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1. Introduction

Microbubbles are employed in diagnostic ultrasound to aid in blood flow imaging and are under investigation 
for use in therapeutic ultrasound. Clinical formulations are comprised of encapsulated micrometer-sized 
(~1–10 µm) bubbles that are constrained to circulate within the vasculature. Subpopulations of these bubbles 
are resonant at typical clinical frequencies (~1–10 MHz) and can undergo substantial radial oscillations in 
response to ultrasound. A significant therapeutic application of microbubbles is enhancing the permeability 
of microvessels (e.g. capillaries, venules) in order to increase the transport of drugs to the extravascular space 
(Hynynen et al 2001, Aryal et al 2015). Evidence suggests that this is linked to deformation of microvessel walls 
and induction of fluid shear stresses during bubble oscillations (Hosseinkhah and Hynynen 2012). There are 
also important therapeutic applications of microbubbles related to larger vessels, such as treating atherosclerosis 
and breaking up flow-occluding blood clots (thrombus) (Porter et al 2001, Culp et al 2004, Datta et al 2008). The 
latter technique, known as sonothrombolysis, is currently undergoing clinical trials and it holds considerable 
promise to overcome the limitations of current methods for resolving clots in acute stroke, myocardial infarction 
and deep vein thrombosis. While a handful of trials have been conducted (Molina et al 2009, Nacu et al 2017), a 
detailed understanding of the underlying mechanisms of action is still lacking. This motivates for investigations 
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Abstract
Ultrasound stimulated microbubbles have been shown to be capable of breaking up blood clots 
through micro-scale interactions occurring near the clot surface. However, only a small fraction 
of bubbles circulating in the bloodstream will be in close proximity to such boundaries, where 
they must be to elicit therapeutic effects. Here, the accumulation and subsequent behavior of 
microbubbles displaced from an overlying flow channel to a boundary under radiation forces were 
examined. Experimental data were acquired using a novel high speed microscopy configuration 
and simulations were conducted to provide insight into the accumulation process. There was broad 
agreement between experiments and simulations, both indicating that the size distribution and 
number of bubbles arriving at the boundary depended on channel flow rate, applied pressure, and 
bubble concentration. For example, higher flow rates and lower pressures favored the accumulation 
of larger bubbles relative to the native agent distribution. Moreover, bubble dynamics were 
dependent on the surface type, exhibiting rapid translation along agarose gel surfaces whereas on 
fibrin surfaces, they accumulated in localized regions inducing repetitive strain cycles. The results 
indicate that the process of bringing bubbles from within a vessel to a boundary is complex and 
should be an important consideration in the development of therapeutic applications such as 
sonothrombolysis.
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on a more fundamental level, as an advanced understanding could lead to the development of refined exposure 
schemes to improve treatment efficacy.

Thrombus consists of blood cells enmeshed in a fibrin network, which is primarily responsible for the 
mechanical stability of clots. Conventional thrombolytic approaches include the systemic administration of 
thrombolytic agents such as tissue plasminogen activator, which act to enzymatically degrade the fibrin network. 
Microbubble mediated sonothrombolysis has been shown to achieve effects both in the presence and absence of 
thrombolytic agents (Brown et al 2011, Leeman et al 2012, Petit et al 2012). Recent evidence suggests that bubbles 
oscillating at clot surfaces can break fibrin network bonds (Acconcia et al 2013, 2014), eject red blood cells (Petit 
et al 2015, Acconcia et al 2016), promote fluid/drug uptake (Acconcia et al 2014), and eventually penetrate into 
clots under the influence of acoustic radiation forces (Acconcia et al 2013, 2014). In this framework, it is implicit 
that bubbles must be in contact with or in close proximity to the clot boundary. Unlike microvessel permeabiliza-
tion, where the size of microvessels is such that microbubbles are always close to the vascular walls (i.e. the vessel 
size is on the order of the bubble size such that the distance between the bubble and the vessel wall is small), this is 
not the case for flow-occluding blood clots. Here, most bubbles within the vessel are not in contact with the clot 
boundary and thus not available to elicit therapeutic effects. There is recent evidence that primary acoustic radia-
tion force, which exerts a net time averaged force on bubbles in the direction of ultrasound propagation, can play 
a role in directing microbubbles to a clot or a vessel wall in a manner that facilitates therapeutic effects (Acconcia 
et al 2016). However, this is a complex process involving a polydisperse population of bubbles flowing in a blood 
vessel, with each bubble experiencing different size-dependent radiation and drag forces, being driven to trans-
late and subsequently interact at a vessel wall or clot boundary. An understanding of this process in larger (non-
micro) vessels may permit it to be harnessed and optimized for the purposes of improving sonothrombolysis as 
well as the treatment of large vessel walls (Nie et al 2018).

A number of studies have experimentally examined the use of radiation forces to enhance contact between 
endothelial-cell-targeted bubbles and vascular walls with a view to increasing binding efficiency. This concept 
motivated early work in studying radiation force effects on encapsulated microbubbles (Dayton et al 1999) and 
there have been numerous studies indicating the effectiveness of this approach through enhancements in ultra-
sound signals at the vascular walls (Zhao et al 2004, Rychak et al 2005, Wang et al 2014). A subset of studies 
have employed ultrahigh speed microscopy of individual bubbles being pushed within small vessels (Zheng et al 
2007), where the ultrasound beam, optical, and vessel axes were orthogonal. The only optical observations of the 
arrival of flowing microbubbles to a boundary under radiation force where the ultrasound and optical axes were 
coaxial with each other and normal to the vessel axis were accomplished by Wang et al (2015). However, the frame 
rates in that study were low (60 frames per second, fps) and the quality of microbubble imaging was limited due 
to the oblique positioning of the light source relative to the optical axis. To date, there has been no assessment 
in this orientation of the arrival of bubbles at a vessel wall or fibrin clot boundary on a timescale relevant to the 
dynamic accumulation of bubbles.

