Singular value decomposition and 2D cross-
correlation based localization of gas vesicles for
super-resolution ultrasound 1maging

Jihun Kim
Aerospace and Mechanical
Engineering
University of Notre Dame
Notre Dame. IN. USA
jkim75@nd.edu

Gyoyeon Hwang
Aerospace and Mechanical
Engineering
University of Notre Dame
Notre Dame. IN. USA
ghwang(@nd.edu

Abstract—We report the potentials of nanometer-sized
contrast agents which are called gas vesicles (GVs) for super-
resolution ultrasound (SRUS) imaging to diagnose of
vasculature deep inside tissue. Thus, we developed the GVs and
ultrasound localization microscopy (ULM) based on singular
value decomposition and 2D cross-correlation techniques.
Furthermore, the SRUS imaging of the vessel-mimicking
phantom with the GVs was performed. These results
demonstrate that GVs could have potentials as novel contrast
agents at nanoscale for implementing the SRUS imaging, thus
indicating that ULM with GVs would be used for better
visualization of micro-vasculature in vivo.
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I. INTRODUCTION (HEADING 1)

For clinical diagnosis and biological research using
ultrasound imaging, the microbubbles (MBs) have been
introduced as the contrast agents (CAs) to enhance the contrast
of the ultrasound image. Besides, MBs have been utilized for
blood-brain barrier opening and drug/gene delivery by the
bubble cavitation-induced permeability improvement of
vessel and cell membranes [1-3]. In recent, MBs has been
utilized for super-resolution ultrasound (SRUS) imaging
based on localization of MBs centroid by normalized 2D
cross-correlation (2D-CC) to examine the structural and
dysfunction of the vessel in liver, kidney, brain, as well as the
tumor by localization of MBs through the bloodstream beyond
the diffraction limit of conventional ultrasound imaging
conserving the imaging depth [4-9]. To remove the clutter
signals in ultrasound imaging before localization, singular
value decomposition (SVD) filtering was demonstrated as a
suitable processing step before localizing MBs, which offers
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precise localization of MBs in the range of few micrometers
[10].

MBs that have the diameter of several micrometers and
consist of gas-cored and shell of lipid, polymer, or albumin is
restricted mainly use for blood vessels owing to relatively
large size (e.g. 1 — 8 pum in diameter) [11]. In recent, gas
vesicles (GVs), which are gas-filled protein-shelled
nanostructures, has been introduced as a new class of
nanoscale bubbles for an ultrasound and magnetic resonance
imaging [12]. The GVs generally has the size ranging from
45-200 nm in width 100-800 nm in length and depending on
the organism. It also can provide the longer sustainability in
circulation. Besides, GVs could be genetically engineered for
multimodal imaging qualitatively [13]. Thus, we developed
the nanoscale GV in order to examine the potentials for the
reconstruction of the SR-US image. which would provide the
longer retention time in circulation and support to visualize
the extra-vascular space of cancerous tissue beyond the
endothelial cells layer which could not be accessed by
traditional MBs [14].

In this paper, we examine the potentials of SRUS imaging
technique with the nanoscale acoustic contrast agents, called
GVs, for visualization of vasculature. For an evaluation of the
proposed technique, uniformly distributed point targets (PTs)
were generated and localized in ultrasound simulation.
Furthermore, we carried out the SRUS imaging of vessel-
mimicking phantom using the GVs.

II. MATERIALS AND METHODS

A. Preparation of nanoscale gas vesicles

GVs were purified from Bacillus megaterium (Mega)
[15]. GV concentration was determined by optical density at
500 nm (ODsgp) using a Nanodrop 2000 spectrophotometer
(ThermoFisher, Waltham, MA). Figs. 1(a) and 1(b) show the
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Fig. 1. Nanoscale megaterium gas vesicles: (a) A transmission electron
microscope image of gas vesicles. (b) Size distribution in width and length
respectively. The measured mean with the standard deviation of width and
length are 80 £ 12.2 nm and 312 = 81.2 nm. respectively.

transmission electron microscope image and measured size
of Mega GVs we developed. The measured mean with the
standard deviation of width and length are 80 + 12.2 nm and
312 + 81.2 nm, respectively

B. Preparation of point targets in simulation and vessel-
mimicking phantom

For evaluation of the localization technique, normalized
2D-CC algorithm, the uniformly distributed PTs in
simulation were generated. First, the uniformly distributed
nine-PTs were constructed at each inter-points distance D
from 0.5 to 2.5 A with a step size of 0.5 A in axial and lateral
directions. The A is correspondent with 55 pm.

