<]
TUDelft

Delft University of Technology

High Frame Rate Volumetric Imaging of Microbubbles Using a Sparse Array and Spatial
Coherence Beamforming

Wei, Luxi; Wahyulaksana, Geraldi; Meijlink, Bram; Ramalli, Alessandro; Noothout, Emile; Verweij, Martin;
Van der Steen, Antonius F.W.; De Jong, Nico; Vos, Hendrik J.; More Authors

DOI
10.1109/TUFFC.2021.3086597

Publication date
2021

Document Version
Final published version

Published in
IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control

Citation (APA)

Wei, L., Wahyulaksana, G., Meijlink, B., Ramalli, A., Noothout, E., Verweij, M., Van der Steen, A. F. W., De
Jong, N., Vos, H. J., & More Authors (2021). High Frame Rate Volumetric Imaging of Microbubbles Using a
Sparse Array and Spatial Coherence Beamforming. IEEE Transactions on Ultrasonics, Ferroelectrics, and
Frequency Control, 68(10), 3069-3081. https://doi.org/10.1109/TUFFC.2021.3086597

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1109/TUFFC.2021.3086597
https://doi.org/10.1109/TUFFC.2021.3086597

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TUFFC.2021.3086597, IEEE

Transactions on Ultrasonics, Ferroelectrics, and Frequency Control

High Frame Rate Volumetric Imaging of
Microbubbles Using a Sparse Array and Spatial
Coherence Beamforming

Luxi Wei'!, Geraldi Wahyulaksana', Bram Meijlink!, Alessandro Ramalli?, Emile Noothout?, Martin
Verweij?, Enrico Boni?, Klazina Kooiman', Antonius F.W. van der Steen!, Piero Tortoli?, Nico de Jong'?,

Hendrik J. Vos'?

'Biomedical Engineering, Erasmus MC, University Medical Center Rotterdam, Department of
Cardiology, Rotterdam, the Netherlands. 2Department of Information Engineering, University of
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Abstract— Volumetric ultrasound imaging of blood flow
with microbubbles enables more complete visualization
of the microvasculature. Sparse arrays are ideal
candidates to perform volumetric imaging at reduced
manufacturing complexity and cable count. However,
due to the small number of transducer elements, sparse
arrays often come with high clutter levels, especially
when wide beams are transmitted to increase the frame
rate. In this study, we demonstrate with a prototype
sparse array probe and a diverging wave transmission
strategy, that a uniform transmission field can be
achieved. With the implementation of a spatial
coherence beamformer, background clutter signal can
be effectively suppressed, leading to a signal to
background ratio improvement of 25 dB. With this
approach, we demonstrate the volumetric visualization
of single microbubbles in a tissue-mimicking phantom
as well as vasculature mapping in a live chicken embryo
chorioallantoic membrane.

Index Terms—Coherence beamforming, volumetric
imaging, high frame rate, microbubbles, sparse array.

L INTRODUCTION

Microbubbles have been widely used as an
ultrasound contrast agent in the clinic, and have been
shown as an excellent diagnostic tool [1]-[4]. When
imaged at high frame rates, advanced post-processing
filters and microbubble-specific pulsing sequences
allow differentiation of contrast and tissue signal,
enabling 2-dimensional (2-D) microvasculature
mapping and blood flow measurements in vivo [5], [6].

Recent developments in matrix arrays have led to
high volume rate 3-dimensional (3-D) imaging for a
more complete picture of the microvasculature [7], [8].
Fully populated matrix arrays can reach relatively high
contrast and high frame rates, but current solutions are
impractical for clinical use because of the amount of

probe connection cables, the requirement of multiple
systems and their mutual data synchronization [9],
[10]. To circumvent these issues while still retaining
the high element count, more complex read-out
sequences have been proposed, such as application
specific integrated circuits (ASICs) for in-probe sub-
aperture beamforming and switching [11]-[13], a row-
column addressing scheme [14], [15] or multiplexed
array sequences [16], [17]. However, all of these
methods have inherent drawbacks in terms of costs,
stitching, or limited frame rate due to switching or
volumetric beam scanning.

As an alternative, channel count and electronic
complexity can be reduced by sparsely distributing the
elements in a 2D array. Ramalli et al. have proposed a
tapered spiral pattern of 256 elements, which can have
one-to-one connections to an ultrasound system,
allowing full control of the transmitted beams and
received signals [18], albeit potentially at the cost of
lower signal-to-noise ratio (SNR). This array
configuration has been used in combination with
multi-line and multi-plane transmits [19] to evaluate
the effects of each modality on image quality and
signal-to-noise ratio. Harput et al. have also shown the
effectiveness of a 2-D density tapered array for 3-D,
high frame rate, super-resolution imaging [20] and its
suitability for quantitative micro-vessel analysis in
vitro [21]. The sparse spiral array offers flexibility in
transmission sequences, can perform high frame rate
imaging, and has low electronics complexity and
hardware requirements. These advantages make it a
promising tool for high frame rate 3-D vasculature
imaging.