Numerous simulation studies have examined the translational dynamics of individual bubbles or bubble 
pairs under the influence of radiation forces (Dayton et al 2002, Reddy and Szeri 2002, Vos et al 2007, Garbin et al 
2009). Modeling has been conducted with the aim of characterizing bubble shell parameters (Vos et al 2007), 
developing methods of producing monodisperse bubbles from polydisperse populations (Segers and Versluis 
2014), as well as to more generally gain a better understanding of bubble translational dynamics (Garbin et al 
2009, Lazarus et al 2017). However, at present, no simulation work has been conducted for a population of bub-
bles flowing through an acoustic field under the influence of radiation forces. We recently conducted individual 
bubble experiments to characterize the influence of shell and history effects on the translational dynamics of 
Definity® microbubbles in an effectively unbound environment (Acconcia et al 2018). The constraints identified 
in that work yielded a more refined model for the translation of phospholipid encapsulated bubbles in the pres-
ence of millisecond scale ultrasound bursts.

In this study, a novel approach was developed to examine the accumulation of microbubbles from a flow 
channel onto an underlying flat surface due to radiation forces. Experiments were conducted as a function of 
pressure and flow conditions and accumulation was assessed in terms of bubble sizes and counts. To better 
understand this process, simulation work was also conducted to model the translation of a population of bubbles 
towards a bounding planar surface as they pass through a spatially confined acoustic field under flow conditions.

2. Experimental methods

An overview of the experimental apparatus is shown in figure 1. A ‘ring’ transducer was employed which was 
positioned around an objective lens, allowing ultrasound to propagate coaxial to the optical axis of the objective 
without obstructing a direct path to the light source (figures 1(a) and (b)). This is a distinct configuration from all 
previous high speed microscopy approaches that have used ultrasound beams that are orthogonal or oblique to 
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the microscope lens axis. A flow phantom was fabricated with a flat boundary (either 2% w/v agarose gel or fibrin 
clot) and placed at the optical focal plane within the ultrasound beam (figure 1(c)).

2.1. Ring transducer and ultrasound exposure conditions
The custom ring transducer was made similar to the one described in Nhan et al (2013). The transducer ring was 
cut to a height of 1.2 mm from a zirconate titanate (PZT-4) tube (EDO Corp., Salt Lake City, UT, USA) with 7 mm 
and 10 mm inner and outer diameter, respectively. The tube was radially poled and electrodes soldered onto 
the inner and outer ring walls. The ring was mounted onto a thin (150 µm thickness) glass coverslip (Warner 

Figure 1. (a) En-face photo of ring transducer relative to objective lens. (b) Schematic diagram of entire apparatus showing paths of 
light (yellow) and ultrasound (brown) with respect to microscope and phantom. (c) Zoom-in view of schematic diagram around the 
ring transducer and phantom. (d) Appearance of an oscillating bubble on an agarose boundary recorded at 10 kHz. The timespan of 
the recording is 1.4 ms. The timing diagram indicates the 0.91 ms ultrasound on-time and the scale bar  =  10 µm.

Phys. Med. Biol. 64 (2019) 135003 (17pp)
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Instruments, Hamden, CT, USA). After fabrication, the transducer was matched to a 50 Ω impedance and 0° 
phase to maximize electrical driving power. Due to its geometry, different vibration modes (radial, thickness, and 
height) were resonant at frequencies corresponding to those dimensions by f0 = c0/2s  (Nhan et al 2013) where 
f 0 is the resonant frequency, c0 ~ 4  ×  103 m s−1 in PZT, and s is the dimension of interest. For thickness mode, 
this corresponded to a driving frequency of 1.1 MHz. Sinusoidal bursts were generated at this frequency using 
an arbitrary function generator (Tektronix, Beaverton, OR, USA) and 55-dB RF power amplifier (ENI A150, 
Rochester, NY, USA). The bursts were 0.91 ms long with 6.1 ms between bursts (103 cycles/burst, 15% duty cycle), 
similar to previous studies (Acconcia et al 2013, 2014).

To align the ring transducer with the upright microscope objective lens (LUMPLFLN 40XW, WD 3.3 mm, NA 
0.8, Olympus, Tokyo, Japan), the coverslip was mounted onto a series of 1″ diameter lens tube mounts and adapt-
ers (Thorlabs, Newton, NJ, USA) to match the RMS threading of the microscope components (model BXFM, 
Olympus, Tokyo, Japan). The objective lens was coupled with 65 µl of water placed in the center of the ring trans-
ducer. The volume of water was chosen to allow coupling to the objective lens while leaving the ring transducer 
air-backed. The distance between the ring transducer and the optical focal plane was determined by placing the 
surface of a single element transducer (f 0  =  15 MHz, f  number  =  2) at the optical focal plane and performing 
a pulse-echo measurement to the coverslip and objective lens. Depending on the relative distance between the 
objective lens and ring transducer, the resulting pressure field from the ring transducer could vary, as measured 
using a fiber-optic hydrophone with an active element diameter of 10 µm (Precision Acoustics, Dorchester, UK). 
A suitable distance was chosen and the resultant cross sections of the pressure field are shown in figure 2—the 
transverse plane is shown at 1.73 mm away from the ring transducer surface (i.e. the plane near the center of the 
flow channel). Peak negative pressures quoted in this study refer to the peak acoustic pressure at the center of the 
flow channel. On-axis pressures ranged from 120% to 88% of this value at the top and bottom surfaces of the flow 
channel respectively.

2.2. Phantom
The phantom was designed with a rectangular flow cross-section (height  =  0.75 mm, width  =  10 mm). The 
bottom of the phantom was bounded by mylar film (polyethylene terephthalate, McMaster-Carr, Aurora, OH, 
USA) underlying a layer of either 2% w/v agarose gel (Sigma-Aldrich, St. Louis, MO, USA) or fibrin clot (a ‘fine’ 
clot as prepared in Acconcia et al (2013, 2014)), cast with a flat acrylic block to be flush with the bottom of 
the rectangular fluid channel figure 1(b). After the gel or clot was set, the block was carefully removed and a 
piece of OptiCell membrane (polystyrene, Thermo Scientific, Rochester, NY, USA) was added to the top of the 
acrylic phantom using vacuum grease to enclose the channel, which was promptly primed with gas-equilibrated 
fluid (water in the case of agarose, phosphate buffered solution in the case of fibrin). The OptiCell membrane 
and Mylar film were chosen for acoustic and optical transparency, while the former provided more rigidity to 
maintain a constant channel height, especially during cases with higher flow rates. Agarose was chosen to mimic a 
large vessel wall, while fibrin clots were a model for thrombolysis. The majority of the data were collected with the 
agarose boundary type (at various flow rates and pressures) and anecdotal data was collected for the fibrin clot 
boundary type. The various combinations of acoustic pressures, flow rates, boundary types and bubble dilution 

ratios are summarized in table 1.

