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Abstract. The driving of contrast microbubbles towards a boundary by means of primary
radiation forces has been of interest for ultrasound-assisted drug delivery. Secondary
radiation forces, resulting from oscillating microbubbles under ultrasound insonification,
may cause the mutual attraction and subsequent coalescence of contrast microbubbles. This
phenomenon has been less studied. Microbubbles with a negligible shell can be forced to
translate towards each other at relatively low mechanical indices (MI). Thick-shelled
microbubbles would require a higher MI to be moved. However, at high MI, microbubble
disruption is expected. We investigated if thick-shelled contrast agent microbubbles can be
forced to cluster at high-MI. The thick-shelled contrast agent M1639, inserted through a
cellulose capillary, was subjected to 3 MHz, high-MI pulsed ultrasound from a commercial
ultrasound machine, and synchronously captured through a high numerical aperture
microscope. The agent showed the ultrasound-induced formation of bubble clusters, and
the translation thereof towards the capillary boundary. Hence, forced translation and
clustering of thick-shelled contrast microbubbles is feasible. The phase difference between
the excursion of the oscillating bubble and the incident sound field was computed for free
and encapsulated bubbles. There is a transition in phase difference for encapsulated
bubbles, owing to the friction of the shell. Therefore, approach velocities of encapsulated
bubbles may not be comparable to those of free gas bubbles.

1. Introduction

Translations of ultrasound contrast agent microbubbles in the direction of a sound
field and toward each other have been frequently optically observed [1,2]. The
driving of contrast microbubbles towards a boundary has been of interest for
ultrasound-assisted drug delivery [3]. Microbubble translation in the direction of
the sound field has been attributed to a primary radiation force resulting from a
pressure gradient across the bubble surface. The translation is maximal in
contraction phase. The velocity v of a bubble in a steady fluid subjected to an
ultrasound field can be expressed as [4]:

d(mv)
e

where F, is the primary radiation force, F, is the drag force, m=(2/3)pr," is the
added mass of the translating bubble, equivalent to half the mass of the displaced
surrounding fluid, in which ry is the ambient bubble radius and p is the density of
the surrounding fluid. Averaging over one acoustic cycle, the primary radiation
force is given by [1,4]:

F+F,- 0, (1)
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where ¢ is the speed of sound, p, is the peak rarefactional acoustic pressure, O is
the dimensionless total damping coefficient [5], @ is the angular driving
frequency, and ay is the angular bubble resonant frequency [5].

The drag force is given by [4]:

F, = —”T”cd Re 7, u(t), 3)

where 77 is the shear viscosity of the fluid, Re=2pro|(s)|/n is the Reynolds
number, and
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is the drag coefficient of a contaminated system [6], such as a contrast agent.
Secondary radiation forces, resulting from oscillating microbubbles under
ultrasound insonification, may cause the mutual attraction and subsequent
coalescence of contrast microbubbles. This phenomenon has been less studied [2].
Two bubbles that oscillate in phase approach each other, whereas two bubbles that
oscillate out of phase recede from each other [7,8]. At low acoustic amplitudes,
the phase angle difference ¢ between excursion of the oscillating bubble and the
incident sound field is given by [7,8]:
s
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The presence of an encapsulating shell increases the damping coefficient by a
term &, [9]

¢ = arctan

5, =—=, (6)

and the squared angular resonance frequency @, by a term @,” [9]
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where y is the shell stiffness parameter [8,9]
Ee
_ e (8)
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in which E is Young's modulus, €is the shell thickness, and v is the Poisson ratio.
The mean approach velocity v, of two identical bubbles is given by [1]:
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where x is the compressibility of the bubble, and dj is the distance between the
centers of the two bubbles.

Microbubbles with a negligible shell can be forced to translate towards each
other at relatively low mechanical indices (MI). Thick-shelled microbubbles
would require a higher MI to be moved. However, at high MI, microbubble
disruption is expected. We investigated if thick-shelled contrast agent
microbubbles can be forced to cluster at high-MI.

