
ISSN 1063-7710, Acoustical Physics, 2019, Vol. 65, No. 2, pp. 216–225. © Pleiades Publishing, Ltd., 2019.

ACOUSTIC SIGNALS PROCESSING. 
COMPUTER SIMULATION
Mapping Microbubble and Ultrasound Spatio-temporal Interaction 
by M-mode Imaging: The Study of Feasibility1

R. Jurkonisa, *, A. Sakalauskasa, A. Lukoševičiusa, M. Maciulevičiusb,
M. Tamošiūnasb, and S. Šatkauskas b

aBiomedical Engineering Institute, Kaunas University of Technology, Kaunas, LT-51423 Lithuania
bBiophysical research group, Vytautas Magnus University, Kaunas, LT-44404 Lithuania

*e-mail: rytis.jurkonis@ktu.lt
Received June 28, 2018; revised October 22, 2018; accepted October 30, 2018

Abstract⎯Ultrasound (US) and microbubble (MB) interaction is an important factor in the research of bio-
acoustics, as well as targeted drug and gene delivery. In this study, we demonstrate the feasibility of
pulse−echo M-mode imaging system to be used for the visualization and quantification of US–MB interac-
tion in both spatial and temporal dimensions. The system incorporates an exposure chamber with the cell–
MB suspension, a 2.7 MHz focused US transducer, a US pulser–receiver and the customized LabView soft-
ware. The results of cell and MB interaction obtained after M-mode image analysis have showed the US–MB
interaction to be non-uniform in space and non-stationary in time. In order to quantify the spatio-temporal
US–MB interaction, we have introduced the time function of spatial homogeneity dynamics. We have
observed that the effective duration of interaction can be characterized at the predefined threshold of spatial
homogeneity. For example, at the US excitation of 360 kPa peak negative pressure (15 bursts transmitted at
80 Hz pulse repetition frequency), the US–MB interaction persists for more than 5 seconds in the range at
4 mm depth of the exposure chamber with more than 50% of homogeneity. The system proposed in this assay
is feasible for the characterization of US–MB interaction and can be exploited to optimize the MB concen-
tration and/or the US excitation parameters.
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1. INTRODUCTION

Ultrasound (US) contrast agent microbubbles
(MBs) facilitate the cell sonoporation [1–3]. A shear
stress resulting from microstreaming [4] caused by lin-
ear MB oscillations (stable cavitation) induce a revers-
ible cell membrane sonoporation. This can be
exploited for targeted drug and gene delivery to cells
and tissues as an alternative to biocompound intracel-
lular transfer, associated to US thermal effects [5].
Nonlinear MB oscillations (inertial cavitation) occur-
ring at high acoustic pressures can produce a jet phe-
nomenon. Liquid jets induce more efficient cell mem-
brane sonoporation, however they also pose direct
harm to cells, reducing cell viability [6]. It has been
shown by multiple studies that both stable and inertial
cavitation can facilitate efficient drug and gene deliv-
ery [7].

As the mechanism of sonoporation is directly
related to US and MB interaction, the variety of meth-
ods (B-mode imaging, Doppler imaging, passive cav-
itation detection, etc.) are developed for: i) the analy-
sis of MB elastic oscillations [8], ii) the monitoring of

