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® Technical Note

COUPLING TWO ULTRA-HIGH-SPEED CAMERAS TO ELUCIDATE ULTRASOUND
CONTRAST-MEDIATED IMAGING AND THERAPY

HonGcHeN L1, * X1ureNG Li,' GonzaLo CoLLaDO-LARA,* KIRBY R. LATTWEIN,* FrRITS MASTIK, *
ROBERT BEURSKENS, * ANTONIUS F.W. VAN DER STEEN,*'" MARTIN D. VERWED, **'

Nico pE Jong,* ' and KLazina KooiMAN*
* Department of Biomedical Engineering, Thoraxcenter, Erasmus MC University Medical Center Rotterdam, Rotterdam, The

Netherlands; and " Section of Medical Imaging, Department of Imaging Physics, Delft University of Technology, Delft, The
Netherlands

(Received 5 April 2022; revised 26 August 2022; in final form 31 August 2022)

Abstract—Ultrasound contrast-mediated medical imaging and therapy both rely on the dynamics of micron- and
nanometer-sized ultrasound cavitation nuclei, such as phospholipid-coated microbubbles and phase-change
droplets. Ultrasound cavitation nuclei respond non-linearly to ultrasound on a nanosecond time scale that neces-
sitates the use of ultra-high-speed imaging to fully visualize these dynamics in detail. In this study, we developed
an ultra-high-speed optical imaging system that can record up to 20 million frames per second (Mfps) by cou-
pling two small-sized, commercially available, 10-Mfps cameras. The timing and reliability of the interleaved
cameras needed to achieve 20 Mfps was validated using two synchronized light-emitting diode strobe lights.
Once verified, ultrasound-activated microbubble responses were recorded and analyzed. A unique characteristic
of this coupled system is its ability to be reconfigured to provide orthogonal observations at 10 Mfps. Acoustic
droplet vaporization was imaged from two orthogonal views, by which the 3-D dynamics of the phase transition
could be visualized. This optical imaging system provides the temporal resolution and experimental flexibility
needed to further elucidate the dynamics of ultrasound cavitation nuclei to potentiate the clinical translation of
ultrasound-mediated imaging and therapy developments. (E-mail: h.li@erasmusmec.nl) © 2022 The Author(s).
Published by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Key Words: Cavitation, Droplet, Microbubble, Ultra-high-speed imaging, Ultrasound, Ultrasound contrast
agents.

INTRODUCTION microbubbles have helped us to understand their dynam-
ics (Bloch et al. 2004; Thoroddsen et al. 2008; Mulvana
et al. 2017), resonance frequency (Sun et al. 2005; Sijl et
al. 2008), shape oscillation (Versluis et al. 2010; Hay
et al. 2013; Liu et al. 2018), clustering (Kokhuis et al.
2011; Lazarus et al. 2017) and the influence of micro-
bubble composition and lipid handling on the acoustic
response (Segers et al. 2018a; Langeveld et al. 2021).
Additionally, ultra-high-speed imaging has also been
instrumental in understanding the mechanisms underly-
ing acoustic droplet vaporization (ADV) (Shpak et al.
2014; Zhou 2015; Wu et al. 2021). These phase shift
droplets have exhibited functionality in drug delivery
(Sirsi and Borden 2014; Lee et al. 2017; Song et al.
2021), tumor characterization and treatment (Rapoport
et al. 2011; Sheng et al. 2021),and proton therapy (Car-
lier et al. 2020; Collado-Lara et al. 2022). When UCAs

Ultrasound contrast-mediated imaging and therapy,
which use ultrasound contrast agents (UCAs) for a more
enhanced and/or disease-targeted approach to diagnosis
and treatment, have seen rapid development over the last
15 years (Christensen-Jeffries et al. 2020; Kooiman et al.
2020; Deprez et al. 2021). UCAs such as lipid-coated
gas microbubbles and polymer-shelled droplets respond
to ultrasound through oscillation and vaporization,
respectively, which can provide high contrast from linear
tissue echoes and induce microstreaming, shear stress,
microjets and other impacts on cells or tissues (Helfield
2019; Kee and Teo 2019). Ultra-high-speed optical
imaging observations of  ultrasound-activated
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are restricted by a boundary, as in the vascular system,
asymmetric phenomena such as microbubble non-spheri-
cal oscillations (Dollet et al. 2008; Vos et al. 2011; Gue-
dra et al. 2016), microbubble rupture and jet formation
during microbubble collapse (Chen et al. 2011a, 2011b;
Lajoinie et al. 2018; Cleve et al. 2019; Zevnik and Dular
2020) and prolonged ADV (Cho and Son 2018a, 2018b)
can arise upon ultrasound activation. In the aim of under-
standing the interaction between UCAs and cells (mam-
malian and bacterial), ultra-high-speed recordings have
led to important insights into such phenomena as sono-
poration (Prentice et al. 2005; Fan et al. 2014a, 2014b;
Helfield et al. 2016), intercellular junction opening
(Beekers et al. 2020) and biofilm elimination (Goh et al.
2015; Kouijzer et al. 2021). These insights support and
aid in the development and clinical translation of UCAs-
mediated therapeutic applications.