2.3. Agent preparation and manipulation
Vials of Definity® microbubbles were allowed to come to room temperature (over a period of at least 30 min 
(Helfield et al 2012)) before being activated in the VialMix® activator for 45 s as per manufacturer’s direction 
(Lantheus Medical Imaging, N. Billerica, MA, USA). After activation, the vial was once again left to come to 
room temperature (at least 15 min). Prior to agent withdrawal, the vial was gently agitated by hand, inverted and 
allowed to decant for 30 s. Using a 21G 1″ needle inserted into the vial just below where the grey rubber stopper 
ends, 0.02 ml agent was drawn to be representative of the native distribution of Definity®. Promptly, the contrast 
agent was diluted into 100 ml gas-equilibrated water, drawn into a 10 ml syringe, and primed into the phantom. 
Then, the syringe was placed in a syringe pump (Model 11 plus, Harvard Apparatus, Holiston, MA, USA), and 
with flow through the phantom channel, the microbubble suspension was sonicated and recorded with high-
speed microscopy. Average flow velocities of 0.5 mm s−1 and 5 mm s−1 were used in this study and turned off 
between sonications. To avoid bubbles accumulating at the top of the tubing leading into the phantom during 
this stagnant period, the remaining suspension of bubbles in the syringe was re-mixed by hand and the phantom 
was primed again before each sonication. Sonications were performed within 30 min of being diluted and drawn 
into the syringe.

2.4. Image acquisition
A fast-frame CMOS camera (Photron APX-RS, Tokyo, Japan) was used to record the dynamics of ultrasound 
stimulated microbubbles at a compliant boundary. The videos were recorded at 5000 fps and synchronized to 
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record 2 frames prior to, five frames during, and 8 frames after ultrasound arrival, leaving ~3 ms between bursts 
that was not recorded for buffer size considerations. The field of view was 334  ×  334 µm2 (768  ×  768 pixels2), 
with a lateral resolution of 0.5 µm and depth of field approximately  <1 µm. Generally, only a single layer of 
bubbles (~1–7 µm diameter) could appear in focus at the boundary, though some out-of-plane bubbles close to 
the boundary could also be seen flowing through the channel.

During ultrasound exposure, bubbles oscillated on the µs timescale (f 0  =  1.1 MHz) while the camera 
recorded at 5000 fps, with ~199 µs and ~1 µs integration and readout times, respectively. Thus, oscillating micro-
bubbles exhibited motion blur during frames recorded while stimulated. However, due to the periodicity of 
oscillations and when translations were relatively slow (<100 s of mm s−1), there was good contrast between the 
outer edge of the bubble and background. In fact, the outer edge of an oscillating bubble gave a rough estimate 
of its maximum radial expansion (figure 1(d)). The optical focal plane was determined through trial and error 
since there were no bubbles at the boundary a priori. It was chosen based on optimizing the focus for most bub-
bles arriving at the boundary. This had to consider the relatively shallow depth of field compared to the size range 
of polydisperse populations of Definity® microbubbles and recording them while undergoing oscillations much 
faster than the integration time of the camera.

2.5. Image processing
To quantify these data, the size distribution of bubbles at the boundary as a function of time was analyzed using 
a binary threshold method. Single frames after each burst were analyzed using built-in functions in ImageJ to 
calculate the bubble size distributions. First, images were converted into binary masks using an appropriate 
threshold. Afterward, the ‘fill holes’ function was applied to fill in the white centers of bubbles and the ‘watershed’ 
function was used to separate any aggregated bubbles. A diameter was then calculated from this area as if it were 

Figure 2. (a) Transverse and (b) axial hydrophone scans of the pressure field generated by the ring transducer. The dashed lines in 
(a) and vertical dashed lines in (b) represent the edges of the optical field of view. The horizontal dashed lines in (b) represent the top 
and bottom of the fluid channel in the phantom, with the transverse scan in (a) measured in the plane z  =  1.73 mm (the middle of 
the dashed box in (b)).

Table 1. Experimental conditions examined.

Boundary type

Max pressure at center 

of flow channel (kPa)

Mean flow rate  

(mm s−1) Bubble dilution Number of runs

Agarose 105 0.5 1:5000 13

105 5 1:5000 14

210 0.5 1:5000 8

210 5 1:5000 13

210 5 1:500 5

Fibrin 105 5 1:500 1

420 5 1:500 1

Phys. Med. Biol. 64 (2019) 135003 (17pp)
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the area of a circle. Particles within 1.2–12 µm diameter and at least 0.60 circularity were counted frame by 
frame, then exported into a list read by Matlab (Mathworks, Natick, MA, USA). Histograms of the particle sizes 
(bin width  =  0.0625 µm) were calculated and then displayed as a function of frame (or burst) number in false 
colour maps. The size distribution as a function of burst number was then calculated by averaging over multiple 
experiments for each burst and size bin. The number and size of bubbles that have arrived at the boundary is 
not necessarily the same as the number and size of bubbles that remain at the boundary. This is due to possible 
coalescence, shrinkage or lateral translation out of the field of view. For this reason, results are presented for 
the cumulative and non-cumulative cases as different information is conveyed. The former conveys the size 
distribution of bubbles when they arrived at the boundary, whereas the latter conveys the size distribution of 
bubbles visible at the boundary from burst to burst. To visualize bubble translations more clearly, minimum 
intensity projections (MIPs) were made over time windows spanning either single or multiple bursts (the specific 
number of bursts is indicated, where relevant).