MB activity [9], iii) MB concentration determination
[10, 11], iv) the evaluation of MB dynamics [6, 12–15]
and even v) the control of sonoporation efficiency
[1, 16, 17]. The MB concentration in the medium can
be evaluated using the optical microscope [18], how-
ever it is a time consuming task and does not allow
online MB detection during the experiment. Another
approach is to use the US B-mode diagnostic systems
[11, 17, 19–21]. However, this method requires a sep-
arate electronic or mechanical scanning with a US
beam, which makes the system complex and expen-
sive. The presence of MBs in the medium can be also
detected using passive cavitation detection systems,
which comprise a separate broadband transducer
receiving the acoustic emission signals for spectral
content analysis [22, 23]. The passive acoustic detec-
tor was developed for the feedback process with the
aim to achieve a controlled cavitation [24]. Based on
the passive cavitation detection, several MB inertial
cavitation dose metrics, such as inertial cavitation dose
(ICD) [25], MB sonodestruction rate [26], the inverse
of time to maximum value of spectral RMS [27] have
been already proposed. Still, the intrinsic nature of
MBs can lead to a relatively low delivery efficiency and
large variation in bioeffect outcome [28–30].1 The article is published in the original.
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Fig. 1. The hardware setup designed for the imaging of US interaction with MBs in vitro. (a) The echogram from immersion con-
tainer and exposure chamber is presented on the right side. Dotted lines indicate front part and top surface of the medium under
investigation. The coordinates of the M-mode imaging are presented in relation to the position of the exposure chamber. The
region of interest where the interaction was evaluated, is indicated in lighter grey color in M-mode. (b) Acoustic pulse waveform
captured at the focal point of the beam (peak negative pressure Pn = 360 kPa, burst of 15 periods, space peak pulse average inten-
sity is Isppa = 5.8 W/cm2, 80 Hz pulse repetition frequency, space peak time average intensity is Ispta = 34.7 mW/cm2, pulse dura-
tion τ0.1 = 5 μs, acoustic working frequency f3dBc = 2.7 MHz).
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To the best of our knowledge, US and MB interac-
tion has not been simultaneously analyzed in the
aspects of non-stationarity in time and non-unifor-
mity in space. Thus, we considered the M-mode ultra-
sonic imaging to be a favorable tool for this analysis. A
M-mode image consists of a series of echograms
acquired at fixed time intervals. If US transducer is
positioned on a sample, the stationary reflecting
structure appears as the stationary pattern in the M-
mode image. Conversely, if a scattering particle is in
motion within the beam of the transducer, it appears
as a moving pattern in the M-mode image. Previously
it was reported that commercial MBs (5–10 μm) can
be imaged using the standard M-mode equipment
[31]. The M-mode was utilized to characterize US
contrast agents by monitoring the translational effects
of acoustic radiation force on each MB in a diluted
population [32]. The feasibility of visual observation
of the dynamics of the underwater medium by acoustic
imaging was reported by Matveev et al. [33]. We
hypothesized that the pulse–echo method that
exploits a single transducer could be employed for the
monitoring of US–MB interaction during sonopora-
tion experiments. In this study, we investigate the fea-
sibility to apply M-mode imaging method for the spa-
tio-temporal characterization of cell and MB sample.

2. TECHNIQUES AND MATERIALS

2.1. Hardware Setup

A computerized US pulser–receiver system has
been chosen for the implementation of M-mode
imaging. The hardware system was equipped with
drivers in order to develop LabView application for the
ACOUSTICAL PHYSICS  Vol. 65  No. 2  2019
hardware control. The setup structure is presented in
Fig. 1.

The US transducer was spherically focused with a
frequency band of 1–6 MHz, aperture diameter of
12 mm (model TS 12 PB 2-7 P30, Karl Deutsch Pruf-
und Messgeratebau GmbH, Wuppertal, Germany).
SonoVue MBs exhibit a maximum backscatter coeffi-
cient at around 3 MHz [34–37], which is close to the
center frequency (2.7 MHz) of the chosen US trans-
ducer. It is worth mentioning that there are quite few
trials to expand the US excitation frequency range
below and above 1 MHz [1, 38–43]. The focal spot of
the focused transducer beam determined in the pulse–
echo mode was found to be at 33 mm from the trans-
ducer face. The beam was the narrowest (1.5 mm) at
the focal spot. The acoustic pressure in the focal spot
was measured with the needle hydrophone HNP-1000
(ONDA Corporation, Sunnyvale, CA, US), having a
1 mm active element. The hydrophone was coupled
with an oscilloscope TDS-220 (Tektronix Inc., Bea-
verton, OR, US). The sensitivity of the hydrophone
was corrected using the hydrophone capacitance Ch
and acquisition channel (oscilloscope) input capaci-
tance Ci n = 20 pF. The final value of sensitivity at
2.7 MHz was Mc = 251 mV/MPa. The hydrophone
manufacturer is declaring the calibration uncertainty
±1 dB for 1 V/mPa, which corresponds to ±12% for
the pressures registered. The acoustic pressure wave-
form recorded at the focal spot of the beam is pre-
sented in Fig. 1b.