Performance and adaptability constraints, such as
frame rate, recording duration and resolution, are always
present in ultra-high-speed imaging systems, and the
application dictates which constraints exist and to what
extent. Imaging configurations to optimally suit a spe-
cific application are often determined by experimental
and financial limitations. Research related to the use of
UCAs for imaging and therapy requires an advanced
ultra-high-speed optical imaging system that is able to
accomplish sufficient temporal and spatial resolution
(Gelderblom et al. 2012; Versluis 2013). However, in
practice, a trade-off exists between recording speed and
recording duration for any practical application. An
ultra-high-speed system up to 200 million frames per
second (Mfps) can only record 24 frames maximally,
while other ultra-high-speed systems can record hun-
dreds of microseconds but the recording speed has a
maximum of 1 Mfps with limited resolution (Chen et al.
2013; Xing et al. 2017).

To observe phenomena with clinically used ultra-
sound frequencies (<10 MHz), an ultra-high-speed
imaging system with a frame rate of at least 20 Mfps is
needed. Existing custom-made ultra-high-speed systems
have been used to investigate the dynamic behaviors of
UCAs, including the Brandaris 128 (Chin et al. 2003)
and UPMC Cam (Chen et al. 2013), which are both capa-
ble of recording 128 frames with a frame rate up to 25
Mips, and the Ultranac, which is capable of recording
microbubble oscillation up to 20 Mfps but with only 24
consecutive images (Kudo 2017). These ultra-high-speed
optical imaging systems have provided a better under-
standing of UCAs oscillation phenomena. However,
such custom-made systems are costly in construction
and maintenance, not commercially available and can
lack flexibility because of the very large and heavy spa-
tial design. New relevant challenges are lacking investi-
gations because of the limitations of the current systems,

such as having a complex operation that is user-
unfriendly, inconvenient data transfer and costly mainte-
nance. Thus, a new and easier-to-control system should
be proposed that is capable of addressing the anticipated
scientific questions for the coming decade.

To date, it is still challenging to observe UCAs’
oscillation or phase shift in different cross-sectional
planes at an extremely high speed (=10 Mfps) and long
duration (>10 pus) with an operationally flexible ultra-
high-speed imaging solution. This limits the further dis-
covery of the physical, chemical and biological mecha-
nisms of ultrasound-mediated imaging and treatment
and the related optimization to achieve optimal results.
In addition, different optical view angles can provide a
thorough understanding of the dynamic UCA oscillations
in three dimensions (Vos et al. 2011). To overcome these
technological challenges, we developed a novel ultra-
high-speed imaging system by coupling two small-sized,
commercially available, user-friendly 10-Mfps cameras.
The coupling was set up with the two cameras recording
in either the same plane, increasing the effective acquisi-
tion frame rate to 20 Mfps, or in orthogonal planes, for
example, allowing visualization of the 3-D dynamics of
the phase transition. Two verification experiments were
performed for the 20-Mfps interleaved recording and
one experiment for the orthogonal observation at 10
Mfps.