©)

2. [Experimental Methods

Setup. The experimental setup designed for simultaneous optical and acoustical
observations of ultrasound contrast agents has been described in [10]. In short, the
thick-shelled contrast agent M1639 (POINT Biomedical Corporation, San Carlos,
CA), inserted through a cellulose capillary, was subjected to 3 MHz, high-MI
pulsed ultrasound from a Toshiba SSA-770A CV ultrasound machine (Toshiba
Medical Systems Europe, Zoetermeer, The Netherlands), and synchronously
captured with a WAT-902DM monochrome CCD camera (Watec Co., Ltd.,
Tsuruoka-Shi, Yamagata-Ken, Japan) through a high numerical aperture
microscope (Olympus Deutschland GmbH, Hamburg, Germany).

The agent M1639 consists of bilayered microspheres encapsulating nitrogen
bubbles with a mean radius of 2 pm. The shell thickness is proportional to the
bubble diameter.

Simulations. The phase angle differences ¢ were computed for free and
encapsulated microbubbles, assuming low excursion amplitudes. Radii were
chosen 0.5<rp<5.0 um. Known shell stiffness and friction parameters of the
ultrasound contrast agent Albunex® were included.

3. Results and Discussion

Figure 1 shows shows an image sequence of M1639 microbubbles under high-MI
insonification. The direction of the ultrasound beam is right-to-left. In frame 1, the
microbubbles are distributed unevenly on the right-hand side of the frame. In
frame 10, two clusters have been formed. In the subsequent frames, these clusters
travel in the direction of the ultrasound, owing to primary radiation forces.

The hexagons in frame 1 mark two microbubbles with 3 pm diameters. There
approach has been measured and computed with equation (9), assuming x =
5%10”7 m* N™". The result is shown in Figure 2.
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Fig. 1. M1639 microbubbles subjected to pulsed ultrasound from a commercial echo
machine, operating at a 3 MHz center frequency and a mechanical index MI=1.3. Inter-

frame time is 100 ms. The frame corresponds to a 94.4x70.8 pum? area. © 2006 IEEE.
Reprinted with permission from [10].

The fact that the measured distances are lower than those computed has been
attributed to the presence of surrounding bubbles.

It is remarkable that certain contrast agent microbubbles approach each other
relatively quickly compared to others. Figure 3 offers a potential explanation. Free
bubbles smaller than 1 um (below resonance) oscillate out of phase with the sound
field, but in phase with each other, whereas microbubbles larger than 2 um (above
resonance) oscillate in phase with the sound field and in phase with each other.
For the contrast agent, the shell friction term causes a slow transition in phase
difference, limiting the number of bubbles that oscillate exactly in or out of phase
with each other. Identical bubbles, such as the bubbles indicated by the hexagons
in Figure 1, therefore, may be expected to approach quickly, despite their
distance.
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Fig. 2. Measured and computed traveled distances x(#) of two identical ry = 1.5 pm M1639
microbubbles, assuming « = 5x10”" m* N™'. © 2006 IEEE. Reprinted with permission from
[10].

4. Conclusions

The agent M1639 showed the ultrasound-induced formation of bubble clusters,
and the translation thereof towards the capillary boundary. It is concluded, that
forced translation and clustering of thick-shelled contrast microbubbles is feasible
at high ML

The phase difference between the excursion of the oscillating bubble and the
incident sound field was computed for free and encapsulated bubbles. There is a
transition in phase difference for encapsulated bubbles, owing to the friction of
the shell. Therefore, approach velocities of encapsulated bubbles may not be
comparable to those of free gas bubbles.

Acknowledgements. The authors are grateful to POINT Biomedical Corporation,
San Carlos, CA, for supplying the contrast agent M1639.
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Fig. 3. Phase angle difference between a damped radially oscillating bubble and an incident
3 MHz sound field, as a function of equilibrium microbubble radius ry. The thin line
represents a free bubble: y= 0 kg s2, §; = 0 kg s, the bold line a hard-shelled
microbubble: =10 kg s>, Sy = 4x10° kg s~ [9].
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