For application in research and pre-clinical imaging,
the use of sparse arrays with microbubble volumetric
imaging is here investigated. This approach involves
three main challenges to be faced: the low SNR, the
non-uniformity of the transmitted field, and the high
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Fig. 1. (a) The front face of the prototype spiral array. The circled area in the center is populated with elements distributed as shown in (b).
Only the center 120 (red) elements were used to transmit in the experiments, while all 256 elements were used in receive. Element size is not

drawn to scale.

level of artefacts due to the spatial under-sampling of
the received echoes, as discussed in the next
paragraphs.

Low SNR levels is a fundamental limitation of
sparse arrays [22]. Because of the few number of
elements, the transmitted field pressure from the
sparse array cannot reach the same levels as in its
fully-populated counter-part. Yet, in case of high
frame rate microbubble imaging, acoustic pressures
need to remain low anyhow since microbubbles are
insonified much more often than in a line-based
imaging approach [6], [23], and therefore the lower
transmitted fields pressure are still acceptable for
contrast-enhanced imaging. The lower number of
elements also leads to lower receive sensitivity. The
obvious way of increasing the SNR is to do averaging
or low-pass filtering over the subsequently acquired
data. Yet, such filtering is limited to stationary or
slowly moving targets and is not suitable for vascular
imaging and therefore, alternatives need to be sought.

The sparsity in the transmission aperture, in
combination with the collimated or diverging beams
needed to maintain a high volumetric frame rate, lead
to both a high variation of magnitude and pulse shape
within the field (examples will be provided below)
[22]. The uniformity of the transmit field can be
synthetically improved with angular compounding,
but at a cost of lower frame rates.

Lastly, strong clutter in receive is generated by
high-level grating lobes from contrast agents and
tissue when using conventional delay-and-sum (DAS)
beamforming. While quasi-stationary tissue signal and
clutter can be removed by slow time filtering of the
radiofrequency (RF) data or by contrast specific

detection schemes [24], microbubble clutter has
similar temporal characteristics as the microbubble
signal of interest, and therefore cannot be removed
with these methods. High levels of microbubble clutter
can severely degrade image contrast and create
artefacts. Alternatively, microbubble clutter can also
be reduced by coherent angular compounding. On the
other hand, coherent compounding reduces the frame
rate, which may lead to decorrelation in high flow rate
scenarios. Although motion compensation techniques
may help to partially solve this issue [25], they might
suffer from the low-quality volumes produced by the
sparse array and might not be fully effective.
Moreover, artefacts may arise in complex and non-
uniform propagation media, which might impact on
the registration of images obtained at different steering
angles and, thus, degrade the final compounded image
[25], [26]. Coherence-based beamforming methods
have been proposed to decrease side/grating lobes and
noise levels in images. Stanziola et al. have proposed
to use the cross-correlation of two separately DAS-
beamformed images obtained with the same transmit
pulse for flow detection [27]. Harput ef al. have further
implemented this method to volumetric super-
resolution imaging of microbubbles using an array of
512 elements and two ultrasound open scanners [20].
Lediju et al. have proposed to use the coherency of
signals received by nearby transducer elements to
perform short lag spatial coherence (SLSC)
beamforming [28]. They have shown that by adjusting
the ‘lags’ used for spatial coherence calculation,
background noise can be suppressed. With this
method, ultrasound molecular imaging of
microbubbles in 2-D and volumetric imaging can be
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achieved [29]-[31]. These methods have been
developed for linear and (fully-populated) matrix
arrays, and have yet to be implemented on sparse
arrays.

In this work, we present the imaging system and
pipeline based on the spatial coherence (SC)
beamformer to achieve high frame rate volumetric
imaging of microbubbles in phantom experiments and
in vivo in the chicken embryo.

II. THEORY AND METHODS

A. Prototype sparse spiral array

Fig. 1 shows the prototype piezoelectric sparse array
based on a tapered spiral design [18], [32]. This array
has an aperture size of 1.6 cm diameter, consists of 256
elements, and each element has a dimension of
200 x 200 um. The array was manufactured [32] by
depositing layers of acoustic stack material (including
PZT, conductive glue, and matching layer material)
onto a PCB, and finally diced into a grid with 220 um
pitch. The PCB allows electrical connections to the
256 active element locations. The elements were wired
directly to the 256 channels of a Vantage 256
(Verasonics, Kirkland, WA, USA) open scanner [33].
The density of the elements decreases towards the
edge of the aperture, according to a Blackman
window, designed to reduce side-lobe levels. The
spiral array operates at a center frequency of 5 MHz
with 40% bandwidth. More detailed manufacturing
specifications can be found in Vos et al. [32].

