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Abstract—  Current localization-based super-resolution
ultrasound imaging requires a low concentration of flowing
microbubbles to visualize microvasculature beyond the
diffraction limit and acquisition is slow. Nanodroplets offer a
promising solution as they can be sparsely activated and
deactivated on-demand. In this study, acoustic wave sparsely-
activated localization microscopy (AWSALM) using activation
and deactivation of nanodroplets, an acoustic counterpart of
photo-activated localization microscopy (PALM) which is less
dependent on agent concentration and the presence of flow, is
demonstrated for super-resolution imaging in deep tissues in
vivo. An in vivo super-resolution image of a rabbit kidney is
obtained in 1.1 seconds using AWSALM, where micro-vessels
with apparent sizes far below the half-wavelength of 220 pm were
visualized. This preliminary result demonstrates the feasibility of
applying AWSALM for in vivo super-resolution imaging.
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I. INTRODUCTION

Ultrasound super-resolution imaging techniques have
shown the capability of breaking the diffraction limit in spatial
resolution [1-7]. However, these current localization-based
ultrasound super-resolution imaging techniques rely on a low
concentration of active flowing microbubble signals. This
means that, for slow flows associated with the micro-
vasculature, a longer acquisition time is required for the
microbubbles to replenish. Therefore, there is a need to
develop a super-resolution imaging technique to acquire
images faster to facilitate the clinical translation.

Nanodroplets, also called ‘phase-change contrast agents’,
have been widely investigated in the field of medical
ultrasound imaging [8-10]. In contrast enhanced ultrasound
imaging, there are three main advantages of using nanodroplets
compared with the conventional microbubble contrast agents.
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First, the diameter of a nanodroplet is much smaller than a
microbubble: previous theoretical work calculated that
nanodroplets are 3-6 times smaller than microbubbles [11].
Their smaller size makes it possible for nanodroplets to flow
into smaller vessels or extravasate into tumour tissue where
microbubbles cannot. Second, the in vivo circulation time of
nanodroplets has been shown to be at least 3-5 times longer
than that of microbubbles [12]. This can potentially allow the
scanning session to last longer and the nanodroplet dose to be
smaller. Third, the nanodroplets can be manipulated/activated
by an ultrasound pulse sequence at a specific time or spatial
location to become microbubbles to provide contrast signals.
This provides more control and flexibility to the real-time
scanning.

The use of high and low boiling-point nanodroplets for
super-resolution have been reported [8, 13]. The imaging of
repeated activation and re-condensation of high-boiling-point
perfluorohexane (boiling-point=56°C) nanodroplets can be
used to generate super-resolution photoacoustic imaging.
However, the optical activation of the high-boiling-point
nanodroplets via laser pulses was required, which restricts its
penetration depth to regions that can be illuminated optically.

An acoustic counter-part of optical localization microscopy
[14, 15], which we called acoustic sparsely activated
localization microscopy (AWSALM), has been proposed in our
previous study which utilised low-boiling-point
decafluorobutane (boiling-point=-2°C) nanodroplets.
AWSALM is a flow-independent technique and it does not
require a low concentration of contrast agents. Compared to
high-boiling-point nanodroplets, low-boiling-point
nanodroplets have a much lower activation threshold and can
be activated by diagnostic ultrasound pulses at depth.

Previous studies have shown AWSALM can be used to
achieve super-resolution in vitro in a crossed-tube phantom.
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The later developed fast-AWSALM has shown the feasibility
to obtain the super-resolution on s sub-second scale. The aim
of this study is to demonstrate the feasibility of applying
AWSALM in vivo.