3. Simulations

3.1. Simulated acoustic field
The majority of simulations examined the translation of bubbles within the flow channel above the boundary 
(‘pre-boundary’ simulations). A subset of additional simulations examined the behavior of bubbles once 
at the boundary. A requirement for the simulations is to have knowledge of the 3D acoustic field distribution 
throughout the channel. For this, laser vibrometry measurements of the coverslip surface were used as input to 
the Rayleigh-Sommerfield integral to characterize the surface velocity phase and apodization. The acoustic field 
was simulated spanning laterally from  −2 to 2 mm (0.05 mm step size) and axially from 0.2 to 2.2 mm (0.05 mm 
step size).

3.2. Pre-boundary simulations
3.2.1. Simulation framework
A Definity® size distribution (obtained from Coulter counter measurements) was used as a probability density 
function from which bubble sizes were randomly selected for input to the simulation. Bubbles between 0.7 to  
12 µm in diameter were populated within the channel to achieve a concentration of 1.25  ×  106 bubbles/ml (i.e. 
a 1:5000 dilution ratio). Subsequently, only bubbles  >1.2 µm in diameter were retained in the simulation based 
on the smallest bubble we could reliably size in experiments. Bubbles were randomly (uniform distribution) 
populated at locations within the channel spanning from  −375 to 375 µm, −4600 to 180 µm, and  −180 to 
180 µm, in the x, y  and z dimensions, respectively. Bubbles were populated upstream (i.e. in the y  direction) 
such that fresh bubbles were continually entering the acoustic field over the 100 bursts. For each exposure/flow 
combination, a total of n  =  10 simulations were run, each for a different set of initial conditions (i.e. initial bubble 
size and spatial distribution within the channel). Fluid flow was assumed to be laminar. Bubbles were no longer 
simulated after the time point at which they exceeded the acoustic exposure bounds, or arrived at the boundary. 
An example of the simulation geometry is shown in figure 3(a) along with a projection of the paths taken by a 
population of bubbles as they flow within the acoustic field over 15 bursts (see video 1 for the corresponding 
animation, available online at stacks.iop.org/PMB/64/135003/mmedia).

3.2.2. Velocity look-up table generation
To simulate the radial and translational dynamics of a population of bubbles at the dilution ratio used in 
experiments with history force on would take on the order of weeks with the computer employed. To expedite 
simulations with history effects included, a lookup table was generated of steady state velocities in the direction 
of US propagation as a function of bubble size and acoustic pressure (see Acconcia et al (2018) for details on the 
radial and translational dynamics models employed). This brought the simulation time to within minutes. In the 
lookup table, bubble diameters ranged from 1–7 (ΔD  =  0.25 µm), pressures ranged from 0–380 kPa (ΔP  =  10 
kPa). The choice of shell parameters and the inclusion of history force were determined based on the results 
of our previous work (Acconcia et al 2018). The pressure ranges over which shell parameters (shell stiffness χ, 
shell viscosity κs and initial surface tension σo) and history force effects were incorporated are shown in table 2 
along with the corresponding generated lookup table in figure 3(d). We note that two models are employed, 
following the results of Acconcia et al (2018). There it was observed that the Marmottant model (Marmottant 
et al 2005) performed better in matching experimentally measured bubble translations at lower pressures (⩽100 
kPa) due to its threshold dependent oscillation amplitude characteristics whereas the Hoff model resulted in a 
better fit at higher pressures. The shell properties employed for the two models differ, however, we note these are 
linearized values derived at very low insonation pressures. The contribution of the shell to stiffness and damping 
is a function of both the linearized shell property values and the form of the term they are associated with in the 

equation of motion for the given model employed.

Phys. Med. Biol. 64 (2019) 135003 (17pp)

stacks.iop.org/PMB/64/135003/mmedia


7

C N Acconcia et al

The use of a velocity lookup table assumes that bubbles are non-interacting. Prior to arriving at the boundary 
the mean separation distance between bubbles is ~100 µm which renders the 2° radiation forces much smaller 
than 1°; for example, two 2 µm diameter bubbles separated by this distance and exposed to a 100 kPa burst expe-
rience time averaged 1° and 2° forces of ~10−9 N and ~10−12 N, respectively. Furthermore, the results of a full 
simulation with 1° and 2° radiation forces included (i.e. one in which the radial and translational dynamics are 
simulated simultaneously for each bubble passing through the acoustic field) were compared with that of the 
corresponding lookup table simulation and were not noticeably different with regards to the number and size 
distribution of bubbles reaching the boundary.

Figure 3. Diagram of the physical scenario being simulated (a) and example results (b). Bubbles are placed between parallel plates 
carried by fluid flow (assumed to be laminar) in the y -direction, perpendicular to the direction of ultrasound propagation in x 
(a). The paths of translation for individual 2 µm diameter bubbles are shown for five mean flow velocities (b). The results of the 
simulation are shown up to the time point at which the first bubble contacted the boundary which occurred for the 2 mm s−1 flow 
velocity condition (acoustic pressure: 100 kPa, burst duration: 1 ms, PRF: 5.5 ms, frequency: 1 MHz). Example bubble translation 
simulation evaluated with and without (i.e. ‘full simulation’) the lookup table (c). The lookup table of velocities (d) employed in 
simulations as a function of bubble size and pressure.

Table 2. Bubble shell parameters and history force inclusion/exclusion used for pressure ranges.

Pressure (kPa) χ (N m−1)