B. Transmission and reception strategy

Single-pulse detection at the fundamental frequency
(combined with the SVD filter for tissue suppression)
was chosen for this study because this scheme has
previously been used in perfusion imaging [8], [20],
[27]. Diverging waves at different steering angles were
transmitted and the radiofrequency echoes were
filtered, beamformed, then compounded (coherently
for DAS). Diverging waves were designed to provide
a uniform pressure wavefront and to reduce pulse
shape non-uniformities, while maintaining a large
field of view. Field II [34], [35] simulations were
conducted to investigate the effects of changing the
number of active transmit elements (or the active
transmit aperture diameter), the diverging wave
opening angle (2a), and the maximum steering angle
used for compounding. To investigate the effects of
angular compounding on the uniformity of the
transmit field, the measured transmit field at the same
locations for all steering angles were lined up in time

based on their time-of-arrival and then coherently
compounded. This ‘synthetic transmit field” shows the
characteristics of the effective transmit field post
angular compounding. For the simulations, all
elements were assumed to be identical and with no
ringing. When transmitting a 3-cycle sinusoidal burst
at 5-MHz and tapered with a Gaussian window, a good
tradeoff was found for 2a = 30°, using the center 120
elements, corresponding to a 7 mm aperture, (Fig 1. b)
and steering at maximum 5°. All elements were used
on receive to maximize the receive sensitivity and
image resolution. The final imaging sequence
consisted of five divergent waves, fired at 8 kHz PRF
with steering angles of 0° and 5° in both azimuth and
elevation directions. This sequence was repeated at a
rate of 1 kHz. The echo signals, received by all
N =256 elements, were acquired for 3.9 seconds
(corresponding to 3900 consecutive volumes), and
then beamformed and processed off-line for an output
frame rate of 1 kHz. Table I contains a summary of the
transmission parameters.

TABLE I

List of Parameters

Transmission parameters (all experiments)

Transmission element number (#) 120
Reception element number, N (#) 256

Center frequency (MHz) 5

Pulse cycles (#) 3

Angular PRF (kHz) 8

Post-compounding frame rate (kHz) 1

(0,0); (5,0); (0,5);
Steering angles (azimuth, elevation °) (-5,0); (0,-5)
Opening angle (°) 30
Acquisition duration (s) 39
SVD filter parameters
Ranks removed for 1-mm vessel
(ensemble length = 3900) 1
Ranks removed for 200-um vessel
(ensemble length = 100) 1
Ranks removed for chicken embryo
(ensemble length = 3900) 20
Beamforming parameters
Voxel size for 1-mm vessel
(wavelength) 0.5
Voxel size for 200-um vessel

(wavelength) 0.5

Voxel size for chicken embryo
(wavelength) 1
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C. Spatial coherence beamforming

While microbubbles in blood act like point sources
producing highly spatially coherent echoes, the
surrounding tissue scatters incoherently, and lowers
the spatial coherence of microbubbles [28]. To
maximize microbubble signal coherence, the
background signal (originating from PVA or tissue)
was first removed by applying an SVD filter on pre-
beamforming RF data for each steering angle
separately [36]. A manually selected number of lower
ranks (large singular values) was removed to attenuate
the quasi-stationary tissue signal (Table I). Since there
was no clear separation of singular values between
bubble signal and noise at low microbubble
concentrations, the smallest singular values were not
removed.

Similar to DAS beamforming, for each sub-
volumetric acquisition, dynamic receive focusing was
applied to the channels obtaining a ‘delayed matrix’.
Then, for each voxel, the ‘delayed’ signal received by
all element pairs are used to calculate an average
spatial signal coherence (scyoxer) [37]:

M s G+ D)

NIs@I2 ’ (1)

SCyoxel =

where s(7) is the signal received by element i, / is the
lag of elements ranging from 1 to N-1, and * indicates
the complex conjugate. Equation (1) also corresponds
to the normalized autocorrelation function, and the
spatial coherence calculation was thus performed in
the frequency domain for higher computational
efficiency. This was performed for all transmission
angles independently. The resulting voxel values were
complex, and with their real parts ranging between -1
and 1. The frames were then averaged to form an
angular compounded. Further averaging in time can be

(a) 1 mm slilicone vessel (b) PVAstrip
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performed at this point to show the accumulation of
bubble signal during the acquisition duration. Finally,
since we expect positive correlation values with zero
phase, only the real part of the averaged coherence was
taken to be the image amplitude at the voxel and all
negative coherence was set to zero. The final
volumetric image was then normalized and log
compressed for display. As a comparison, DAS
volumes were also calculated by summing across the
channels for the same delayed matrixes, normalized,
and log compressed for display. All beamforming and
post-processing were implemented in MATLAB (The
Mathworks Inc., Natick, MA, USA). Dynamic receive
focusing calculations were based on the UltraSound
ToolBox [38].