METHODS

Two camera coupling for 20-Mfps imaging

The highest recording speed of a single HPV-X2
ultra-high-speed camera (Shimadzu Corp., Kyoto, Japan)
is 10 Mfps with an exposure time of 50 ns and duration
of 25.6 us, capturing 256 frames. This camera uses a
FTCMOS?2 image sensor (Kuroda et al. 2016) which has
400 x 250 pixels (FP mode) with 10-bit gray-scale val-
ues; the pixel size is 32 x 32 um. This ultra-high-speed
modality has been applied to fuel engineering (Ding
et al. 2016), materials mechanical testing (Dave et al.
2018; Koch et al. 2021) and the biomedical field (Cleve
et al. 2019; Morton et al. 2021; Wu et al. 2021). While
this camera records at 10 Mfps, its 50-ns exposure time
makes it possible to interleave the two cameras to
achieve a 20-Mfps recording speed. To accomplish this,
two cameras were electronically coupled with a
5-m high-speed network cable (S/FTP, Cat 6, Goobay,
The Netherlands) using their internal synchronization
function. Each camera was controlled with a separate
computer, both installed with the same controlling soft-
ware (Shimadzu Corp., Kyoto, Japan). Hence, by setting
different delay times in each of the two controlling pro-
grams with a minimum step of 10 ns, different recording
modes could be achieved. For example, the 20-Mfps



390 Ultrasound in Medicine & Biology

recording speed was achieved by setting a 50-ns delay
between the two cameras that were separately working
at 10 Mips.

To verify the 20-Mfps recording speed, first a
strobe LED flashing experiment was implemented with
the setup shown in Figure 1. For the coupling, the two
cameras were labeled camera 1 and camera 2, with
camera 1 aimed to record 50 ns earlier than camera 2.
Two synchronized high-frequency strobe LED lights
(L-7113GC, 5 mm, Green, Kingbright Electronic Co,
Ltd, Taipei, Taiwan) were separately placed toward the
two cameras to which macrolenses (Tamron 60-mm F/
2.0 Macro SP Di II, Koln, Germany) were connected.
The two LEDs were driven by a dual non-inverting
metal—oxide—semiconductor field-effect transistor
(MOSFET) driver circuit (IXDN602, IXYS, Leiden,
The Netherlands) at 6.67 MHz and 1/3 on/off duty
cycle (50 ns on and 100 ns off) for 160 pulses. The out-
put of the LED was measured by a fast-response photo-
diode (SMO5PD2B Mounted Silicon Photodiode,
200—1100 nm, Anode Grounded, Thorlabs, Germany),
to ensure an accurate on/off duty cycle (50 ns on and
100 ns off; see Fig. S1, online only). Both the signal
generator (WW2572A, Tabor Electronics, San Fran-
cisco, CA, USA) for the LED driver and camera 1 were
triggered by the same arbitrary waveform generator
(AWG; DG1022Z, RIGOL Technologies, Munich, Ger-
many), while the start of the LEDs was delayed 1450 ns
based on the 850-ns initialization time of each camera,
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aimed to obtain dissimilar on—off state patterns from
two cameras. The two “AUX” output ports from the
two cameras were connected to an oscilloscope
(HMO1002, Rohde & Schwarz, Munich, Germany)
using two identical Bayonet Neill-Concelman (BNC)
cables (Coaxial Cable Assembly, RGS5S8, Farnell,
Utrecht, The Netherlands) to confirm the delay time
between the two cameras according to their exposure
timings.

The second 20-Mfps interleaved recording experi-
ment focused on ultrasound-activated microbubble oscil-
lations. To visualize the microbubble oscillation on
ultrasound insonification, the two-camera system was
air-coupled to two output ports of an Olympus bright-
field microscope (BXFM, Olympus Optical, Japan) at
60 x objective (LUMPLFLN60XW, Olympus Optical,
Japan) (see Fig. 2a). The acquisitions from the two cam-
eras were first registered by using affine transformations
to correct for small misalignments (Chin et al. 2003).
DSPC  (1,2-distearoyl-sn-glycero-3-phosphocholine)-
based lipid-coated microbubbles with a C4F;, gas core
were made using the indirect method by probe sonication
as described previously (Langeveld et al. 2021). Micro-
bubbles were placed into a phosphate-buffered saline-
filled IbiTreat polymer p-Slide (80196; 0.8 mm channel
height; I Luer; Ibidi GmbH, Grafelfing, Germany) at a
concentration of 5 x 10°> mL™! at room temperature. A
single-element transducer (76.2-mm focal length, 2.25-
MHz center frequency, —6-dB beam width of 3 mm at 2

Coupling network cable

>

Camera 1

SYNC o‘
AUX

STAND BY

LEDs Camera 2
MOSFET driver
4
A EEEERES
Oscilloscope L

Fig. 1. Validation setup of the two ultrahigh-speed cameras interleaved to achieve 20-Mfps recording using two strobe
LEDs (not drawn to scale). AWG = arbitrary waveform generator; LEDs = light-emitting diodes.
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Camera 1 ® 0
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T [Z) N M B
)I I O \\
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Transducer Water tank
= |
Flashlight
b)
Trigger 50 ns
«—>
850 ns
i c11 C1-31 C1-191 C1-256)
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Trigger | >
|
46 us | 50 ns
«—|
Uitrasound ; VAV
| « »
: 20 cycles
l 3 s (initialization)
Flashlight ) 1 16 s !