κs (1  ×  10−8 

kg s−1) σo (N m−1) Bubble shell model History force

P  ⩽  25 1.25 5 0.0576 Marmottant 1

25  <  P  ⩽  50 1 3 0.036 Marmottant 1

50  <  P  ⩽  125 1.25 4 0.036 Marmottant 1

125  <  P  ⩽  150 (Do  <  5.5 µm) 0.5 0.7 — Hoff 1

125  <  P  ⩽  150 (Do   ≥   5.5 µm) 0.5 0.1 — Hoff 0

P  >  150 (Do  <  3.85 µm) 0.5 0.6 — Hoff 1

P  >  150 (Do  ⩾  3.85 µm) 0.5 0.3 — Hoff 0

Phys. Med. Biol. 64 (2019) 135003 (17pp)
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3.3. At boundary simulations
3.3.1. Lateral pressure gradients
Most 1° radiation force studies have considered the force to be coaxial with the axis of symmetry of the source. 
However, as the physical origin of radiation forces is a pressure gradient, lateral pressure gradients can induce a 
lateral force. The concept of lateral pressure gradients has been leveraged in the design of acoustic fields for bubble 
trapping (Raiton et al 2012) under travelling wave conditions. Implicit in that work, however, was consideration 
of the gradient of the amplitude of the acoustic field as the source of lateral radiation forces. Here, we consider 
the influence that the gradient of both the amplitude and phase components have on the spatial distribution 
of bubbles at the boundary. For this subset of simulations the pressure gradient was evaluated by taking the 
numerical spatial gradient of the complex 3D acoustic field and the particle velocity was then determined from 
the relation,v = ∇p/(iρω), where v is the particle velocity, p  is the pressure, ρ is the medium density, and ω 
is the angular frequency. Time domain signals (indicated by the superscript ~) were then generated assuming 
harmonic wave propagation: p̃ = 1/2[ peiωt + p∗e−iωt ], ṽ = 1/2[veiωt + v∗e−iωt ].

4. Results

During the course of exposures, bubbles were observed to arrive at the agarose boundary. Once at the boundary, 
bubble dynamics such as lateral translation and coalescence were frequently observed (more detail later). 
Examples are shown in figure 4 of bubbles that arrived at a surface and either simply translated (top row) or 
translated and then coalesced (bottom row). The direction of translation was not correlated with the direction of 
channel flow (from bottom to top of frame) and translational speeds (up to hundreds of mm/s) were often well 
in excess of the mean channel flow speed. Driving factors for their translation were likely secondary radiation 
forces due to the proximity of other bubbles, and primary radiation forces due to components of the spatial 
pressure gradient non-orthogonal to the boundary. For example, figure 4 (top row) shows an isolated oscillating 
bubble, translating laterally at a relatively constant velocity over the burst duration as indicated by the nearly 
uniform greyscale intensities of its outer ring. A more complex example is shown in figure 4 (bottom row) where 
two bubbles accelerated toward each other, indicated by the loss of contrast along their convergent paths. This 
was consistent with stronger attractive secondary forces (inversely proportional to the square of their separation 
distance) as they approached each other leading to their coalescence and a subsequent return to a more uniform 
velocity.

4.1. Arrival and accumulation analysis
Over the full time course of a 100 burst exposure, bubbles were observed to progressively arrive at the agarose 
boundary. Figure 5 shows an example of this process, beginning with a single frame acquired prior to ultrasound 
exposure (figure 5(a)) followed by a series of successive MIPs in groups of 25 bursts (figures 5(b)–(e)). A 
substantial number of bubbles arrived within the first 25 bursts (figure 5(b)), with the rate of arrival diminishing 
over the last 50 bursts (figures 5(d) and (e)). Once at the boundary, bubble coalescence was frequently observed 
as indicated by the merging tracks in the MIPs of figure 5.

Figure 4. Example data sets showing the arrival of bubble(s) at the agarose boundary and the appearance of their subsequent 
behavior. Columns (i)–(vii) are successive image frames with (i) being immediately after the burst that caused the arrival of the 
bubble at the surface, and (ii)–(vii) being taken during the course of the ensuing burst. Column (viii) displays the minimum 
intensity projection (MIP) of columns (i)–(vii). The gaps in the contrast of the bubble paths were due to the ~1 µs readout time of 
the camera between frames (~199 µs integration time). Scale bars are 10 µm.
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The same 100-burst sequence was applied to bubble suspensions at both acoustic pressures (105 and 210 kPa) 
and flow rates (0.5 and 5 mm s−1). Representative MIPs at the boundary are shown (figure 6, top row and Videos 
2-5) with corresponding bubble size distributions (figure 6, bottom row, averaged over multiple experiments) 
encoded in greyscale as a function of applied bursts. Larger bubbles generally arrived at the boundary before 
smaller ones. For example, the mean bubble diameters present at the boundary in the 105 kPa, low flow rate case 
were 4.8  ±  1 µm, 4.2  ±  0.7 µm, 3.7  ±  0.6 µm, and 3.7  ±  0.7 µm at bursts 25, 50, 75 and 100, respectively. The 
number of bubbles at the boundary as a function of time (figure 7(a)) indicated that the rate of accrual of bubbles 
at the surface eventually reduces over the time duration that is assessed. The number of bubbles present at a given 
time is a function of the interplay between incoming bubbles, bubbles translating out of the field of view, and 
possible size changes (e.g. dissolution, growth, coalescence, figure 7(b)).

These factors contribute to a distinction between the number and size distribution of bubbles as they arrive at 
the boundary and those of bubbles that are present at the boundary at a given time. As the effects of lateral trans-
lation, destruction, and coalescence were not accounted for in the simulations, the experimental data is expressed 
in terms of the ‘cumulative’ arrival of bubbles at the boundary for a more direct comparison with the simulation 
results (figure 8). That is, when a bubble is determined to arrive at the boundary, it is counted as contributing 
to the bubbles at the surface. Simulations provided insight into the fate of bubbles not reaching the boundary 
within the FOV. The simulation results indicated that the majority of bubbles (primarily small bubbles) were car-
ried by fluid flow through the acoustic field, exiting downstream of it without reaching the boundary. A smaller 
percentage of bubbles (primarily larger bubbles) arrived at the boundary but pre-focally, outside of the FOV 

