this work, clinical 

contrast agents are not necessarily used at the same concentration or dose. For example, the 

stock concentration and the clinically recommended doses for Definity and Optison are 

different. The recommended doses for one bolus of Definity and Optison are 10 μL/kg 

(Definity package insert 2017) and 0.5 mL (Optison package insert 2016), respectively. 

Assuming an average male patient as described by the US Center for Disease Control and 

Prevention (Fryar et al. 2012) and using Nadler’s formula to calculate blood volume (Nadler 

et al. 1962), we can estimate a typical clinical concentration for these contrast agents. 

Consider a fictional patient who weighs 88.7 kg and has a blood volume of 5.46 L. 

Assuming a stock concentration of 1.2 × 1010 bubbles/mL (Definity package insert 2017), 

the overall concentration of Definity in circulation after one bolus at the recommended dose 

would be 1.9 × 106 bubbles/mL. In the same patient, one bolus of Optison at a stock 

concentration of 8.0 × 108 bubbles/mL (Optison package insert 2016) would result in an 

overall concentration of 7.3 × 104 bubbles/mL – two orders of magnitude lower than that of 

Definity. If the results observed for these two clinical agents in the present study can be 

extrapolated to lower concentrations, this difference in dose could be discouraging for 

clinical superharmonic imaging with Optison. However, concentration is known to play a 

significant role in microbubble behavior under acoustic stimulation, as discussed in the 

following section.

Limitations

A main limitation of the present study is the relatively high concentration used during data 

collection. While this concentration is relevant for preclinical imaging, it is known that 

higher microbubble concentrations lead to greater bubble-bubble interactions (Yasui et al. 

2009). Specifically, high bubble concentrations result in smaller distances between 

individual microbubbles in a field, which decreases the overall resonance frequency of the 

bubble population; this has been shown both theoretically (Feuillade 1995; Morioka 1974; 

Weston 1966) and experimentally (Hsiao et al. 2001; Payne et al. 2007). This implies that 

the results of the present work may not simply extrapolate to lower concentrations, such as 
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those used in the clinic, and further investigation may be necessary to continue improvement 

of clinical superharmonic contrast imaging.

Another important limitation of this work is the method used for concentration matching. 

The particle sizing device used here to obtain concentration and size measurements is 

inherently limited to measure particles between 0.5 and 400 μm (Accusizer product note 

2014). As such, the concentration of a polydisperse contrast agent with significant portions 

of its distribution outside this range will be measured inaccurately by this device. It is 

unlikely that ultrasound contrast agents contain bubbles larger than 400 μm in diameter, but 

it is feasible that polydisperse agents with a mean diameter around 1 μm, such as Definity, 

Micromarker, and our in-house formulations, have populations of bubbles below 0.5 μm in 

size. If so, the concentrations of these agents would be misrepresented to be lower than they 

truly are, which could explain the differences, or lack thereof, in superharmonic signal 

generation we have observed in these agents. This methodology also affects the mean 

diameter of different microbubbles measured in this work. The values reported here may 

appear lower than those reported in other literature, due to the minimum detection threshold 

of the Accusizer (0.5 μm), compared to other common methodologies, such as a Coulter 

Counter or optical microscopy sizing. Furthermore, the values reported here are number-

weighted rather than volume-weighted. The methodology used in measuring and reporting 

microbubble size is a major confounding variable that should always be considered in the 

interpretation of experimental results where bubble size is reported.

This study focused on the effect of different properties of microbubble contrast agents on 

superharmonic signal production. Recently, attention has been brought to the importance of 

properties of the external environment when assessing the acoustic response of 

microbubbles. Others have reported decreased microbubble oscillation amplitude (Helfield 

et al. 2016b) and fragmentation (Helfield et al. 2016a) in fluids with viscosities similar to 

blood. Helfield et al. (2016a) also observed a decrease in broadband superharmonic 

emissions, in keeping with the observation by Lindsey et al. (2015a) that substantial 

broadband superharmonic signals originate from microbubble fragmentation. Because the 

current work used a less viscous fluid during data collection, the superharmonic content 

recorded is likely much greater than would be seen in vivo. While the absolute values of the 

superharmonic metric used here would decrease, we believe the trends shown would remain 

valid in a blood-like fluid.

Many studies have examined the behavior of microbubbles in capillary-sized tubes. It has 

been reported that bubbles in 12–25 μm inner diameter tubes produce smaller oscillation 

amplitudes (Caskey et al. 2006; Thomas et al. 2013) and exhibit fewer occurrences of 

microbubble fragmentation (Caskey et al. 2006) than those in 160–200 μm tubes. 