D. Straight vessel phantom experiments

A diluted Definity® microbubble solution (Lantheus
Medical Imaging Inc., N. Billerica, MA, USA) was
injected into a 1 mm inner-diameter silicone tube
embedded in a tissue-mimicking PVA phantom [39].
The flow rate was 300 pL/min (peak velocity =
12.7 mm/s laminar equivalent). The vessel was located
between 2 and 4 cm depth with an angle of 60° with
respect to the axis of the probe (Fig. 2 a). Data
acquisition and post-processing parameters can be
found in Table I.

Quantitative signal to background evaluations were
performed on a data volume obtained as the average of
50 frames for both DAS (incoherent average) and SC
beamformed volumes. This averaging was performed
to remove the speckle pattern inside the vessel. Since
the frame rate was relatively high with respect to the
flow velocity, the 50 frames were spaced 10 ms apart
(100 Hz) such that the speckle pattern changed
sufficiently between frames. Contrast calculations
were performed on 7 distinct 50 frames averaged
volumes from the same acquisition. A cylindrical
mask with a diameter of 1 mm was used to select the

(©

Spiral array

Yolk

Chicken embryo and blood vessels

Fig. 2. Schematics of the (a) 1 mm straight vessel and (b) 200 pm helical vessel phantoms. The vessels were embedded in a tissue-
mimicking PVA matrix. Experiments were performed with the spiral array placed on top of the phantoms. (¢) Schematic of the chicken embryo
setup. The chicken embryo and yolk are placed inside a 37° PBS bath after microbubble injection. The spiral array is placed on top of the

bath, coupled to the chicken embryo through the PBS.
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microbubble signal within the vessel, and a cubic mask
of the same volume was used to sample the
background clutter signal (Fig. 4 a). The generalized
contrast-to-background ratio (GCBR) was calculated
as a quantitative metrics for the assessment of image
quality. The GCBR is equivalent to the generalized
contrast-to-noise ratio (GCNR) defined, in [40]. The
new name is used here because in our case the
background signal contains not only electronic noise
but also clutter and grating lobes.

Once the probability distributions (i.e., the
histograms) of both the vessel and the background
signals were computed, the GCBR was defined as the
non-overlapping (OVL: overlapping area) normalized
area of the two distributions,

GCBR =1— OVL. 3)

The signal to background ratio (SBR) was also
computed in the angular compounding case using (4),
where root mean square (RMS) values were calculated
in the vessel and background regions of the linear
envelope data.

MSvessel
SBR = 20logg=—7r—.
10 RMSbackground (4)
E. Helical micro-vessel phantom experiments

To create a micro-vessel phantom that includes flow
in multiple directions, a helical shaped vessel phantom
was designed using a 200 um outer diameter cellulose
tube embedded in a tissue-mimicking PVA matrix
(Fig. 2 b). The inner diameter of the tube was optically
measured to be between 150 pm and 180 um. The
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micro-vessel was wrapped around a 5 mm diameter
PVA cylinder, which was then placed in between two
complimentary PVA slabs. A  custom-made
microbubble with a phospholipid coating and C4Fio
gas core (F type, mean diameter 1.1 um, [41]) at low
concentration was pumped into the cellulose tube at a
constant flow rate of 25 pL/min (mean velocity = 16.5-
23.6 mm/s laminar equivalent). Data acquisition and
post-processing parameters can be found in Table I.

Single microbubbles were tracked to calculate their
mean velocity. Microbubble identification and
tracking in 3-D were performed using the algorithm
presented in [42]. The localization steps include the
segmentation of individual bubbles by masking based
on voxel intensity, followed by the estimation of their
center of mass. To further differentiate the bubble
signal from noise, the Hungarian algorithm was used
to track bubble motion through time, and the tracks
were used to calculate bubble speed. For the
visualization of the entire vessel, averaging was
performed on the envelope-detected frames for the
DAS volumes to avoid loss of coherence with the
motion of the microbubbles. For the SC beamformed
volumes, averaging was performed before removing
negative coherence values. Averaged volumes from
both beamforming methods were then normalized and
log compressed.