Fig. 2. Experimental setup for 20-Mfps interleaved recording of microbubble oscillation. (a) Schematic of the setup (not

drawn to scale). (b) Corresponding experimental timelines. C1 and C2 represent camera 1 and camera 2, respectively,

and are followed by the frame number. The yellow box indicates when the light source was on during the camera record-

ings. AWG = arbitrary waveform generator; MB = microbubble; MOSFET = metal —oxide—semiconductor field-effect
transistor.

MHz; V305, Panametrics-NDT, Olympus, Waltham,
MA, USA) was placed underneath the p-Slide at a 45°
angle to insonify the microbubbles. An AWG (33220A,
Agilent, Santa Clara, CA, USA) in combination with a
broadband amplifier (ENI A-500, Electronics & Innova-
tion, Rochester, NY, USA) was connected to the trans-
ducer. The transducer output was calibrated using a
needle hydrophone (1-mm diameter; PA2293, Precision
Acoustics, Dorchester, UK) and the ultrasound was
applied as a 2-MHz, 100-kPa peak negative pressure,
single 20-cycle burst. To account for the ultrasound
propagation time, the two-camera system and the flash-
light (MVS-7010, PerkinElmer, Waltham, MA, USA)
were delayed 46 us after the ultrasound was sent (shown
in Fig. 2b). After acquisition of the microbubble oscilla-
tion recordings, the microbubble oscillating radius was
tracked from each recording using the Hough transform

and interpolated using the Piecewise Cubic Hermite
Interpolating Polynomial (PCHIP) when plotting in
MATLAB (The MathWorks, Natick, MA, USA). An
intensity normalization was applied before the Hough
transform because of the unequal amounts of light that
each camera recorded.

Two-camera coupling for orthogonal imaging

To illustrate the flexibility of the two-camera cou-
pled system, the cameras were installed in a configuration
that allowed for the simultaneous recording of two orthog-
onal views (i.e., top and side views). The top view was
recorded by one 10-Mfps camera that was air-coupled to
a bright-field microscope (BXFM, Olympus Optical,
Japan) using a 40 x objective (LUMPLFLN40XW, work-
ing distance = 3.3 mm, Olympus Optical, Japan). The side
view was recorded by the other 10-Mfps camera coupled
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to a microscope-like optical path that combined an identi-
cal 40 x objective and corresponding tube lens (f200,
convex, Spindler und Hoyer GmbH, Gottingen, Germany)
(see Fig. 3a). The objectives were previously modified to
avoid physical contact with each other as described in
detail by Vos et al. (2011). The side view objective was
held by a custom-made three-axis stage, and the tube lens
was mounted on the back side of the objective.

The concept was validated with the simultaneous
recording of ADV from the two orthogonal views. Drop-
lets with a C4F( core and a cross-linked polymeric shell
made of polyvinyl alcohol (Collado-Lara et al. 2022)
were used. The droplets were suspended in a water-filled
container made from an acoustically and optically trans-
parent polycarbonate membrane, where they sunk to the

Ultrasound in Medicine & Biology
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bottom surface because of the higher density of the drop-
let compared with water. ADV was triggered with a 7.5-
MHz single-element transducer (12.7-mm focal length,
7.5-MHz center frequency, —6-dB bandwidth 75%;
V320, Panametrics-NDT), placed underneath the con-
tainer at a 45° angle. The transducer was driven by an
AWG (DG1022Z, RIGOL Technologies), in combina-
tion with an amplifier (68 dB, 150A-100B, Amplifier
Research, EMV Benelux B.V., The Netherlands). A sin-
gle 4-cycle pulse with a center frequency of 7.5 MHz
was set with a 5.2-MPa peak negative pressure, as cali-
brated with a 1-mm-diameter hydrophone (PA2293, Pre-
cision Acoustics, Dorchester, UK), which is above the
expected ADV threshold to ensure vaporization. To
account for the ultrasound propagation time, the two