For the M-mode experiments, the exposure cham-
ber was fixed at a focal distance of US transducer and
kept stable during all tests. The exposure chamber was
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Fig. 2. Optical image of the representative microbubble
sample. Scalebar 250 μm.
made from plastic tube with 5 mm inner and 7 mm
outer diameter, respectively. 200 μl of sample suspen-
sion formed a column within the exposure chamber
having a height of 10.2 mm. US waves were sent
upwards into the exposure chamber positioned verti-
cally. The top side of the exposure chamber was left
open in order to access with the pipette tip. The bot-
tom side of the exposure chamber was covered with the
polyester membrane (thickness 28 μm), which was
separating the suspension in the chamber from the
immersion water. A polyester membrane is known to
be transparent to sound waves [44]. The US trans-
ducer driven by a computerized US pulser–receiver
USBox SX (Lecoeur Electronique, Chuelles, France)
was excited with square shaped 175 ns duration voltage
pulses of up to 270 V amplitude. The pulses were used
for single pulse excitation and for the excitation bursts
consisting of up to 20 periods. In all the cases, the
pulse repetition frequency of excitation was 80 Hz.
The receiver amplification was set to 30 dB, the filter
was set to broadband (0.5 to 25 MHz) and the length
of the acquired echogram was 70 μs or 52 mm. The
analog-to-digital converter (ADC) had a 12 bits
amplitude resolution and 80 MHz sampling fre-
quency. A pulse–echo operation mode of the comput-
erized US pulser–receiver was used in all the experi-
ments.

The influence of a polyester membrane on the US
transmission was verified with the same HNP-1000
hydrophone. When the membrane was inserted in the
source beam, the acoustic peak negative pressure at
the focal point was measured. After the comparison of
acoustic pressures obtained in cases with/without
membrane, the difference was found within the range
of accuracy of oscilloscope (3%). All acoustic pres-
sures were indicated through the entire paper mean
peak negative pressures. The typical echogram from
immersion container and exposure chamber is pre-
sented on the right side of Fig. 1a in relation with the
dimensions of the setup.

2.2. Sample Preparation
The samples of suspension containing freshly pre-

pared MBs and cells were investigated. Lipid-stabi-
lized, air-containing MBs were produced by dissolving
1 mg of lyophilized powder containing macrogol 4000,
distearoylphosphatidylcholine, dipalmitoylphos-pha-
tidylglycerol sodium, and palmitic acid (Bracco S.A.,
Manno, Switzerland) in 200 μL 0.9% NaCl. The pres-
ence of MBs in the suspension was confirmed micro-
scopically (Nikon Eclipse TS100, ×200)—Fig. 2.

Consequently, the MB concentration was deter-
mined by counting MBs using a hematocytometer, as
described previously [26]. The counting of MBs was
independently performed three times. The average
MB concentration (estimated up to 2 min post MB
preparation) was 6 × 107 MBs/mL. The stability of the
prepared MB sample was time-dependent; the MB
self-degradation followed the monoexponential decay
curve with the time constant of 33 ± 4 min [17, 26]. In
the experiment, all US data acquisition was performed
within 10 min after preparation of the MB sample.

Next, the US–MB interaction experiments were
performed on cell and MB suspension. The Chinese
hamster ovary cells at 106/mL concentration were
resuspended in 1× phosphate-buffered saline. The
exposure chamber was pipette filled with uniform sus-
pension of cells and MBs. The 200 μL of cell–MB sus-
pension contained 1.6 × 105 cells and 1.2 × 106 MBs.
Considering the US speed in the medium c = 1480 m/s,
the delay of echo pulses in the column is 13.8 μs.

3. PROPOSED ANALYSIS OF ECHOGRAMS
The analysis of echograms was performed off-line

using a developed LabView virtual instrument. The
stored echograms were loaded from files as radio fre-
quency signals (Fig. 3). Echo pulses from the suspen-
sion forepart (polyester membrane) and top surface
(limited by air) were identified in the echogram. This
allowed to demonstrate the temporal dynamics of the
echogram signals reflected from cell and MB suspen-
sion in the exposure chamber.