After the evaluation of the localization technique in
ultrasound simulation, we performed the SR-US imaging of
a vessel-mimicking phantom by flowing the Mega GVs
through the vessel. First, the agar powder (1%), and 10 pum
diameter silica powders (2%) were mixed in deionized (100
g) water by heating [16]. To establish the wall-less vessel
mside the phantom. the glass rod with 500 pm diameter was
lied between inlet and outlet at the chamber at a 15 degree.
Then, the glass rod was removed after confirming that it was
solidified. The Mega GVs with ODsg of 20 were flowed at a
volume rate of 100 pL/min through the vessel.

C. Super-resolution ultrasound imaging technique

We used an ultrasound imaging system (Vantage 256,
Verasonics Inc., USA) with a high-frequency linear array
transducer (L35-16vx. Verasonics Inc.., USA) by
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Fig. 2. Schematic of super-resolution ultrasound imaging system and post-
processing procedure for reconstruction of super-resolution ultrasound
image of vessel with GVs.

incorporating the transducer to the 3-axis motorized stage
(ILS150CC, Newport Inc., USA) as shown in Fig 2. A five
angle (=7° to 7°) plane-wave compounding with an effective
pulse repetition frequency of 100 Hz and the transmit
frequency of 25 MHz was used. A total of 500 compounded
IQ data sets were acquired.

To detect the GV signals in the vessel, we first removed
the clutter signals by applying the spatiotemporal filter using
SVD [17]. The normalized 2D-CC was then conducted
between the 4 times spatially interpolated GVs and PSF
signals. The cross-correlation coefficient map was
thresholded with the value of 0.6 and then identified the each
centroid of GVs by applying the regional maximum
identification algorithm (‘imregionalmax.m’ in Matlab) to
identified the centroid of each GVs at each frame.
Subsequently, the SRUS image was reconstructed by
superposing the localization results of GVs at each frame.

III. RESULTS AND DISCUSSION

A. Evaluation of localization technique in simulation

We first analyze the limitation of the localization
technique for normalized 2D-CC wusing the uniformly
distributed PTs in simulation. Figs. 2(a) and 2(b) show the
localization results overlaid on the conventional B-mode
image of uniformly distributed PTs with the spacing of 2 A and
2.5 & For 2.5 A spacing, every PTs were localized while six
PTs were identified for 2 A spacing. In addition, the lower
performance for localization was represented for laterally
distributed PTs than in axially distributed PTs. Further, we
measured the detection rate depending on the spacing.
Detection rate was calculated by dividing the number of
localized points by the simulated number of points. As shown
m Fig. 3(c), the detection rate was confirmed under 50 %
under the 1.5 A spacing.
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Fig. 3. Evaluation of localization technique using uniformly distributed
nine-point targets in simulation: Localized results overlaid on B-mode
image of point targets with (a) 2 A and (b) 2.5 A spacing. respectively. Red
triangles show the localized points using 2D cross-correlation. The scale
bars represent the 100 pm. (c) Detection rate depending on the spacing
between points. The A is correspondent with 55 pm.
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Fig. 4. Reconstruction of super-resolution ultrasound image of vessel-
mimicking phantom with megaterium gas vesicles: (a) Time sequence
B-mode images of vessel-mimicking phantom, (b) Clutter filtering by
singular value decomposition. (¢) Super-resolution ultrasound image of
microvasculature.

B. Super-resolution ultrasound imaging of vessel-
mimicking phantom

After the evaluation of the normalized 2D-CC for
localization using the uniformly distributed PTs in
simulation, we carried out the SRUS imaging of vessel-
mimicking phantom with the Mega GVs. Figs. 4(a) and 4(b)
represent the acquired B-mode and SVD filtered image of
vessel-mimicking phantom. Then, we reconstructed the SR-
US image of vasculature obtained by normalized 2D-CC.
This 1image was reconstructed by accumulating the
localization results of 500 frames. The micro-vasculature in
the phantom was visualized with Mega GVs by applying the
SVD and 2D-CC techniques [Fig. 4(¢)].

Altogether, these results demonstrate that SVD and 2D-
CC based localization approach can be used for super-
resolution ultrasound imaging to visualize microvasculature

IV. CONCLUSIONS

In conclusion, we demonstrated the SRUS imaging of
microvasculature with nanoscale acoustic molecules. The
potentials of GVs as the CAs for the reconstruction of the
SRUS image was validated. In the future, we will carry out
the SRUS imaging of the vasculature of zebrafish in vivo to
further demonstrate the capability of SRUS imaging with
different types of GVs.
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