a)
Microscope
Camera1 L
AWG Tube lens
A Flashlight & v
n o F B
J I/ ) \\\ \
> & Droplet Camera2
Transducer
|- [
Flashlight
b . 50 ns
) Trigger
850 ns
Camera 1 + Camera 2 < » C1-1 c1-31 C1-191 C1-256)
(synchronized) | 7 Z
I c2-1 C2-31 C2-191 C2-256
Trigger :
[ 12 us :
—>
I
Ultrasound P | N
I 1 J

3 ps (initialization)

«—>!
4 cycles

/

v

—1
F Y

\4
A

16 us

Two-Flashlights

Fig. 3. Experimental setup for the orthogonal observation of acoustic droplet vaporization at 10 Mfps. (a) Schematic of

the setup (not drawn to scale). (b) Corresponding experimental timelines. C1 and C2 represent camera 1 and camera 2,

respectively, and are followed by the frame number. The yellow box indicates when the light source was on during the
camera recordings. AWG = arbitrary waveform generator.
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cameras and two flashlights (MVS-7010, PerkinElmer)
were delayed 12 pus after the transducer was excited (see
Fig. 3b). No time delay was set between the two cameras
in the aim of recording simultaneously at 10 Mfps from
two views.

RESULTS

Two-camera coupling for 20-Mfps imaging

Each camera recorded 256 frames, so 512 frames in
total were recorded for the 2-camera coupled system,
resulting in a full recording duration of 25.65 us in the
interleaved mode. Figure 4a and Video S1 (online only)
illustrate the timing of the LEDs and the two-camera sys-
tem, where the selected frames were integrated. The
results indicate that the two cameras acquired unique
intensity patterns of the flashing LEDs at different time
points. Camera 1 exhibited a repeated pattern of bright,
dark, dark, whereas camera 2 exhibited a repeated pat-
tern of dark, bright, dark during the complete 160-LED-
driven flashes. The patterns indicate that the two cameras
captured the “on” status of the LED in an interleaved

a) 50 ns

way, thereby verifying that the exposure delay (50 ns)
between the two cameras was accurately controlled.

Figure 4b illustrates the output signals from the two
cameras that indicate the exposure timing of each
recorded frame, where an interleaved signal with two
colors was easily found in the zoomed-in figure. To
accurately investigate the timing shift, the two output
signals were further processed by calculating the cross-
correlation, which resulted in a time delay of 48.6 +
0.05 ns between the two signals, as illustrated in
Figure 4c¢, which is 2.8% less than the required 50 ns. To
further validate the repeatability of the interleaving time,
10 different runs on 3 separate days (30 runs in total)
were tested and cross-correlated. The results reveal that
23 runs had the same interleaving time of 48.6 =+
0.05 ns, while three runs had 48.5 £+ 0.05 ns and four
runs had 48.3 £ 0.05 ns, which is less than a 0.6% varia-
tion in interleaving time.

In Figure 5a are a selection of full-size (83.5 x 52.2
pm) and cropped frames of a vibrating microbubble cap-
tured by the two-camera system (see the interleaved
video in Video S2, online only). The extracted

i 1450 ns . 100 ns l 23700 ns . .
LEDs . ;
H 1

; 50 ns
' . S—

11850 ns
Two cameras \‘_/_’

(interleaved)
Trigger

160 pulses

b)
Output Signal from 2 cameras (interleaved)
1
=
[
go05
o
>
0 -
0 5 10 15 20
Time(us)
c) Correlation Result of 2 cameras (interleaved)

Correlation Value
o
o

-30 -20 -10 0 10 20
Delayed time [us]

25650 ns

Output Signal from 2 cameras (interleaved)

123 12.4 125 12.6 12.7
Time(us)
Correlation Result of 2 cameras (interleaved)

X -0.1486 X -0.0486 X 0.0514
Y 0.996057 Y1 Y 0.996063

Correlation Value
o
()

, ©
o
w

0.2 -0.1 0 0.1 0.2
Delayed time [ps]