The time window can be clearly seen in Fig. 3d,
where the bottom covering membrane and the top sur-
face of the suspension in the exposure chamber corre-
spond to pulses at 40 and 55 μs, respectively. The
echograms from the suspension show changes in scat-
tering. The amplitude of the echo pulse when entering
the chamber at 40 μs is high due to strong backscatter-
ing from the MB suspension at the onset of US expo-
sure (0.21 s) when all MBs are still intact (Fig. 3b). It
was not possible to observe echo pulses from the top
surface of the suspension corresponding to 55 μs,
because all US waves were scattered by high amount of
ACOUSTICAL PHYSICS  Vol. 65  No. 2  2019
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Fig. 3. Samples of the echograms showing MB dynamics in suspension after US excitation: (a) and (c) with 15-period burst of
Pn = 360 kPa amplitude, (b) and (d) with a single pulse of Pn = 410 kPa amplitude. “0” on the X-axis denotes the time instance
when the transducer is excited, the later (41–54 μs) f luctuation of amplitude represents echo pulses received from the exposure
chamber. Time in the inset indicates the instance when echogram was received after the start of the exposure.
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MBs (term “acoustic shadowing”) in the forepart of
the exposure chamber. The upper surface of MB sus-
pension became evident in the echogram when MBs
had been destroyed under the influence of intense US
pulses during 20 s exposure (Fig. 3d). The absence of
echo pulses at 54 μs (Fig. 3a) show that 15-period US
burst pulses of 360 kPa for more than 0.21 s were
unable to penetrate through the whole suspension with
MBs. When MBs are gradually destroyed, US pulses
pass the medium forth and back with a gradually
decreasing loss of acoustic power. Finally, as MBs are
destroyed during a 20 s excitation, the echo pulse from
the top surface of the medium is clearly identified
(Fig. 3c). Online interpretation of the echogram
dynamics is complicated, implying a necessity of a
new way to represent the ultrasonic data. Changes
could be observed more clearly if the echograms were
compared side-by-side during the time course. Thus,
the M-mode imaging was used to visualize US inter-
action with cells and MBs in temporal and spatial
dimensions (Fig. 4). The time dimension is directly
related to US exposure duration, while the distance
dimension can be intentionally set as respective win-
dows in the echograms. Therefore, M-mode images
were built from windowed echograms, as indicated in
Fig. 1a. The time window was starting at 40.5 μs and
terminating at 54.3 μs (Fig. 3d). We have also included
additional 11.7 μs to involve MB post-excitation
response into M-mode imaging window, which was
reported [15, 45, 46] as a possible indicator of MB
presence in the suspension.
ACOUSTICAL PHYSICS  Vol. 65  No. 2  2019
In total, 370 echograms were acquired into com-
puter memory during 20 s of excitation at 80 Hz pulse
repetition frequency. Echograms were demodulated
by calculating analytical signal after Hilbert transform
and then taking the magnitude of the signal. Demod-
ulated signals were filtered in order to remove the
high-frequency noise. Then matrix of demodulated
echographic data was presented as the intensity chart
or M-mode image, where the amplitude of echograms
is coded as the grayscale intensity. The grayscale
intensity was adjusted to the amplitude of echo pulses
from cell suspension: the highest amplitude was repre-
sented in black. This lower limit of grayscale was
implemented to represent backscattered signals from
the suspension with MBs as light gray–white pattern.

More detailed information on US interaction with
cells and MBs was obtained in a specific region of the
M-mode image, in the distance axis between 4.2 and
8.3 mm, which represents only the medium without
stable reflection regions from bottom and top surfaces
of the suspension (see Fig. 4a).

4. RESULTS

The proposed computerized US pulser–receiver
system was first used to reveal the similarities and dif-
ferences between M-mode images acquired from sus-
pension of cells alone (Fig. 4a) and later from MB–
cell suspension (Figs. 4b–4e). The cell–MB suspen-
sion was exposed to 360 kPa US excitation bursts con-
sisting of up to 15 US pulses for 21 s (Figs. 4b–4d). When
the number of US pulses was reduced to a single period,
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Fig. 4. M-mode images representing the dynamics of backscattered signal from the MB-cell suspension samples: (a) the suspen-
sion containing cells alone (9 minutes after pipetting), (b)–(e) dynamics of backscattered signal from cells suspension after MB
administration. Cells–MBs suspension was excited with US: (b) 360 kPa, 15-period burst; (c) 360 kPa, 10-period burst;
(d) 360 kPa, 5-period burst; (e) 410 kPa single pulse; (f) the profile of the magnitude of the backscattered signal from cell alone
at the 20th second of exposure duration with adjusted grayscale. Black color was established at 46 dB level and was applied to all
M-mode images.
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the amplitude of this pulse was 410 kPa (Fig. 4e). M-
mode images of the suspension represent the dynam-
ics of the signal backscattered from the sample (10.2
mm) in the exposure chamber, including reflection
from suspension–air interface and post-excitation
region (above 10.2 mm). In order to magnify the
beginning of the process, we prepared diagrams having
logarithmic time axis.

