3D In Vitro Ultrasound Super-Resolution Imaging
using a Clinical System
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Abstract—Assessment of complex and disordered tumour
vasculature requires full 3D visualization. Ultrasound super-
resolution techniques are able to image microvascular structure
and flow beyond the diffraction limit. Existing demonstrations
have been predominantly 2D, where the elevational resolution
remains restricted to around the millimeter range, while 3D
demonstrations have either used mechanical scanning, or have
required customized or state-of-the-art research systems to
achieve true super-resolution in the third dimension. In this
study, 3D super-resolution and velocity tracking is
demonstrated in vitro using an ultrasound imaging system
currently available in the clinic. This was performed at 1.25
MHz transmit frequency, with a frame rate of 54 Hz in contrast
enhanced imaging mode. Three-dimensional super-resolved
volumetric imaging of a twisted micro-vessel phantom was
demonstrated at 3.5 cm depth, where between 66-70% of
localizations where estimated to fall within the vessel internal
diameter. Demonstration of 3D ultrasound super-resolution
using a system currently available in the clinic demonstrates a
fast route for clinical translation and application. In the future,
3D localization using microbubble signal onset could allow
considerably improved microvascular visualization to aid early
disease detection, diagnosis, and intervention for micro-vascular
related diseases like cancer.
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I. INTRODUCTION

The structure and flow of the microcirculation reflects the
requirements and conditions of local cells and tissue. Thus,
visualizing the presence, structure and function of blood
vessels is crucial for clinical assessment. Architectural
changes in the micro-vascular structure, as well as variations
in vascular flow can be a marker of pathological, damaged or
dysfunctional tissue, such as ischemia [1], and peripheral
arterial disease (PAD) [2]-[5], while an increase can indicate
rapid and uncontrollable cell growth or proliferation caused
by cancer and metastasis [6]-[9]. Detecting such microscopic
changes in vivo using non-invasive high-resolution imaging
would allow early clinical intervention and would provide a
means of closely monitoring the treatment of such diseases.
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Recently developed ultrasound super-resolution (US-SR)
imaging has been able to generate spatially resolved maps of
fine micro-vessels in vitro and in vivo by imaging the isolated
signals from microbubble contrast agents [10]-[18]. These
techniques have been demonstrated using both clinical US
systems with only video data access [10]-[12], [17] and
research systems with RF data access [13]-[16], [18], with
the latter techniques often making use of high frame-rate
plane wave imaging [19]-[22].

Assessment of complex and disordered tumour vasculature
requires full 3D visualization. Much of this previous work has
been based around the use of 1-D linear array transducers that
has restricted the super-resolved image information to 2D
[10]-[12], [17], [18]. Here, as well as in the case of 3-D
volume acquisition using mechanical scanning in the third
dimension [13], [15], [23], the elevational resolution remains
a limiting factor. Ultrasound super-resolution techniques
require an acquisition strategy which can additionally
localize bubbles in the elevational plane with high precision
to enable full 3D assessment. Demonstrations of super-
resolution in all three dimensions have included the use of a
hemi-spherical sparse array through an ex vivo skull phantom
[13], the use of a bespoke matrix array transducer to image a
tilted phantom structure [14], and orthogonal compounding
with two synchronized linear array transducers [16].

As yet, the benefits of RF data processing for localisation
precision have not been fully investigated, and ultrasound
super-resolution methods have been able to demonstrate
significant improvements in spatial resolution even with the
restricted data accessibility provided by unmodified clinical
US systems operating in a standard B-mode or contrast
enhanced mode [10]-[12], [17]. A number of image based-
post-processing methods have been developed [11], [12],
[24], where localisation precisions under 10 um have been
demonstrated.

Existing demonstrations of super-resolution have been
predominantly 2D, where the elevational resolution remains
restricted to around the millimeter range, while 3D



demonstrations have required customized or state-of-the-art
research systems to achieve true super-resolution in the third
dimension. In this study, 3D super-resolution and velocity
tracking is demonstrated in vitro using an ultrasound imaging
system currently available in the clinic providing access to
only beamformed and enveloped volumetric video data.

Il. MATERIALS AND METHODS

A. Ultrasound Equipment and Acquisition

Data were acquired using a clinical Philips EP1Q7 system
with a X5-1 2D matrix array transducer. This 3040 element
probe has a physical size of 2.9 x 3.9 x 9.2 cm and was used
to transmit ultrasound waves at 1.25 MHz frequency in
contrast enhanced imaging mode.

B. Phantom Generation

Phantoms were developed for 3D US imaging using
medium density paraffin gel wax [25] and thin walled
cellulose capillary tubes (Hemophan®, Membrana) of internal
diameter 200 pm + 15 pm (specifications provided by the
manufacturer) (Figure 1A). These phantoms allow repeated
use and optical validation due to transparency of material. To
create the phantom, firstly, paraffin gel wax was placed into a
silicone mold using sterile gloves in a clean environment to
limit the possibility of small fragments and dust particles
embedding in the phantom. This was heated to 105°C in an
electric laboratory oven for approximately 2 hours. A coiled
cellulose tube with inner diameter of 200 um was embedded
into the paraffin approximately 10 minutes after removing the
phantom from the oven. This was then trimmed and inserted
into 25G butterfly winged infusion needles at either end. An
epoxy resin was used to secure the connections between the
tubes and the needles. The speed of sound within the phantom
was estimated to be 1425 + 3 m/s using a reflection
substitution technique.