Figure 5. Macroscopic progression of accumulation of microbubbles at an agarose boundary over a 100-burst sequence (105 kPa, 
0.9 ms burst duration, 6 ms between bursts, flow rate 0.5 mm s−1, flow direction from bottom to top of frame, dilution ratio 1:5000). 
(a) Single frame before ultrasound exposure, (b)–(e) MIPs in groups of 25 bursts.
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due, in part, to the side lobes of the acoustic field. For example, at 105 kPa in the high flow rate case, the mean 
size of bubbles that flowed through the acoustic field without reaching the boundary was 1.7  ±  0.5 µm whereas 
the mean size of bubbles at the boundary within the field of view was 3.8  ±  1.2 µm and those that reached the 
boundary but prior to entering the FOV was 5.3  ±  1.7 µm. The combination of these effects accounts for the 
experimentally observed skewed distribution of bubbles reaching the boundary compared with that of the native 
Definity® population (figure 9). Interestingly, there were more large bubbles (>5 µm) reaching the boundary in 
the high flow rate case at 105 kPa, than at 210 kPa (i.e. in figures 8(b) and (d), the number of bubbles  >5 µm in 
diameter was a factor of 2 greater at 105 kPa than at 210 kPa). Simulations indicated that many of the bubbles in 
this size range were contacting the boundary prior to entering the FOV thus preventing them from being counted 
and that this effect was more pronounced at the higher pressure examined. Furthermore, no bubbles greater 
than 7 µm were observed at the boundary and simulations suggested a similar explanation. Table 3 shows a com-
parison of the mean size of bubbles reaching the boundary by the end of the exposure for the various conditions 
examined in experiments and simulations. Both experiments and simulations indicated that higher pressures 
brought a greater proportion of smaller bubbles to the boundary whereas higher flow rates tended to act in an 
opposing manner.

Increasing the bubble concentration by an order of magnitude (1:500 dilution ratio at a fixed pressure of  
210 kPa and flow rate of 5 mm s−1), resulted in an increase in the mean bubble size present at the boundary at the 
end of the exposure sequence (2.4  ±  0.9 and 3.3  ±  1 µm for the low and high concentration cases, respectively). 
A comparison of the results obtained at the two concentrations employed is shown in figure 10 (see also Video 6).  

Figure 6. Representative minimum intensity projections (MIPs, top row) of the 100-burst sequence as bubbles accumulate at an 
agarose boundary at various flow rates and pressures. In associated video, for ease of viewing and comparison, individual frames are 
compressed into MIPs of each individual burst (see videos 2–5). Mean size distribution of bubbles at the boundary between bursts 
encoded in greyscale as a function of burst number (bottom row).

Figure 7. Number of bubbles at the boundary (non-cumulative) over successive bursts (a) and statistics on the occurrence rates 
of aggregation, coalescence and bubble disappearance per exposure. Data shown from the low concentration case (1:5000 dilution 
ratio).
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In addition to a change in the size of bubbles at the boundary, the temporal dynamics also changed with the 
accumulation rate. The low concentration case showed a gradual decrease in the rate of accrual whereas the high 
concentration case appeared to increase linearly with burst number.

Figure 8. Cumulative size distribution maps (a)–(d) and numbers of bubbles arriving at the boundary (e)–(f) comparing 
experimental (left column) and simulated results (right column). Color bars indicate the mean number of bubbles arriving at the 
boundary per exposure sequence. As this is a mean, bubble counts  <1 indicate that in some runs no bubbles of a given size arrived at 
the boundary. The color bar ranges are different in each case to make apparent the relative size distribution in each case shown.
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4.2. Lateral translation analysis
Figure 11 (210 kPa, low flow) shows the trajectory of bubbles at the surface over single bursts for cases in 
which individual bubbles were isolated (i.e. no other bubbles identified within 20 µm). On average (81% of 
trajectories), the bubbles lateral trajectories were oriented towards the axis of the transducer (black indicates 
trajectories directed radially inwards), a finding which was supported by simulations (figure 11(b)). Simulations 
also showed bubbles greater than ~5 µm in diameter (i.e. above resonance size) to have trajectories in the 
opposite direction (radially outward) suggesting that the direction of translation is related to a resonance size 
dependent phenomenon as observed for bubbles collecting at nodes and anti-nodes in standing wave fields. This 
could not be supported by experimental data however, due to the sparseness of the experimental data for isolated 
bubbles  >5 µm. The magnitude of the lateral velocities reached up to ~30 mm s−1 for 3 µm diameter bubbles 
at 200 kPa and was on the order of the corresponding simulated case which yielded lateral velocities of up to 
~60 mm s−1 at the periphery of the field of view, where the phase and amplitude gradient were the greatest.

In comparison, the translational velocities due to secondary radiation forces can be much higher (an order 
of magnitude larger) particularly when the separation distance between bubbles is small. For the 210 kPa 
exposures, time averaged translational velocities over the burst in which two bubbles coalesced reached up to  
333 mm s−1 with a mean and standard deviation of 41  ±  73 mm s−1. The bubble sizes involved in this assessment 
were  <6 µm (mean size 3.4  ±  0.9 µm) and the initial separation distances were  <20 µm (mean separation dis-
tance 14  ±  3 µm).

4.3. Fibrin boundary
In the case of fibrin clots, lower lateral translational velocities were observed. Since bubbles often remained 
relatively stationary at the clot boundary, their size could be monitored from burst to burst. Examples for three 

Figure 9. Experimental size distributions of bubbles at the boundary (cumulative) as of the end of the exposure sequence for the 
various flow rate and pressure combinations (b)–(e). The size distribution is significantly skewed from that of the native Definity® 
size distribution within the channel prior to exposure (a). The bin size is 0.125 µm.

Table 3. Mean and standard deviations of the size of bubbles arriving at the boundary.

Exposure/flow condition Bubble diameter (µm) experiment Bubble Diameter (µm) simulation