The high-amplitude echo pulses from the interface
at the bottom and top surfaces of the suspension
appear as horizontal light patterns in all M-mode
images. The first pattern is near 0 mm distance, the
second, near 10 mm distance. The pattern thickness of
the echo pulses, reflected from the entering interface
of the suspension is directly related to the length of US
excitation bursts. Therefore, the stationary pattern at
the depths from 0 to 4 mm of the M-mode image is
present in all the samples and is the first common fea-
ture of M-mode images. The depth range of this sta-
tionary pattern does not change during exposure dura-
tion. A stable high-reflectivity region with a thickness
of about 4.2 mm can be seen in the case of the longest
burst (15 periods) excitation (Fig. 4b). With a decrease
of the number of US burst periods from 15 to 10, 5 and
1 period, the thickness of a stable strong reflection
region decreased from 4.0 (Fig. 4b) to 2.9 (Fig. 4c), 1.5
(Fig. 4d) and 0.8 mm (Fig. 4e), respectively.

The second common feature of M-mode images
observed in all the samples and in all the cases of US
excitation is located at about 10.2 mm, where echo
ACOUSTICAL PHYSICS  Vol. 65  No. 2  2019
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pulses reflected from the top surface of the suspension
form the second region of stable strong reflection.
Again, the thickness of the pattern is directly related to
the duration of US excitation bursts, but the time
instance of a strong reflection depends on the type of
sample in the chamber. If the suspension contains cells
alone, then a strong reflection region is present and
does not change in thickness during exposure dura-
tion. When the suspension is supplemented with MBs,
a strong reflection region is not present at the very
beginning of exposure and develops during 1–3 s of
exposure, depending on the length of US excitation
burst. The absence of strong reflection implies high
attenuation or acoustic shadowing of MB suspension.
This acoustic shadowing is gradually decreasing
during US exposure duration and enables to detect the
interface of high reflectivity from the top surface of the
suspension.

After the identification of landmark patterns in
M-mode images the analysis of US–MB interaction
dynamics from cell–MB suspension samples was per-
formed. The image region representing suspension is
located between strong reflections—the bottom and
top surfaces of the suspension. It can be seen in Fig. 4a
that M-mode images of cell suspension do not change
much during US exposure (in the distance range from
3.5 to 10.5 mm). The foremost finding in M-mode
images of cell-only suspension is the minimal signa-
tures of the static and moving scatterers in the suspen-
sion. The minimal light pattern shows that there are
only weak scatterers in this suspension.

A characteristic feature of the M-mode images of
the cell–MB suspension is a specific strong backscat-
tering pattern (Figs. 4b–4e). It is also evident that
during US exposure, the MBs are gradually frag-
mented with the US pulses and/or pushed-up from
the analysis region due to acoustic radiation force,
resulting in the decrease of the M-mode image inten-
sity level from ~60 to ~40 dB compared to the cell-
only sample. The non-uniformity of the intensity of
M-mode images during the first 3 s of US exposure
duration disclose the locations of high scattering and
acoustic shadowing in the suspension. There are some
locations containing cells as the main scatters, other
locations—MBs and some zones of suspension—are in
the acoustic shadow. For example (Fig. 4b), at the
beginning of exposure the acoustic shadow extends
from 7 mm to deeper regions corresponding to the upper
suspension layer in the exposure chamber. This means
that only the lower suspension layer (up to 7 mm), which
is the nearest to the source transducer, is interacting with
US during the very first series of US excitation. In case
of a single pulse excitation, the region of initially non-
affected suspension extends from 3 mm to deeper
locations (Fig. 4e). Similarly, it implies that the sus-
pension layer (up to 3 mm), the nearest to transducer,
interacts with US during the very first excitation
bursts. The time required for US to interact with the
whole depth (10.2 mm) of suspension in the exposure
ACOUSTICAL PHYSICS  Vol. 65  No. 2  2019
chamber is related with the length of excitation bursts.
US interacts with MBs in the whole suspension depth
(10.2 mm) within 2 s in all the cases, except for a single
15-period US burst, where the time for interaction to
spread is 0.7 s.