Fig. 4. 20 Mfps interleaved imaging results of strobe LEDs. (a) The timelines of the LEDs and the two cameras with

selected frames of recorded flashing LEDs. Each green box represents when the LEDs were emitting during the inter-

leaved imaging of the two cameras. C1 and C2 represent camera 1 and camera 2, respectively, and the number after the

dash is the frame number. See the complete recording in Video S1 (online only). (b) Output signals of the exposure tim-

ing of each recorded frame from two cameras (c) Cross-correlation of the two signals of exposure timing. LEDs = light-
emitting diodes.
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Fig. 5. Twenty-million-frame-per-second interleaved imaging results of the microbubble oscillation. (a) Selected frames

from the interleaved imaging of two cameras. In the first row of images are the original images from two cameras

(83.5 x 52.2 um) with the region of interest (ROI) selected for the subsequent frames. See the complete recording in

Video S2 (online only). (b) Temporal evolution of tracked microbubble oscillation visualizing the radius as a function of
time. (c) The cross-correlation between two radius—time curves.

radius—time curve indicates that the microbubble had a
resting radius of 1.8 um and oscillated for 20 cycles, and
that there was a time delay between the two cameras
(Fig. 5b). To accurately investigate the time delay, the
radius—time data were further processed by calculating
the cross-correlation between two radius—time curves
after removing their mean value separately, which
resulted in a time delay of 48.6 & 0.05 ns between the
two cameras, as illustrated in Figure 5c. This time delay
matches the result from the output signal mentioned
above, and is 2.8% less than the 50-ns exposure time.

Two-camera coupling for orthogonal imaging

In Figure 6 are the selected frames of an exam-
ple of the acoustic vaporization of a droplet with an
initial diameter of 6.0 um (3.6 us, top view)
recorded by the two-camera system. The acoustically
induced phase transition started at 3.8 s, marked by
a small gas—liquid interface, which was captured
from the top view. The interface is more visibly
apparent in Video S3 (online only). The process con-
tinued with an expansion of the vaporized bubble
until 15.2 us, when the induced microbubble reached
its maximum diameter (37.2 um, top view) and then
started to shrink. From the top view, the vaporization
process was symmetric, whereas from the side view

it was obvious that the vaporized bubble expanded
asymmetrically, resulting in a dome shape, which
indicates a smaller (roughly half) volume than a com-
plete sphere.

DISCUSSION

This ultra-high-speed imaging system consisting of
two coupled, commercially available cameras achieves
the sub-micrometer spatial resolution and up to 50-ns
temporal resolution that make it possible to study ultra-
sound-activated microbubble oscillation and droplet
vaporization. This system offers high flexibility, which
was translated into two different configurations that
were used in the work described here. In the first, both
cameras recorded the same plane in an interleaved man-
ner, achieving 20 Mfps, which was repeatable and stable
under the current coupling approach. The frame rate
was verified by on—off state patterns acquired from two
cameras using two strobe LEDs and by the recording of
single microbubble oscillations. In the second configura-
tion, the cameras recorded simultaneously the same
object from two orthogonal views. This allowed observa-
tion of the phase transition of a superheated droplet near
a boundary and its subsequent asymmetric oscillations,
from the side view at 10-Mfps recording speed.
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3.6 us 3.8 us

interface
Camera1 :

(Top view)

Camera 2
(Side view)

6.4 us 9.0 s 15.2 s

Fig. 6. Selected frames from the two cameras on the orthogonal observation of acoustic droplet vaporization at 10-Mfps
recording speed. The complete recording can be found in Video S3 (online only). Bar = 10 um in all images.

Ultrasound-activated =~ microbubble  oscillation
(Fig. 5) was monitored with the two-camera system at
20 Mfps when ultrasound was applied at a clinically rele-
vant frequency (2 MHz). The two-camera system
achieved a 19.2 us longer recording duration compared
with other ultra-high-speed cameras at 20 Mfps (Faez et
al. 2012; Chen et al. 2013). With a longer recording
duration, it will be possible to record microbubble clus-
tering and coalescence phenomena, which were difficult
to achieve for other ultra-high-speed systems such as the
Brandaris 128 (Beekers et al. 2019). This feature can
contribute to the exploration of the underlying mecha-
nisms of microbubble-mediated biofilm elimination and
enhanced drug-delivery efficiency.