II. METHODS AND EXPERIMENT

A. Nanodroplet Preparation

The preparation of the nanodroplet solution has been
adapted from previously described methods [16-19]. The lipid
shell was generated by dissolving 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene  glycol)-2000]
(DSPE-PEG-2000) into a solution of phosphate-buffered saline
(PBS), propylene glycol, and glycerol. All the lipids described
above were purchased from Avanti Polar Lipids, Inc., USA.
The lipid solution was added to a glass vial and the headspace
of vial was exchanged with decafluorobutane gas (Fluoromed,
USA) via an inlet needle along with a vent needle. Mechanical
agitation was sufficient to produce the formation of lipid-shell
octafluoropropane-core microbubbles. In order to condense
microbubbles into nanodroplets, the headspace of the vial was
pressurised while the vial immersed in the ice-water bath
according to the previously described method [20-24].

B. Animal Preparation

A specific pathogen-free male New Zealand rabbit (HSDIF
strain; Envigo, Hillcrest, United Kingdom) was used in this
study and all animal experiments complied with the Animals
(Scientific Procedures) Act 1986 and were approved by the
local ethical review panel. The rabbit was aged 8 weeks and
individually housed in pens at 18 — 22 °C on a 12-hour light
period and was fed a standard laboratory diet.

C. In Vivo Protocol

Fentanyl and fluanisone (0.3 mL/kg) and midazolam
(0.025 mL/kg) were administered through the marginal vein of
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each rabbit to produce general anesthesia. Maintenance doses
were given as required. The rabbit was placed on a warming
pad to maintain body temperature at 37 ‘C and artificially
ventilated. A 0.4 mL intravenous bolus of concentrated
decafluorobutane nanodroplets (10710 droplets/mL) were
injected in the rabbit prior to ultrasound scanning of the rabbit
kidney.

D. Image Acquisition

A customised ‘Imaging — Activation - Imaging’ sequence
[25-28] was implemented on an ultrasound research platform
(Verasonics Vantage 128, Kirkland, USA) with a L11-4 38-
mm linear array probe (ATL, USA). Focused pulses (MI = 1.3)
were transmitted to activate the nanodroplets and interleaved
with plane waves (MI =0 .25, frame rate = 1000 Hz) for
imaging with a transmit frequency of 3.5 MHz (Diffraction
limit: half wavelength at 3.5 MHz is 220 pm). 1000 images
were acquired over 1.1 seconds (1.0 s imaging time + 0.1 s
activation time).

E. Image Analysis

Singular value decomposition (SVD) processing was used
to separate the activated nanodroplet (i.e. microbubble) signal
by removing the background. The SVD thresholds were
automatically determined from the location of the largest
gradient on the energy versus singular value order curve. After
SVD processing, super-localization was performed to reject the
noise and detect potential vaporized droplets as described in
[8]. The location of single isolated vaporized droplets was
calculated by the “centroid” method. The resulting super-
resolution map was created from all the localizations detected
over all the imaging frames.
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Fig. 1. (a) The summation of 1000 conventional B-mode image frames acquired in 1.1 s (b) Super-resolution image superimposes all the localization events in
1000 frames acquired in 1.1 s.

III. REASULTS AND DISCUSSIONS

Fig 1 shows the comparison between the summation of 1000
conventional B-mode image frames acquired in 1.1 s and the
corresponding super-resolution image which superimposes all
the localization events in these 1000 frames. It can be seen that,
in the super-resolution imaging, it resolves more
microvasculature which cannot be visualized by B-mode
image. A 40-um-diameter vessel can be visualized in the
AWSALM image (which is much lower than the half-
wavelength 220 pm) but not in the B-mode image.
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Fig. 2. Resolution measurement at the region of interest outlined by a yellow
line in Fig. 1.

IV. CONCLUSION

In summary, this study demonstrates AWSALM in a
rabbit kidney. The result shows the in vivo super-localization
image can be obtained in 1.1 seconds using AWSALM. The
AWSALM image resolves a more complex microvasculature
network which cannot be resolved by B-mode imaging. Two
vessels with apparent 40-um-diameter not resolvable in the B-
mode image can be visualized in the AWSALM image. The
acoustic pressure of the tramitted pulses was well within the
FDA-approved safety range (mechanical index<1.9). It should
be noted that AWSALM is also flow independent and does not
require a precise control on contrast agent concentration,
which opens the possibilities for super-resolution molecular
imaging.
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