C. In Vitro Microbubble Imaging

An infusion pump was used to circulate a dilution of
SonoVue (Bracco, Milan) microbubbles (100 pl SonoVue™
in 600 ml water) through the phantom, which provided a
suitable concentration for imaging spatially isolated
microbubble signals. Imaging was performed at 54 volumes
per second at a depth of 3.5 cm. Video segments were acquired
for 11 seconds each. A rolling background subtraction was
applied to remove unwanted background signals. Bubbles
were then localized by calculating the onset of the extracted
signal, as described in [24], adapted to 3D where the
microbubble localization x and z-coordinate, x; and z,, were
provided by the lateral and elevational intensity weighted
center of mass. Twenty-three segments were processed in the
final images. Microbubble tracking algorithms developed in
our previous work [11] were extended for 3D implementation
to determine the flow velocity within the micro-vessel
structure. A tube centerline was estimated by finding the
average axial and elevational position of the localizations
across the lateral direction. The absolute distance of each
localization to the nearest point in the tube centerline was
calculated to assess the performance of the technique.

D. Image Generation

A 3D rendering of the combined localizations was
constructed by plotting each estimated bubble location, r =
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Figure 1. Ultrasound super-resolution method. (A) Volumetric
ultrasound acquisition was performed using contrast enhanced
ultrasound imaging on a twisted micro-vessel tube embedded within
a gel phantom. Data were converted to cartesian coordinates, (B),
before a rolling background subtraction was applied, (C), to extract
bubble volumes (D). Those classified as single bubbles, (E), were
localized (F). These localizations were combined to create the final
super-resolution rendering.
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Figure 2. (A) A diffraction limited CEUS volume with a high
microbubble concentration. (B) Three-dimensional localisation map of
twisted tube using onset method with centreline in red. Optical image of
phantom inset, scale bar 5 mm. (C) Three dimensional onset localizations
with color bar representing elevational angle, 6.

(x1, y1, z1), as an ellipsoid with semi-axis lengths equal to the
previously estimated localization precisions in the axial,
lateral and elevational directions, o = oy, oy, oz, given by
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where X, y, and z are the coordinates of any points on the
surface of the ellipsoid. Microbubble tracking algorithms
developed in our previous work [11] were extended for 3D
implementation to determine the flow velocity within the
micro-vessel structure. Intensity cross-correlations between
each bubble signal in frame n and each of the bubble signals
found in frame n-1 were then calculated and the maximum
cross correlation was found for each signal in frame n. A pair
of signals were considered to come from the same bubble if
the maximum cross-correlation exceeded an empirically
determined threshold of 0.7.

I11. RESULTS AND DISCUSSION
A diffraction limited CEUS volume with a high

microbubble concentration is shown in Figure 2A. Three-
dimensional super-resolved volumetric imaging of the
twisted micro-vessel phantom was demonstrated with a
clinical ultrasound system at depth (Figure 2B) providing
improved visualization of the fine tubes. An optical image of
the phantom structure is shown in the inset. Velocity tracking
detected the direction of 3D velocity vectors as bubbles travel
along the twisted structure (Figure 2C), where 6 indicates the
elevational angle of the velocity vector.

Absolute distances of onset localizations from the
centerline are shown in Figure 3A. Corresponding histograms
demonstrate 66% of the onset bubble localizations were
inside the nominal internal diameter of the tube in a dry state
(Figure D), up to a potential 70% if including a potential 15
um error as specified by the manufacturer. With a specified
possible length change of 8% in water, this percentage could
potentially be even higher.

IV. CONCLUSION

In summary, this study demonstrates 3D ultrasound
super-resolution is achievable using equipment currently
available in the clinic by localizing the signals received from
individual bubble signals within volumetric video data.
Furthermore, this clinical acquisition strategy enables tracking
of the bubbles in 3D to obtain 3D flow velocity information.
The imaging frequency used in this study (1.25 MHz)
indicates that this technique can be used for deep-tissue
imaging. Additionally, the processing of enveloped data
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Figure 3. (A) The absolute distance of each localization from the
nearest point in the centerline in all three dimensions. (B)
Corresponding histogram of absolute distances from the
centerline, where 66% of localizations are within the estimated
internal diameter of the tube.



demonstrates that super-resolution is still possible without the
large data sizes associated with raw RF data.

Demonstration of 3D ultrasound super-resolution using a
system currently available in the clinic demonstrates a fast
route for clinical translation and application. In the future, 3D
localization using microbubble signal onset could allow
considerably improved microvascular visualization to aid
early disease detection, diagnosis, and intervention for micro-
vascular related diseases like cancer.
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