The developed imaging system will not only be cru-
cial in the understanding of microbubble oscillation, but
also in the field of phase-change contrast agents.
Although simulations have already illustrated the asym-
metry in the phase-change process near a wall (Cho and
Son 2018a, 2018b), the experimental recordings in publi-
cations typically provide a top view of the process
(Sheeran et al. 2014; Shpak et al. 2014), missing the
asymmetry introduced by the wall against which the
droplets rest. In our study, the violent and asymmetric
phase transition was captured by the two cameras from
orthogonal views. Though the vaporization process
seemed symmetric from the top, the side recording
revealed a dome-shaped oscillation with a lower expan-
sion perpendicularly and a smaller volume than a com-
plete sphere to the resting surface. In the future, these
recordings could provide insights into the natural fre-
quency and dynamics of the vaporization process and
resulting microbubbles, which is crucial to droplet-
guided molecular imaging and drug delivery (Borden et
al. 2020). Furthermore, the 3-D shape variation of the
phase conversion and the following vibration could help
in the validation of analytical and numerical models on
ADV (Cho and Son 2018a, 2018b; Lacour et al. 2018),
revealing the flow fields and the stresses that the vapori-
zation process produces on the surrounding vessels.

In addition to the demonstrated experiments, the two
coupled cameras are widely compatible with different
experimental setups to elucidate different transient phe-
nomena associated with ultrasound-mediated imaging and
therapy. For example, the two-camera system has the
potential to be easily combined with other imaging
modalities, such as a confocal microscope (Beekers et al.
2019), to image the dynamic behavior of UCAs and the
corresponding detailed cellular response. Furthermore,
the two-camera system can be applied to ultrasound-medi-
ated flow field measurements (Zou et al. 2019) and stress
investigations (Palanca et al. 2015) together with micro-
particle image velocimetry and digital image correlation
techniques. Another advantage of this system is that the
two cameras can be triggered in a programmable way at a
desired time point (in nanosecond resolution) and record-
ing speed, which enables the ability to capture the instan-
taneous phenomenon that occurs after a period of
insonification, for instance, microbubble coalescence
(Postema et al. 2004; Segers et al. 2018b) and sonopora-
tion recovery (Fan et al. 2014a, 2014b). This is a great
improvement compared with other ultra-high-speed sys-
tems, such as the Brandaris 128 with which it is not possi-
ble to predict the start of an acquisition precisely because
of the variability in the acceleration of the turbine. How-
ever, because of the pixel size of the camera, it will be dif-
ficult to obtain precise sizes of tiny microbubbles (<1 um
in diameter) at a magnification <100. There are also limi-
tations to the two-camera system. For example, though
the system supports continuous recording, the time
between acquisitions is at least 7 s because of data saving
and transmission. This time cost is relatively high in com-
parison to the 80 ms between recordings (maximally 33
recordings) for the Brandaris 128. Microbubble spectros-
copy will therefore be challenging using the two-camera
system. In addition, while the current orthogonal setup
enables observation in two cross-sectional planes, it will
be difficult to reconstruct a complex 3-D droplet vaporiza-
tion or microbubble shape oscillation if more than two
symmetric axes exist.
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The results of the cross-correlation illustrate that the
interleaving time is not perfectly 50 ns, as in the output
exposure experiment this ranges from 48.3 to 48.6 ns
and in the microbubble oscillation experiment this is
48.6 ns. These varied interleaving times were caused
mainly by the transmission time consumed in the cou-
pling cable. Furthermore, for the output exposure experi-
ment, the interleaved time calculated was limited by the
sampling rate of the oscilloscope (1 GS/s). However, the
1.3- to 1.7-ns deviation in the interleaving time is only
2.6%—3.4% of the 50-ns exposure time which overall
has an insignificant influence on the 20-Mfps recording
speed.

CONCLUSIONS

A novel, user-friendly and flexible ultra-high-speed
imaging system with a recording speed up to 20 Mfps
and 25.65-us duration resulting in 512 frames was suc-
cessfully developed by coupling two 10-Mfps commer-
cially available cameras for interleaved imaging. Two
verification experiments validated the 20-Mfps interleav-
ing timing and reliability, which revealed ultrasound-
activated microbubble dynamics. To the best of our
knowledge, droplet vaporization was observed for the
first time orthogonally at 10 Mfps. With this imaging
system, detailed information can be obtained on the
responses of contrast agents when exposed to ultrasound
and advance the knowledge of the dynamics of UCAs
and their interaction with living cells in an ultrasound
field.
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