F.  Chicken embryo vascular imaging in vivo

A 5-day old chicken embryo was removed from its
eggshell and placed in a plastic weighing boat (85 x 85
x 24 mm; VWR, the Netherlands) containing ~0.5 cm
of ultrasound gel (Chemolan, Chemodis, Alkmaar, the
Netherlands) on the bottom according to the protocol
of Meijlink e al.[43]. Four uL of the custom-made
bubble solution (F-type) was injected into the vascular
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Fig. 3. Field II simulations of the one-way field obtained for 2*a = 30° divergent angle at 3 cm away from the transducer, displayed at a
dynamic range of 20 dB normalized to their maximum amplitudes. (a) Transmitting with all elements. (b) Transmitting 5 partially overlapping
beams with all elements. Four beams all with 5° steering angle were transmitted into different directions centered around a non-steered beam.
The transmitted waves were simulated separately, corrected for time-of-flight differences and averaged, then mapped onto the wave-front
locations of the non-steered transmit. (c) Transmitting one un-steered beam with the center 120 elements. (d) Transmitting with the center 120

elements and with the same steering configuration as in (b).
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system of the chicken embryo via a chorioallantoic
membrane vein using a glass capillary needle [43].
The chicken embryo and the chorioallantoic
membrane, still attached to the yolk, was submerged
inside a beaker of 37°C PBS solution (Fig. 2 c¢). The
sparse spiral array was placed on top of the embryo
with a standoff distance of 3 cm, and coupled to the
embryo and the chorioallantoic membrane via the
PBS. The viability of the embryo was monitored by
visual inspection of the heartbeat through the
ultrasound images during the experiment. Data
acquisition and post-processing parameters can be
found in Table I.

I1I. RESULTS

A.  Transmit field simulations

Fig. 3 summarizes the results of transmit field
simulations. When transmitting an un-steered 30°
divergent wave using all elements, the field was non-
uniform in space and contained multiple unwanted
tails behind the main wave front (Fig. 3 a). When 5
steered diverging waves (£5° in azimuth and elevation
directions) were simulated and synthetically
compounded, the wavefront was more uniform across
the field of view (Fig. 3 b). By limiting the number of
transmitting elements to 120, the uniformity of the
field in lateral and axial directions improved either
when transmitting a single wave (Fig. 3 c), and after
angular compounding of 5 diverging waves (Fig. 3 d).
For the latter case, in particular, the secondary lobes
behind the main wave front were further reduced
compared to all previously discussed cases. This

(a) DAS

30

Z (mm)

-15
Y (mm) 0

transmission sequence was able to maintain the field
homogeneity (standard deviation of the field of view
at 3cm and 20° opening angle: +0.6 dB) while
covering a large field of view, where the overlapping
sector for the 5 steered transmits was 20°, and the
largest sector covered by any beam was up to 40°.
When transmitting with 120 elements, the maximum
pressure in the compounded pressure field was 5.3 dB
lower than when transmitting with 256 elements in this
simulation. The 2-D pressure field at 3 cm depth was
also measured using the hydrophone. The maximum
MI and peak-to-peak pressure were 0.05 and 115 kPa
respectively. The low pressures were to avoid bubble
destruction. All the results have been obtained using
this sequence.

B. Straight vessel phantom experimental results

Fig. 4 shows the volumetric rendering of
microbubbles inside the 1 mm diameter vessel
beamformed using both DAS and SC methods.
Qualitatively the volumetric rendering of the DAS
beamformed volume contained higher levels of clutter
than the SC beamformed volume; as introduced in
Section I, this clutter is originating from the
microbubble scatter and is a direct result of the sparsity
of the elements in the probe. Hence, this clutter can
neither be avoided by tissue clutter suppression
techniques, nor by microbubble-specific pulsing
sequences like amplitude modulation or pulse
inversion. On the other hand, the SC beamforming
suppresses this clutter as the clutter signal has lower
spatial coherence than the primary echoes from the

Yom 1©

Fig. 4. Renders of 5 angles compounded, 50-frames averaged volumes of microbubbles in the straight vessel phantom. RF data was filtered
to attenuate the PV A signal, then (a) delay-and-sum (DAS) and (b) spatial coherence (SC) beamforming were performed on the same dataset,

shown to their maximum intensities and 30 dB dynamic range.
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Fig. 5. Assessment of the generalized contrast to background ratio (GCBR) for a compounded volume. Cross-sections of the cylindrical
vessel mask and the cubical background mask displayed on top of maximum intensity projections of 50-frames averaged, 5-angle compounded
volumes beamformed using the (a) delay-and-sum (DAS) and (b) spatial coherence (SC) method. (¢) normalized histograms of the signal
within these two regions for both methods. There is an overlap between vessel and background histograms for the DAS beamformed volume
but not for the SC beamformed volume. Shaded areas are standard error of 7 measurements.

