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Ultrasonic fragmentation of microbubbles:
a theoretical approach of the flash in flash-echo

Michiel Postema, Georg Schmitz

Institute for Medical Engineering, Ruhr-Universität Bochum, Bochum, Germany

Abstract— Predicting the dynamic behavior of ultrasound
insonified lipid-shelled microbubbles has been of much clinical
interest. For perfusion measurements, a technique named flash-
echo has been proposed. A burst of high-MI ultrasound is to
destroy the contrast agent bubbles, supposedly resulting in a
strong scattering signal that is visible on the B-mode image:
the flash. The absence of this strong response in parts of the
B-mode image indicates a (too) low perfusion. In this paper,
we investigate how microbubbles collapse and fragment. An
overview of fragmentation theory is given, followed by some
high-speed optical observations of collapsing and fragmenting
microbubbles in an ultrasonic field. Fragmentation occurs
exclusively during the collapse phase. We hypothesize that
fragmentation will only occur if and only if the kinetic energy
of the collapsing microbubble is greater than the instantaneous
bubble surface energy. In contradiction to the assumption
that the Blake critical radius is a good approximation for a
fragmentation threshold, our simulations show Rmax/R0 ¿2
for most microbubbles.

I. INTRODUCTION

Ultrasound contrast agents consist of gas bubbles with
equilibrium radii R0 up to 5 µm. These microbubbles are
small enough to be transported intravascularly and to pass
through capillary vessels. Because their resonance frequen-
cies

fr [MHz] ≈ 3.3 [µm µs−1]
R0 [µm]

, (1)

coincide with those applied in ultrasonic imaging, they are
suitable markers for the detection of perfused areas [1]. The
only ultrasound contrast agent currently allowed for clinical
use in Europe is SonoVueTM. It is a second generation ul-
trasound contrast agent, consisting of SF6 gas microbubbles
encapsulated by an elastic lipid shell. Predicting the dynamic
behavior of ultrasound insonified lipid-shelled microbubbles
has been of much clinical interest. For perfusion measure-
ments, a technique named flash-echo has been proposed. A
burst of high-MI ultrasound is to destroy the contrast agent
bubbles, supposedly resulting in a strong scattering signal
that is visible on the B-mode image: the flash. The absence of
this strong response in parts of the B-mode image indicates
a (too) low perfusion [2].

To enhance flash-echo techniques, the ultrasonic destruc-
tion of contrast agent microbubbles has to be understood.
Previously, we presented a quantitative overview of contrast
agent microbubble destruction mechanisms, based on high-
speed optical observations [3]. We found that fragmentation
is the most occurring destruction mechanism for microbub-

bles with an elastic shell. Fragmentation is the fission of a
microbubble into a number of smaller microbubbles.

In this paper, we investigate microbubble collapse and
fragmentation. An overview of fragmentation theory is given.
We also present high-speed optical observations of fragment-
ing microbubbles in an ultrasonic field.

II. THEORY

The shell of SonoVueTM consists of a lipid monolayer
that, under the conditions of our experiments, is in a solid
state. It behaves like an elastic membrane that ruptures
under relatively small strain [4]. At relatively high acoustic
amplitudes (mechanical index MI' 0.6)1, lipid-encapsulated
microbubbles may expand to more than 10-fold their initial
surface areas before coalescing [5]. By the time of maximal
expansion, therefore, the shell has ruptured, leaving newly
formed clean free interfaces [5]. As such, the elastic proper-
ties of the shell will have diminished, resulting in maximal
expansions similar to free gas bubbles [6]. Therefore, we
neglect the influence of the shell in this section.

In this section, we describe the growth, oscillation, and
fragmentation of a microbubble in an infinite liquid subjected
to an ultrasonic field. If the insonifying frequency f ¿ fr,
the pressure in the liquid pL changes very slowly and uni-
formly compared to the natural time scale of the microbubble
[7], [8]. The radius of a bubble R in response to quasistatic
changes in the liquid pressure is described by [8]:

pL =
(

p∞0 − pv +
2σ

R0

)(
R0

R

)3γ

+ pv − 2σ

R
. (2)

Here, p∞0 is the static pressure of the liquid, pv is the vapor
pressure, R0 is the equilibrium radius of the microbubble,
γ is the polytropic exponent, and σ is the surface tension.
Figure 1 shows the right-hand-side of eq. (2), for different
R0. Each curve has a minimum in (Rc, pLc), where Rc is the
critical Blake radius and pLc is the critical liquid pressure.
The region to the right of the Blake radius represents unstable
equilibrium conditions [7], [9]. If the liquid pressure is low-
ered until it reaches a value below pLc, no equilibrium radius
exists [8], resulting in explosive growth of the bubble, much
larger than R0. The ambient pressure eventually increases
again, during the ultrasonic compression phase, causing the