A detailed analysis of US interaction with MBs was
performed within the region between 4.2 and 8.3 mm
on the distance axis of M-mode image (Figs. 4b–4e).
This distance range was chosen in order to exclude
strong reflections from both the membrane and sus-
pension top surface. The images show the US interac-
tion with MBs to be non-homogeneous, having active
and passive spatio-temporal zones, and last for differ-
ent durations for different US excitation bursts. With
the aim to estimate quantitatively the homogeneity of
US–MB interaction, we introduced the threshold for
M-mode image intensity. We set the threshold of
M-mode magnitude to be at 46 dB as the highest
amplitude observed in the medium containing cells
alone (Fig. 4f). Consequently, in the presence of MBs
the US–MB interaction is represented in white color
in M-mode images. We counted the number of pixels
in M-mode image region of higher intensity than
46 dB to get the quantity NI associated with the loca-
tions of US–MB interaction. The rest pixels NNI were
estimated as the region without interaction. Thus, the
US–MB interaction in space was quantitatively
defined using the homogeneity parameter (recalcu-
lated to the percentage ratio) (1):

(1)

where NI + NNI is the total number of pixels, which is
equal to the length of the preselected window (dis-
tance range from 4.2 to 8.3 mm). This percentage ratio
indicates the part of the active US–MB interaction in
the analysis region. The homogeneity time function is
obtained by calculating the H parameter at each
instance of US excitation and represents the variation
of US–MB interaction in a preselected depth range in
the sample. The homogeneity time functions are pre-
sented in Fig. 5.

It can be observed that homogeneity f luctuations
are more pronounced in the beginning of US expo-
sure. Homogeneity increases during the first second of
the exposure duration. After reaching around 100%
homogeneity, the interaction does not decay mono-
tonically. This can be explained by MB destruction
and possible migration of non-destroyed MBs from
the circumference of the exposure chamber into the
region of acoustic beam. It is possible that a 1.5 mm
width acoustic beam does not excite the total cross-
section of the suspension in a tube with 5 mm inner
diameter. When MBs initially located in the centre of
the beam are destroyed, H temporarily decreases. Con-
versely, when MBs from the periphery of the beam move
into the beam center, the homogeneity temporarily
increases until these MBs are destroyed as well.
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Fig. 5. Time dependence of homogeneity of US interac-
tion with MBs calculated from M-mode images of intensity
above 46 dB. In the legend number of periods in bursts of
excitations is indicated, which peak negative pressure Pn =
360 kPa, only for the case of one-period burst – Pn = 410 kPa.
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By applying the homogeneity parameter, we have
estimated US–MB interaction for US excitation
bursts having different number of periods. For exam-
ple, the interaction persists more than 5 s in the depth
range from 4.2 to 8.3 mm with more than 50% of
homogeneity when US excitation is 15 periods in the
burst (see Fig. 5). Considering the homogeneity level
above 20% within the same 15-period excitation, the
interaction persists for 6.5 s at the same depth. It is
possible to achieve 3% of homogeneity for 11.8 s
within the same US exposure. In the case of this 15-
period US excitation more than 20% of suspension is
in acoustic shadow for 0.15 s, therefore, no US–MB
interaction occurs. The homogeneity levels of US–
MB interaction and acoustic shadowing for different
US excitations are summarized in the Table 1.
Table 1. Summary of parameters describing US interaction w

Number of periods 
in excitation burst

Peak negative 
pressure, kPa

Time of H > 50% 
homogeneity, s

15 360 5.3
10 360 3.2
5 360 0
1 410 0
The second parameter characterizing the MB sus-
pension is the time required for US waves to propagate
through the medium. In the control case, when the
suspension had cells alone, we observed high stable
amplitude of the reflected waves from the top of the
media at the distance of 11 mm. The amplitude at a
11 mm distance did not alter during the time of expo-
sure (Fig. 4a). When the MBs were added, the high
amplitude at 11 mm was observed with a delay
(Figs. 4b–4e). We have evaluated this delay in detail
using the amplitude threshold of 46 dB. The delay is the
shortest (1.2 s) for the longest excitation burst (360 kPa,
15 periods), and increases as the excitation bursts
become shorter. The numerical values are given in the
Table 1.