DAS
(a) 1 frame (b) 10-frames average (c) 50-frames average (d) 390-frames average
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E
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Fig. 6. Maximum intensity projection onto the XY-plane beamformed using (a-d) delay-and-sum (DAS) and (e-h) spatial coherence (SC).
PVA signal was attenuated prior to beamforming. Averaging an increasing number of volumetric frames from 0 to 3.9 seconds (1 to 390-
frames average at 100 Hz rate) reveals the helical shape as microbubbles flow through the vessel. All images are normalized to their maximum

intensity.
microbubbles. are shown in Fig. 5 a and b. The mean and standard
Quantitative evaluations of the image quality for error of the traditional contrast to background ratios of
both beamforming methods using the masked regions the SC and DAS beamformed volumes were
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Fig. 7. volume render of a 390-frame averaged spatial coherence
volume for 3.9 seconds duration. Two sample tracks of super-
localized microbubble positions are overlayed on top of the time-
averaged volume (black arrowheads point to the purple and yellow
bubble location dots). The 3-D helical shape of the vessel is clearly
visible. To enhance visualization, this render shows only signal
above -30 dB. The color map corresponds to distance to the spatial
location (x = -15, y = 0, z = 20 mm). Non-overlapping regions of
the transmit beams are not cropped out in this render. The yellow
arrow indicates an artefact caused by non-overlapping transmit
beams. Red arrows indicate two locations where the vessel diameter
appears slightly underestimated.

38.5+£0.5dB and 13.6 £ 0.2 dB, respectively. As
shown in Fig. 5 ¢, for the SC beamformed volume,
there was no overlap between the vessel and
background probability density functions (GCBR = 1),
whereas for the DAS beamformed volumes, there was
some overlap between signal from the two regions
(GCBR =0.98).

C. Helical micro-vessel experimental results

Fig. 6 shows the results from the helical vessel
experiment. Single microbubbles could be seen
moving through the micro-vessel in both the SC and
DAS beamformed volumes, albeit with much higher
contrast in the SC volumes. By averaging an
increasing number of DAS (incoherently) and SC
frames in time, the trajectory of the microbubbles
within the vessel could be shown. The helical shape of
the vessel became apparent as the positions of moving
microbubbles were accumulated (Fig. 6 d, h). The
background level in SC decreases as more frames were
averaged, whereas the background level of DAS
increased. Since the background distribution after the
coherence calculation was centered around zero, the
spread of this distribution decreased as more frames
were averaged, leading to a decrease in the mean of its
envelope-detected intensity distribution. Stanziola et
al. have observed a similar increase in signal to
background level for the coherence images [27]. On
the other hand, the background level of the DAS
volumes appeared to increase. This is because fewer

bubbles were present in the vessel towards the end of
the recording. Combined with the low number of
bubbles, the DAS averaged bubble signal decreased
while the background level stayed constant, leading to
the background level increase after normalization.

Fig. 7 shows a rendering of the average volume after
3.9 seconds accumulation. The final volume was
mostly uniform in diameter except for two locations
(Fig. 7 red arrows). Single microbubbles could be
tracked between frames to calculate microbubble
velocity. Fig. 7 shows two examples of such tracks
(black arrowheads). The flow speed estimated from
tracking 24 microbubbles in the SC beamformed
volume was 20.9 + 7.6 mm/s, which agreed with the
true velocity, expected to be between 16.5 and
23.6 mmy/s.

D. Chicken embryo vascular imaging results

Fig. 8 shows the results of the in vivo chicken
embryo experiment. Inside the PBS solution, the yolk
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Fig. 8. (a-b) Photographs of the chicken embryo with the yolk
submerged in a PBS solution as seen from the (a) the top and (b) the
side. (a) Chorioallantoic membrane vessel diameter was estimated
to be 0.35 mm at one location (black line) using the full width half
maximum of the photograph’s intensity. (b) The yolk assumes its
ovoid shape when submerged, which can be seen when looking from
the side. (c-d) Maximum intensity projections of the ultrasound
volumetric render, beamformed using the SC beamformer. All
tissue signal was removed prior to beamforming by using an SVD
filter. By comparing (a) the top view of the photograph and (c) the
maximum intensity projection of the ultrasound image in depth, the
heart (white arrow) and some branches of the chorioallantoic
membrane vessels can be identified and matched (blue, green, and
purple triangular arrowheads). Air bubbles in the PBS solution
above the yolk were cropped out manually in (c-e).
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assumed its natural ovoid shape, which can be seen
when looking at the two photographs taken from the
top and side (Fig. 8 a, b). The chicken embryo and its
chorioallantoic membrane blood vessels are
distributed on the surface of the yolk, creating a dome-
like shape. After averaging all SC beamformed
frames, the shape of the blood vessels can be seen from
the maximum intensity projections of the ultrasound
volumetric image (Fig. 8 c-e). By comparing the
photograph (Fig. 8 a) and the maximum intensity
projection from the top (Fig. 8 c), the heart and the
chorioallantoic blood vessels patterns could be
identified and matched. A landmark in the ultrasound
image is also identified on the photograph (Fig. 8 a
black line). By looking at the gray scale intensity
across the length of the labeled black line on the
photograph, we have estimated the diameter of the
blood vessel at this location to be 350 um. This figure
shows that the imaging scheme can detect blood
vessels at this size in vivo.