1The mechanical index is defined by MI= p−ac/f , where p−ac is the
peak rarefactional acoustic pressure in MPa, and f is the center insonifying
frequency in MHz.
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Fig. 1. Solutions of eq. (2) for different equilibrium radii 0.1 ≤ R0 ≤
2.0 µm, taking p∞0 = 1 atm, γ = 1.4, and σ = 0.072 kg s−2.

bubble to collapse violently [10]. The Blake radius has been
approximated by

Rc ≈ 2R0 . (3)

During the initial part of the collapse the acceleration,
R̈ is negative. This sign changes as the gas inside the
bubble begins to be compressed, and the rebound begins [10].
Microbubble fragmentation has been expected and observed
close to this moment, when R̈ = 0 [3], [11].

For an ideal gas bubble, the oscillating behavior has been
described by the so-called RPNNP equation, named after
its developers Rayleigh, Plesset, Noltingk, Neppiras, and
Poritsky [12]:

ρR R̈ + 3
2ρṘ2 = pg0

(
R0

R

)3γ

+ pv − p∞0

−2σ

R
− δ ω ρ R Ṙ− pac(t) ,

(4)

where pg0 is the initial gas pressure inside the bubble pg0 =
p∞0 − pv + 2σ

R0
, pac(t) is the acoustic pressure in time, δ is

the total damping coefficient, ρ is the liquid density, and ω is
the angular driving frequency ω = 2π f . The total damping
coefficient is a summation of the damping coefficient due to
radiation δr, the damping coefficient due to heat conduction
δt, and the damping coefficient due to the viscosity of the
surrounding liquid δv [12], [13]:

δ = δr + δt + δv ,
δr = k R ,
δt ≈ 3

5 (γ − 1) ,

δv =
4η

ρω R2
,

(5)

where η is the viscosity of the liquid, and k is the wave
number

k =
ω

c
, (6)

where c is the speed of sound in the liquid.

For R0 ¿ λ, where λ is the wavelength of an ultrasonic
cycle, λ = 2π/k, the pressure generated by a pulsating
microbubble, observed in the far field at distance r, can be
approximated by [13]:

p ≈ ρR

r

(
R̈R + 2Ṙ

)
. (7)

The number of fragments into which a microbubble breaks
up, is related to the dominant spherical harmonic oscillation
mode [10], [6]. For any positive

Γ =
ρR2 R̈

σ
, (8)

there must be a mode n for which the spherical harmonic
distortion has a maximum. This mode depends on Γ by:

n = 1
3

√
7 + 3Γ− 2

3 . (9)

Estimating an approximate fragment radius of [10]:

Rf ≈ R

n
, (10)

the number of fragments N may be taken:

N ≈ n3 . (11)

Mode 2 oscillations have been observed with lipid-
encapsulated microbubbles, leading to fragmentation into 8
newly formed microbubbles [6].

The kinetic energy of a single microbubble in an infinite
fluid is given by [10]:

Ek = 2π ρ R3 Ṙ2 . (12)

The resulting microbubble fragments contain more surface
free energy

∑
i Ef,i than the single bubble prior to fragmen-

tation Es:
N∑

i=1

Ef,i ≈ 4
3π R2

f σ N ≈ 4
3π R2 σ N

1
3 = N

1
3 Es . (13)

We hypothesize that fragmentation will only occur if and
only if:

Ek >

(
N∑

i=1

Ef,i − Es

)
. (14)

III. MATERIALS AND METHODS

A. Simulations

We simulated the oscillating behavior of free microbubbles
with various sizes in a harmonic acoustic field:

pac(t) = p−ac sin ωt . (15)

Equations (4)–(13) were computed with MATLAB R© (The
MathWorks, Inc., Natick, MA) programs. The following
fixed parameters were used: c=1480 m s−1, p∞0 =1 atm,
pv=2.33 Pa, γ=1.4, η=0.001 Pa s, ρ=998 kg m3, and σ=0.072
kg s−2. We did not approximate δ(R(t)) by an equilibrium
damping coefficient. The acoustic amplitudes modeled cor-
respond to MI¿2 (well within the clinical diagnostic range).
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Fig. 2. Schematic overview of the experimental setup.

Here, we focus on simulated driving frequencies of 0.5
MHz and 2.0 MHz, because our optical interrogation was
undertaken using these ultrasonic frequencies.