In the Table 1 we can see that the time of US–MB
interaction is becoming shorter at all spatial homoge-
neity levels with the decrease in the number of periods
in the US excitation bursts. It can be observed that in
response to the shortening of US excitation bursts
from 15 periods to a single pulse the time duration
when suspension with MBs is in the acoustic shadow
increases from 1.2 up to 2.2 s. Respectively, the param-
eter of non-homogeneity or shadowing can be calcu-
lated as 100%—H. The latter evaluates the non-unifor-
mity level of the US–MB interaction, as it is the oppo-
site of the homogeneity parameter. This percentage
indicates the extent of MB suspension (along the US
propagation direction) being in the shadow and,
therefore, unaffected by US.

5. DISCUSSION
The M-mode image represents the dynamics of US

scatterers in the spatio-temporal dimension. The
characterization of non-stationary processes in the
suspension containing MBs during targeted molecular
delivery experiments is the new application of the M-
mode method. In this study US pulser–receiver sys-
tem was used to excite MBs in the suspension and to
compose the image from the echo pulses backscat-
tered from the MBs. The pulser–receiver system in
this approach was evaluated to be an economical tool
for the investigation of US–MB interaction, as well as
determined to be feasible for the current purpose. The
M-mode image having time dimension is superior to
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ith MB in vitro

Time of H > 20% 
homogeneity, s

Time of H > 3% 
homogeneity, s

Time to propagate 
the medium, 

estimated
at 11 mm, s

6.5 16.7 1.2
4.5 7.2 2.1
2.9 6.8 2.3
0 0.06 2.2
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the B-mode image if the imaging of non-stationary
suspension is considered.

By investigating US–MB interaction, we assumed
that the intensity of the M-mode images refers to the
suspension echogenicity or backscattering strength,
which is correlated to MB concentration [47]. A simi-
lar simplified model of MB suspension was employed
by Nyborg, who described MB destruction [48]. The
model for experiments has been verified by optical
observations [47]. It has been shown that backscatter-
ing of a volume of all MB scatterers is proportional to
the backscattered power from a single MB [46]. This
implies that M-mode imaging can be used for the
investigation of US–MB interaction kinetics in vitro.
Furthermore, we have demonstrated for the first time
that the US–MB interaction could be evaluated in the
distance and time dimensions. Presented M-mode
images show that US interaction with MBs in suspen-
sion does not start immediately in the whole exposure
chamber with the very first bursts of US excitation.
The interaction initially takes place at the forepart of
the suspension facing US excitation transducer. The
US pulses propagate into deeper layers of the suspen-
sion gradually destroying initially excited MBs. US
waves propagate through the suspension with strong
scattering due to MBs, therefore, the homogeneity of
interaction depends on US intensity and MB concen-
tration in situ. In all cases, the deepest layers of sus-
pension with MBs are in the acoustic shadow, where
the US–MB interaction is delayed. This indicates that
at the fixed duration of US exposure, the deeper layers
of MB suspension (both in the absence or in presence
of the cells) can remain partially or completely unaf-
fected by US.

This non-homogenous interaction can be taken
into account for the explanation of high variability in
the efficiency of sonoporation outcome [30]. Special
attention must be paid here to molecular sonotransfer
efficiency optimization. If the US parameters and MB
concentration are adjusted to the pattern leading to the
most part of MBs being in the shadow, then only a
small part of the MB population will cavitate and tem-
porarily permeabilize only the small number of cells.
Eventually, the combination of these conditions leads
to low molecular sonotransfer. On the other hand,
high level of homogenous interaction may contribute
to higher sonoporation efficiency. Thus, the quantifi-
cation of homogenous spatio-temporal US–MB
interaction could be proposed for molecular sono-
transfer efficiency optimization by adjusting US out-
put parameters to the MB concentration. Moreover, it
is desirable to achieve high homogeneity during the
onset of sonoporation and terminate the US excitation
as homogeneity decreases to zero, thus avoiding cell
death due to excessive impact of the US alone after
complete MB sonodestruction had already occurred.