105 kPa, 0.5 mm s−1 4.3  ±  0.8 3.2  ±  1.2

105 kPa, 5 mm s−1 4.4  ±  1.0 3.8  ±  1.1

210 kPa, 0.5 mm s−1 2.3  ±  0.8 2.2  ±  0.9

210 kPa, 5 mm s−1 2.4  ±  0.8 2.4  ±  0.7

Figure 10. High concentration (1:500 dilution ratio) results for a pressure of 210 kPa and a flow rate of 5 mm s−1. (a) MIP of the 
entire exposure sequence (334  ×  334 µm2 FOV, see also video 6). (b) Non-cumulative size distribution map. (c) A comparison of the 
non-cumulative number of bubbles at the boundary at the two concentrations employed. See Video 6.
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bubbles are shown in figure 12(b); the first two bubbles exhibited sudden increases in size due to coalescence with 
similarly sized bubbles. Stationary bubbles at the boundary acted as an attractive site to coalesce with nearby 
bubbles from the channel. Prior to coalescence, all three bubbles exhibited growth as a function of successive 
bursts, interpreted to be due to rectified mass diffusion. After coalescence, bubbles exhibited a gradual decrease 
in diameter with each additional burst (figure 12(b), bubble 1 and 2), coincident with a sharp decrease in radial 
expansion during ultrasound exposure (see figure 12(a), and Video 7). Such net shrinking of a bubble could have 
been due to dissolution and/or shell shedding dominating over any growth, especially with a sudden decrease 
in volumetric expansions needed for significant mass transfer in rectified diffusion. Another prominent feature 
was the cyclical nature of the lateral translations on the burst repetition timescale. During the burst, bubbles 
were impeded from translating through the fibrin network and caused small displacements to the network. 
Subsequently, they recovered to their initial positions due to viscoelastic rebound of the network. At 105 and 
420 kPa, the maximum bubble displacements per burst were 1.1  ±  0.6 µm (n  =  7) and 2.6  ±  1.7 µm (n  =  8), 
respectively.

5. Discussion

Recent work has indicated that radiation force may play a significant role in microbubble based ultrasound 
therapy for large vessel applications such as sonothrombolysis, where the majority of systemically circulating 
microbubbles are initially situated away from the therapeutic target. The present study has investigated the 
accumulation and dynamics of bubbles at the boundary of a flow channel due to radiation force effects with a 
view to providing information that is relevant to understanding and ultimately controlling this process.

It has been shown for the first time that the size distribution of bubbles arriving at a boundary can be sub-
stantially altered from that of the native polydisperse microbubble size distribution. In particular, for the contrast 
agent and conditions assessed, the accumulated bubble sizes were skewed larger than the native size range. That 
is, larger bubbles were preferentially directed to the surface. It is reasonable to attribute this to the high transla-
tional velocities associated with larger bubbles closer to the resonance size. The time average translational veloc-
ity of a bubble is related to the balance between primary radiation force, Stokes’s drag and history force. This 
was previously examined in detail both experimentally and theoretically for individual Definity® bubbles at a  
1 MHz transmit frequency for the pressure range of 25–200 kPa (Acconcia et al 2018). In that study, it was shown 
that bubble velocities exhibited a complex dependence on size and pressure, the latter of which was influenced 
not only by the size relative to resonance but also by the role of strain dependent encapsulating shell properties. 
In short, translational velocities were substantially higher for bubbles above approximately 2 and 3 microns in 
diameter for pressures of 200 and 100 kPa, respectively. This is broadly consistent with the experimental and 
simulation results in the present study both in terms of skewing to larger sizes relative to the native distribution 
(largely comprised of bubbles  <2 microns) as well as having a trend of having slightly smaller bubbles at 210 kPa 
than 105 kPa. The simulations indicated that an additional contributing factor to this latter trend was that larger 
bubbles were predicted to accumulate at the boundary upstream of the optical observation area due to lower 
amplitude regions of the main lobe and side lobes of the acoustic field. Finally, there was also a non-significant 
trend for the higher flow velocities to result in large bubble sizes at the surface. This can be attributed to the longer 
resident time of the bubbles within the beam at lower flow speeds giving more time for the (slower) smaller  

Figure 11. Experimental displacement vectors of isolated bubbles on the agarose surface for the 210 kPa, low flow rate case (a). The 
majority of cases (81%) involve bubbles with a radial component directed inwards (colored black) rather than outward (in grey). 
The corresponding simulated displacement vectors are shown for 3 µm bubbles (b).
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bubbles to arrive at the boundary. It should be noted that in addition to a skewing of the size distribution of bub-
bles at the boundary, there will also be a skewing in the size distribution of bubbles at other planes of interest 
above the boundary. This is another aspect of the process that simulations can provide insight into.

Collectively these data illustrate a complex relationship between pressure and flow speed on the number and 
size distribution of bubbles reaching a boundary overlying a flow channel. The simulations further highlight that 
the spatial distribution of the beam has an impact on where bubbles arrive. This has considerable implications 
for applications such as sonothrombolysis in which clot damage has been shown to be influenced by the sizes of 
bubbles employed (Borrelli et al 2012, Acconcia et al 2014, 2015). This work is also of relevance when employing 
targeted bubbles since bringing bubbles in contact with their ligands via radiation forces results in greater bind-
ing efficiency than relying on the passive binding of flowing microbubbles. With adequate knowledge of the flow 
velocity and native bubble population, the acoustic field and exposure parameters (e.g. pressure, burst length, 
burst repetition frequency) could be adjusted such that the process of bubble transport to a target site could be 
controlled. That is, it could be considered to be a separate process and have different exposure levels from that 
which would be applied when the bubbles are at the boundary of the target therapeutic area.

Once at the boundary, the majority of isolated bubbles were observed to have trajectories that were gener-
ally oriented towards the center of the field of view. These findings and the corresponding simulation results 
suggested that lateral pressure gradients play an important role in bubble accumulation. Other authors have 
considered gradients in the amplitude of the pressure field (Raiton et al 2012, Nie et al 2018). While this is one 
element driving 1o radiation forces lateral to the beam, the other to be considered is the local gradient in the phase 
of the field. The presence of a lateral amplitude gradient suggests that the wave exciting the bubbles is not a plane 
wave. With this in mind, in the present work we included the phase gradient contribution which accounts for a 
non-uniform wavevector (i.e. a spatial variance in the local direction of propagation). Going forwards, consid-
eration of this could lead to refined exposure strategies, particularly when employing phased arrays which allow 
for greater control and rapid adjustment of the acoustic field in both amplitude and phase. One example of this 
would be in transcranial, large vessel applications employing hemispherical phased arrays.