IV. DISCUSSION

In this paper, we propose to use a sparse spiral array
combined with spatial coherence beamforming to
reach a uniform transmit field, sufficient SNR, and low
clutter levels to achieve microbubble high frame rate
volumetric imaging. The low SNR caused by low
transmitted field pressure due to the few number of
elements is compatible with high frame rate
microbubble imaging, where mid-range pressure
intensities (at what is normally used for line-by-line
imaging) can lead to bubble destruction. To improve
the transmitted field non-uniformity, the central, more
densely populated elements were used. Combined
with angular compounding, a uniform transmitted
field, in space and time, was obtained (Fig. 3). The SC
beamformer further separates microbubble clutter
from microbubble signal by exploiting the coherence
of signals. We included all lags in the coherence to
better differentiate between microbubble signal (high
spatial coherence) and microbubble clutter and noise
(low spatial coherence) after the removal of ‘tissue’
signal. A more detailed analysis of the spatial
coherence is in the Appendix.

With the spiral array-specific transmission strategy
combined with the SC beamforming method, we have
achieved high quality volumetric contrast images at
two microbubble concentrations in vitro. Fig. 4 and 5
compare the beamforming methods for the 1 mm
vessel at high microbubble concentrations. The
improvement in image quality can be visualized in
Fig. 4, where the background clutter signal is
significantly reduced for the SC beamformed volume.

There is also no overlap between vessel and
background signal distributions for the SC volume as
opposed to the DAS volume, cf. Fig. 5, and quantified
by a GCBR of 1, and 0.98, respectively. This indicates
that the tissue clutter is suppressed for the SC
beamformed volumes, and the improvement in image
quality is not only due to alterations in dynamic range.
For applications where it is important to distinguish
microbubble signal and background signal (for
example in perfusion detection) the improvements in
image quality offered by the SC beamformer can be
beneficial.

At low microbubble concentrations, individual
microbubbles could be tracked in time (Fig. 7).
Because of the good separation of background and
microbubble signal distributions, automatic bubble
detection is easier using the SC beamformed volume.
Similar processing methods can be applied to enable
super-resolution and volume flow rate measurements.

The SC beamformed volumes also have the
advantage that they can be directly averaged through
time (Fig. 6). Since SC beamformed images do not
contain phase information, frames with microbubble
displacement do not interfere when averaged. The
noise distribution of the coherence calculation is
centered around 0, thus the background intensity level
(post tissue signal removal) tends to 0 when more
frames are averaged [27]. This enables vascular
mapping in low signal to noise ratio scenarios and is
especially suited with the sparse array. The
background level in the DAS beamformed volumes
instead increased, due to fewer microbubbles being
visible towards the end of the acquisition (perhaps due
to microbubble destruction), while the subsequent
normalization increased the background level.
Moreover, averaging in DAS needed to be applied in
the envelope domain in order to not reduce
microbubble signal by coherent, destructive
summation. This however also means that the
background levels will never reduce [27].

In the final averaged SC volume, the helical vessel
diameter appears uniform in the entire field of view
except for at two locations (Fig. 7 red arrows). This is
probably because the transmit field at those locations
was still not perfectly uniform, despite the results
found in simulation. The discrepancy between
simulation and experiment is likely due to the
transducer element variations in production. The
uniformity of the transmit field due to transducer
element variations can be improved by increasing the
number of compounded angles (at the cost of frame
rate) or improving the elements’ consistency through
the manufacturing process.
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Fig. 8 illustrates vasculature imaging of the chicken
embryo and its chorioallantoic membrane. The heart
as well as larger vessels stemming from the heart are
clearly visible. Some of the smaller branches of the
chorioallantoic membrane vessels can also be
identified and matched to the photograph. In the top
view maximum intensity projection, vessels can be
seen extending across the entire field of view
(Fig. 8 a, ¢, green and blue arrows). However other
smaller branches are incomplete or missing
(<350 um). A possible reason may be that the slow
microbubble flow in these vessels were removed by
the SVD filter. The wide range of blood flow velocity
(1 pm/s to 1 mm/s [44]) within these vessels leads to
difficulty in preserving all flow velocities.