Recently our group has published research where
MB cavitation extent quantified as spectral RMS was
ACOUSTICAL PHYSICS  Vol. 65  No. 2  2019
evaluated simultaneously with MB concentration
measurements [27]. Spectral data showed that RMS
rising phase appeared with some delay, while MB con-
centration decrease had been occurring since the onset
of the US exposure. In addition to this, the latter MB
concentration and RMS delay was decreasing with
increasing acoustic pressure. The homogeneity of
interaction and shadowing kinetics could facilitate the
interpretation of the delay between MB concentration
decrease and RMS increase. If the homogeneity of
interaction is small and the major part of MBs is in the
shadow, only the small portion of MBs undergoes
inertial cavitation. Thus, MB concentration is
decreasing, but there is no spectral RMS increase,
because the remaining major part of MBs is obstruct-
ing the signal. Therefore, M-mode imaging facilitates
the interpretation of spectral RMS and MB concen-
tration decrease delay phenomena.

Our proposed M-mode mapping of US–MB inter-
action non-uniformity in space and non-stationarity
in time could be compared with a number of similar
experimental investigations. Sonovue MBs were excited
[13] with US bursts of 10 cycles sine of 3.3 MHz. Total
therapy sequence consisted of 100 pulses with repeti-
tion frequency of 10 Hz. The approximate MB con-
centration was 1.5 × 107 MBs/mL. The researchers
found the exponential decay of backscattered subhar-
monic power and calculated the exponential time con-
stant. The time constant was decreasing from 6 to 3 s
when peak negative pressure was increased from 150 to
760 kPa. Our findings about US interaction with MBs
are extracted from the total backscattered signal with-
out selective spectra evaluation. However, we found
that time duration of the interaction continues up to
6 s, therefore, our findings are similar. The second rel-
evant reference of Sonovue observation using the
time-dependent US image intensity was obtained by
Min et al. [49]. Cadence pulse sequencing mode of US
imaging (Acuson Sequoia 512; Siemens Medical Solu-
tions, Erlangen, German) was performed with 15 MHz
US probe (Acuson 15L8) at MI = 0.4 (1.55 MPa).
Sonovue MB suspension was periodically exposed for
2 min to continuous US field with 10 min recess, and
then the changes of US image intensity were
observed. The US image intensity of Sonovue was
completely diminished to zero within 20 min. Our
proposal of M-mode imaging with single mono-ele-
ment transducer could be an economical solution still
enabling to quantify interaction homogeneity and
shadowing parameters.

The proposed system has some limitations. The
first one is related to the resolution of M-mode imag-
ing, which is hindered by the duration of US excitation
bursts. As an example, the effective duration of US
pulse “hides” the part of the suspension located near
the polyester membrane. A coupling layer with known
dimensions could overcome this resolution limitation
of the system. The second limitation of the proposed
method is related to the specific backscattering spectra
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of MBs of different sizes. If the frequency of the trans-
ducer is in the frequency band of a weak backscattering
from MBs, then weak echo pulses from MBs will be
received. Obviously, the proposed tool should be
equipped with US transducer of respective center fre-
quency allowing the optimal backscattering of pre-
ferred MBs.

The third lack of the proposed system concerns the
single parameter included in the analysis. In our inves-
tigation, only the amplitude of the echograms was
analyzed. Because of this limitation it is difficult to
discriminate whether scattering in the suspension is
originated specifically only from MBs. The presented
system can be effectively applied only for in vitro
investigations at present. The specificity of MB imag-
ing could be improved by using spectral content of the
echogram for M-mode image formation [22, 50, 51].

The variability of the derived parameters (homoge-
neity, propagation time) was not investigated, and this
is a limitation in the present study. Concerning the sta-
tistics of the provided experimental results, we want to
note the complex problem of MB concentration mea-
surements [52]. The trials of MB counting reproduc-
ibility showed that the number of concentration vari-
ability up to 22% is achieved with optical microscopy
[48]. So, we think that optical microscopy with intrin-
sic variability around 20% is the major contributor to
the variability of our experimental results. Despite
this, the preliminary results have proven the feasibility
of M-mode imaging method for the US–MB interac-
tion determination. The experimental data accurately
defines the observed effects known from the acoustic
wave scattering theory. We showed that M-mode US
pulser–receiver system could be utilized for fast imag-
ing of MB sonodestruction dynamics.

In conclusion, the proposed economic system
based on M-mode imaging allows the visualization of
US interaction with MB suspension in time and dis-
tance dimensions.
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