Characteristic differences were observed in this study when the boundary was made of a fibrin clot instead 
of agarose gel. Once at the clot boundary, bubbles exhibited less translation along the surface (figure 12). Fibrin 
clots had pores that were on the same order of size as microbubbles(Acconcia et al 2014), creating a surface 
roughness that may have been responsible for inhibiting their lateral translation. The inhibited movement of 
bubbles on the surface enabled tracking the size changes of isolated bubbles over extended periods of time in 
which bubble growth was observed, presumably due to rectified diffusion. While experimental observations of 
this phenomenon are established for larger (O ~ 10−5–10−4 m) bubbles in standing waves (Crum 1980, Lee et al 
2005, Leong et al 2010), it does not appear to be well anchored in data for contrast agent microbubbles. To our 
knowledge, this is the first direct observation of the phenomenon. In part, this is due to few optical studies using 
longer bursts (ms versus µs) where a bubble remains stationary, isolated, and in focus long enough to observe 
these longer timescale effects requiring thousands of oscillation cycles (Zhang and Li 2014). The motion of bub-
bles on the fibrin surface also provided unique insights into the process of bubble-mediated thrombolysis. For 
example, here we observed bubbles inducing repeated strain cycles over multiple bursts at given location. Such 
repeated strain cycles were observed from a side view in Acconcia et al (2013, 2014) where multiple bursts at a sin-
gle site were required for the initiation of bubble penetration. Presumably, the relatively stationary bubbles could 
provide greater therapeutic effect compared to bubbles rapidly translating along the surface. In this scenario, 
specific regions of the fibrin surface could then be subjected to the stresses associated with an oscillating bubble 
(e.g. shear stress, thermal damage) over prolonged periods, permitting the accumulation of damage to the fibrin 

Figure 12. Accumulation and analysis of microbubbles at a fibrin clot boundary over a 100-burst sequence (105 kPa, 0.9 ms burst 
duration, 6 ms between bursts, flow rate 5 mm s−1, dilution ratio 1:500). (a) MIP from Video 7. (b) Example for three bubbles 
(Bubble 1 indicated by arrow in (a); bubbles 2 and 3 in separate videos under same conditions not shown) showing resting 
diameters after each burst as a function of burst number, demonstrating net bubble growth or shrinkage. (c) Example of periodic 
displacements of a bubble (indicated by blue arrow in (a)) at the fibrin clot boundary due to radiation forces. Inset (ci) zoomed in 
showing bursts 7–9, demonstrating roughly equal displacements due to excitation during and relaxation after ultrasound exposure.
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network. This interpretation is consistent with recent work where erosion fronts in blood clots progressed from 
multiple localized sites of bubble tunneling (Acconcia et al 2016).

Increasing the bubble concentration by an order of magnitude, in the absence of 2° radiation forces, one 
would expect a corresponding order of magnitude increase in the number of bubbles arriving at the bound-
ary. However, the results at a dilution ratio of 1:5000 compared to 1:500 indicated a similar number of bubbles. 
This is likely a consequence of an increased number of coalescence events in the overlying channel (prior to 
bubbles arriving at the boundary) due to stronger secondary radiation forces that are expected given the lower 
average inter-bubble spacing at a higher bubble concentration. This is consistent with the observed increase in 
average bubble size present at the boundary over the entire burst sequence. Such a phenomenon would also be 
consistent with the results of Chen et al (2015), who observed clustering of bubbles along the way to the distal 
wall of a 200 µm diameter tube. It should be noted that such a high concentration (1:500 dilution) is not viable 
to achieve in vivo through systemic injection, but may be relevant to a catheter release scenario. Furthermore, 
it is worth differentiating from previous work that examined the behaviour of bubbles on a surface, where the 
method of populating the surface with bubbles prior to exposure was flotation under no-flow conditions. Video 
8 shows such a case for a similar bubble density used in Fan et al (2014). A high degree of bubble interactions were 
observed. However, the initial bubble density and size distribution does not reflect a physiologically relevant sce-
nario; namely, one involving flowing bubbles entering the acoustic beam with radiation forces as the necessary 
means of populating the surface.

5.1. Study limitations
The temporal resolution employed was sufficient to observe bubble accrual and interactions over a timescale 
relevant to gathering bubbles from within the flow channel, however it was not at the oscillation timescale of the 
bubbles. A higher frame rate camera (e.g.  ⩾5 Mframes s−1) could capture such details however current models 
are limited in the duration of data collection.

Despite capturing general experimental trends, there were discrepancies between the experimental and sim-
ulation results. Most notably is the low flow rate, low pressure case in which the observed sharp cutoff in the 
arrival of bubbles less than 3 µm is not present in the associated simulation case. This is most likely due to the 
fact that these smaller bubbles, having lower translational velocities, required more bursts to reach the boundary 
which may have compromised their stability and led to their dissolution. Another factor may be that the simula-
tions are based on a data set that was acquired at a maximum pressure of 200 kPa (i.e. from the data of Acconcia 
et al (2018)), and in the present study there were cases in which bubbles experienced pressures exceeding that 
level (see figure 2). Other causes for discrepancies could have been introduced by not having accurately captured 
the initial conditions of the bubbles in the channel prior to exposure (i.e. their size and spatial distribution). 
Although, several precautions were taken to avoid this cause for discrepancy such that the size distribution of 
bubbles flowing through the channel prior to exposure was representative of the ‘native’ bubble distribution as 
determined via Coulter counter measurements.

Finally, the scope of this study only involved a single geometry for flow channel and ultrasound exposure. 
Future work including a range of vessel geometries, transducer beams, pulsing schemes, and flow velocities is 
warranted with a view to harnessing this process in the context of sonothrombolysis or large vessel wall treat-
ments.

6. Conclusions

A new experimental approach was developed to examine the accumulation and subsequent dynamic behaviour 
of microbubbles displaced from a flow channel onto a boundary under radiation forces. The results presented 
have provided insights into this process, showing that the size distribution and number of bubbles arriving at the 
boundary were highly dependent on channel flow rate, acoustic pressure, and bubble concentration. Simulation 
results were in broad agreement with the observed experimental trends indicating that the modeling approach 
can be used to guide the design of experiments to further study this process and potentially adapted for alternative 
flow geometries and acoustic fields. This has implications in terms of considering the treatment process, and 
therefore exposure conditions to be comprised of two stages: the first of which involves getting bubbles to the 
target boundary followed by a second exposure to treat the boundary (e.g. clot). Furthermore, the dynamics of 
bubbles were complex and dependent on the surface type, exhibiting rapid translation across agarose surfaces 
compared to fibrin clots, where they accumulated in localized regions and induced repetitive strain cycles.
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