One of the common reservations to the use of
advanced beamformers is computation time. SC
beamforming adds one additional step (correlation
calculation) on top of the conventional DAS
beamforming algorithm. When tested on a computer
with 512 GB RAM 24 Cores CPU running at 10%
load, the correlation calculation step adds
approximately 1.3 s, i.e., +50%, to the beamforming
algorithm for a 3 x 3 X 1.5 cm volume of
520251 voxels in total (same dimension as the chicken
embryo acquired volume). This additional
computation time may also be reduced by parallel
computing or Graphical Processing Units (GPU)
implementations. Divergent transmit wave imaging
using the spiral array allows volumetric imaging of
large field of views at high frame rates. A final frame
rate of 1 kHz was used in this study, which could be
increased to the depth-limited pulse repetition
frequency by combining the compounding angles in a
sliding fashion. High frame rate imaging not only
offers higher temporal resolution, but also the
flexibility in performing advanced post-processing
techniques. They become particularly important in in
vivo scenarios where tissue motion is significant.

Another possibility for tissue suppression is the use
of microbubble-specific pulsing schemes. The
bandwidth of our prototype probe is 40%, which is not
wide enough to sense the higher harmonics. However,
non-linear fundamental pulsing schemes should be
investigated [45]. Exploiting the non-linear behavior
of microbubbles for tissue suppression can simplify
both the post-processing and the threshold selection
for the advanced beamformers [46]. The high frame
rate that can be reached with the sparse spiral array can
reduce motion-related artefacts to reach better
cancelation of various pulses.

Since the sparse array elements have one-to-one
connections to the ultrasound machine, it can be used
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for more complex pulse sequence designs. For
example, high resolution focused-beam volumetric
images can be acquired prior to or post high frame rate
acquisitions to provide more structural information.
High resolution 2-D images can be acquired and
displayed in real time by transmitting focused-beams
onto 2-D planes, providing anatomical information to
clinicians to better position their probe and reduce
drift. The ability to steer in 3-D space could also be
exploited for blood flow assessment by spectral
Doppler measurement at specific locations [47]. The
adaptability of the sparse spiral array makes it a
potentially powerful tool for clinical applications and
a promising solution for relatively cheap 3-D systems
for the experimental test of new methods.

V. CONCLUSION

In this paper, we have presented the results of high
frame rate volumetric imaging of microbubbles in in
vitro experiments and in vivo. We have shown that
using a spiral array-specific transmission scheme (the
center 120 elements were used to generate divergent
waves with 30° opening angle at 0° and 5° steering

angles) combined with the spatial coherence
beamformer yielded high quality volumetric contrast
images and the ability to visualize single
microbubbles.

APPENDIX

The spatial correlation of each receive channel pair
was calculated for both high and low microbubble
concentration in vitro experiments. Fig. Al displays
the results. One frame of each datasets was used to
select one voxel with microbubble and one voxel from
the background region. The locations of these voxels
are marked on the maximum intensity projections (Fig.
Al (a, b)). For each voxel, the 256 channels give a total
of 32639 channel pairs, and the non-normalized
correlation of each pair of elements (S (i, j)) Was
calculated according to Eq. A1, which is equivalent to
Eq. 1 without the summations and normalization:

SCpoxer (i, J) = s(D)s™(j),
i,je[1,256],i #j

where s(i) is the signal received by channel/element i,
i and j are non-repeating element indexes. A zoomed-
in version of all correlations is displayed relative to
their element-to-element distances (Fig. Al (c,d)).
Since the pair-wise correlation values are noisy, the
data was binned into 17 bins, each containing 2000
values, and the means are displayed (Fig. Al (c,d)

(AT)
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Figure Al: (a-b) Maximum intensity projections onto the X-Z plane (from one frame) for the previously described low concentration helical
vessel experiment (a) and the high concentration vessel experiment (b). One voxel containing microbubble signal (red x sign) and one voxel
containing background signal (turquoise + sign) were selected for the calculation of element-to-element correlation values (c-d). Channel pair-
wise correlation values for the low (c) and high (d) concentration experiments are plotted (orange and turquoise datapoints) against the element-
to-element distances. Every 2000 datapoints were binned and averaged (black lines). The y-axes are set to a limited range for better
visualization.

uncorrelated  noise. At both  microbubble
concentrations, the binned correlations values were
positive for the bubble-containing voxels and
decreased as the element-to-element distance

increases. The single microbubble acts as a coherent

black lines). For all element distances, the binned and
averaged background voxel correlation values were
around 0. This result is to be expected because the
‘tissue’ signal was attenuated using the SVD filter,
therefore the background region contained mainly
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scatterer, and the decrease in correlation is expected to
be influenced by noise. At high concentrations, the
correlation decrease can be due to both noise and
interference of adjacent microbubbles. These trends
are consistent as previously described in [28]. Since
microbubble voxel correlations was higher than the
background voxel correlations for all element-to-
element distances, all distances were used in the
spatial coherence calculations.
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