For microbubble radii 0.2< R0 <12.0 µm, the critical
acoustic pressures pc were computed, above which eq. (14)
holds. For comparison with the Blake critical radius, the
maximal microbubble radii Rmax(R0, pc) were computed
using the RPNNP-equation, and divided by the initial radii
R0.

B. Optical observations

For the observations of lipid-encapsulated microbubble
fragmentation, we made use of high-speed photographs. The
data had been captured at the Department of Experimental
Echocardiography, Thoraxcentre, Erasmus MC, Rotterdam,
The Netherlands, with use of an Imacon 468 fast framing
camera system (DRS Hadland, Ltd., Tring, UK), taking eight
two-dimensional frames at 3 MHz. In all observations, the
first frame was taken a few microseconds before ultrasonic
waves reached the contrast agent. The other seven frames
were taken during ultrasound insonification, with 0.33 µs
interframe time for 500-kHz ultrasound, spanning a full
ultrasonic cycle. An overview of this experimental setup is
shown in Fig. 2. It has been more extensively described in
Ref. [14].

We investigated an experimental ultrasound contrast agent
(Bracco Research SA, Genève, Switzerland). It consists of
phospholipid-encapsulated gas bubbles ranging in diameter
from 1 to 6 µm with a median of 2 µm. Its acoustic behavior
resembles that of SonoVueTM [15]. Undiluted ultrasound
contrast agent (5 ml of a 0.9% sodium chloride dilution,
added to a 25 mg vial) was inserted through a cellulose
Cuprophan R© capillary (Membrana GmbH, Wuppertal, Ger-
many) with a 200 µm diameter. The capillary was fixed in
the focal area of an ultrasonic transducer.

IV. RESULTS AND DISCUSSION

Examples of high-speed photographs microbubble frag-
mentation are presented in Fig. 3. Fragmentation occurs
during collapse. In most observations of fragmenting con-
trast agent microbubbles, other bubbles can be observed
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Fig. 3. Two optical image sequences showing fragmentation of
lipid-encapsulated contrast agent microbubbles during insonification at
f=0.5 MHz and MI<1. The frames were captured at 3 million frames per
second. Frames 1 have been taken prior to ultrasound arrival. The other
seven frames in a sequence cover one full ultrasonic cycle. Each frame
corresponds to a 30×30 µm2 area. Left: R0=1.5 µm, Rmax=7 µm, N >7.
An R0=1 µm microbubble is present to the lower left at r=10 µm distance.
Right: R0=4.5 µm, N >3. The images are courtesy of M. Postema and
N. de Jong, Department of Experimental Echocardiography, Thoraxcentre,
Erasmus MC, Rotterdam, The Netherlands.

close to the fragmenting bubble. If nearby microbubbles
are close enough to an oscillating microbubble, these may
induce surface instabilities that have been associated with
fragmentation. After fragmentation, microbubble fragments
have been observed to coalesce (merge), reducing the surface
energy. An image sequence of the coalescence of free (not
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Fig. 4. Simulation of the oscillation behavior of an R0=0.75 µm mi-
crobubble, during insonification at f=0.5 MHz and p−ac=210 kPa.
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was computed for N=8.
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Fig. 5. Critical pressure as a function of initial radius.

encapsulated) microbubble fragments has been presented in
[16].

An example of simulated oscillating behavior of a mi-
crobubble is shown in Fig. 4. The relatively slow expansion
is followed by a rapid collapse. The collapse generates a high
acoustic pressure p at distance r. This way, the collapsing
microbubbles account for the flash. Close to collapse, the
kinetic energy of the microbubble becomes higher than the
surface energy, as hypothesized. This is the oscillation phase
where microbubble break-up has been observed.

Figure 5 shows the critical pressure above which eq. (14)
holds. Clearly, the critical pressure is minimal around reso-
nance size (R0 ≈6.5 µm). Furthermore, local minima can be
appreciated at harmonic resonance sizes. At relatively low
acoustic pressures, only microbubbles with sizes close to
resonance will fragment.

The maximal expansion radii at the critical pressures
normalized by the initial radii are demonstrated in Fig. 6. In
contradiction to the assumption that the Blake critical radius
is a good approximation for a fragmentation threshold, our
simulations show Rmax/R0 ¿2 for most microbubbles.

V. CONCLUSIONS

Fragmentation occurs exclusively during the collapse
phase. We hypothesize that fragmentation will only occur if
and only if the kinetic energy of the collapsing microbubble
is greater than the instantaneous bubble surface energy. From
our simulations it follows that the Blake critical radius is not
a good approximation for a fragmentation threshold.
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