Furthermore, Sassaroli and Hynynen (2006) have shown that the acoustic pressure threshold 

to cause fragmentation increases as tube size decreases. In consequence, the results 

presented in this work are dependent on the tube used for data collection. The in vitro results 

shown here for a 200 μm synthetic vessel may not translate directly in vivo, where a 

distribution of vessel diameters is present.
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Finally, we reiterate that data presented herein is specific to superharmonic imaging within 

the conditions of the custom fabricated dual-frequency transducer used, which has a 

frequency bandwidth quite different than current clinical transducers. Hence, observations of 

microbubble performance observed here should not be assumed to exhibit the same trends 

for pulse inversion, amplitude modulation, subharmonic imaging, or other techniques 

performed within the bandwidth of commercial clinical transducers and ultrasound systems. 

Future work will be necessary to evaluate the performance of different contrast agents within 

clinical imaging parameters. Similarly, additional work will need to be performed to 

optimize contrast agents for in vivo acoustic angiography.

Conclusion

In this work, we have assessed the superharmonic response of several types of contrast 

agents specific to superharmonic imaging at 4 MHz. We have found that certain 

microbubbles produce much more superharmonic energy than others when insonified at 4 

MHz. In summary, bubbles with perfluorocarbon cores produce more superharmonic content 

than those with sulfur hexafluoride. Microbubbles with longer acyl chains (18–20 carbons) 

in the lipid shell create more superharmonic energy than bubbles with shorter chains (16 

carbons). Superharmonic production generally decreases with increasing size between 1 and 

4 μm, presumably due to decreasing resonance frequency or susceptibility to fragmentation. 

Finally, Definity and Micromarker may be better suited for clinical and preclinical 

superharmonic imaging, respectively, than Optison when insonifying at 4 MHz. These 

results will be used to optimize future acoustic angiography studies and improve contrast-to-

tissue ratio and sensitivity. Continuation of this work will include evaluation of these results 

in animal models in vivo.
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Figure 1: Experimental setup.
Schematic diagram illustrating the experimental setup used in this work.
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Figure 2: Frequency response of the receive element.
Frequency response of the receive element from 0 to 50 MHz (red) and its – 6 dB bandwidth 

with cutoff at 8.5 and 35.7 MHz (black dashed arrow).
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Figure 3: Size and concentration of the contrast agents used in this work.
Size (A, C, E, G) and concentration (B, D, F, H) measurements for the contrast agents used 

in each group: gas core (A-B), lipid shell (C-D), bubble diameter (E-F), and clinical and 

preclinical (G-H). Data are presented as mean ± standard deviation for n = 12 trials per 

contrast agent.
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Figure 4: Summary of results.
Comparison of: A) clinical and preclinical contrast agents, B) contrast agents with different 

gas cores, C) contrast agents with different lipid shell compositions, and D) contrast agents 

with different bubble diameters. Data are presented as mean ± standard error for n = 12 trials 

per contrast agent. AUC = area under the curve, OFP = octafluoropropane, DFB = 

decafluorobutane, SF6 = sulfur hexafluoride.
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Table 1.

Summary of contrast agents.

Group Name Shell Core Size Distribution Manufacturer

Clinical and Preclinical

Definity lipid octafluoropropane polydisperse Lantheus Medical Imaging

Optison protein octafluoropropane polydisperse GE Healthcare

Micromarker lipid nitrogen and 
decafluorobutane polydisperse FUJIFILM VisualSonics, Inc.

Gas Core

DFB lipid decafluorobutane polydisperse Dayton Lab

OFP lipid octafluoropropane polydisperse Dayton Lab

SF6 lipid sulfur hexafluoride polydisperse Dayton Lab

Lipid Shell

C16-2L lipid octafluoropropane polydisperse Dayton Lab

C20-2L lipid octafluoropropane polydisperse Dayton Lab

C16-3L lipid octafluoropropane polydisperse Dayton Lab

C18-2L lipid octafluoropropane polydisperse Dayton Lab

Bubble Diameter

SIMB1-2 lipid decafluorobutane size-sorted Advanced Microbubbles 
Laboratories

SIMB3-4 lipid decafluorobutane size-sorted Advanced Microbubbles 
Laboratories

SIMB4-5 lipid decafluorobutane size-sorted Advanced Microbubbles 
Laboratories

SIMB5-8 lipid decafluorobutane size-sorted Advanced Microbubbles 
Laboratories
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Table 2.

In-house lipid formulations.

Name Acyl Chain 
Length

Number of 
Lipids Lipid Composition Molar Ratio Propylene Glycol 

(vol%) Glycerol (vol%)

C16-2L 16 2 DPPC:DPPE-PEG2000 9:1 15 5

C20-2L 20 2 DAPC:DSPE-PEG2000 9:1 15 5

C16-3L 16 3 DPPC:DPPA:DPPE-PEG5000 8.2:1:0.5 10 10

C18-2L 18 2 DSPC:DSPE-PEG2000 9:1 15 5

Abbreviations:
DPPC = dipalmitoylphosphatidyl-choline
DPPE = dipalmitoylphosphatidyl-ethanolamine
DPPA = dipalmitoyl-phosphate
DSPC = distearoylphosphatidyl-choline
DSPE = distearoylphosphatidyl-ethanolamine
DAPC = diarachidonoylphosphatidyl-choline
PEG = polyethylene glycol
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