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ABSTRACT

One of the integral parts of super-resolution ultrasound imaging (SRI) is particle tracking, and researchers are
trying to improve SRI with different tracking methods. This paper presents tracking for a new approach for
SUper Resolution ultrasound imaging using Erythrocytes (SURE), which uses the erythrocytes as the target
instead of fragile microbubbles (MBs). The acquisition of the SURE data can be accomplished in seconds due to
the abundance of erythrocytes as targets. The nearest-neighbor (NN) algorithm was used to track erythrocytes,
since this is one of the successful approaches for MB tracking in SRI. The erythrocyte targets were tracked to
create SURE intensity map by three NN trackers with a constraint on the maximum velocities of 20, 40, 80
mm/s. Each tracker generated a different track map that depict different details. By combining the outputs
of three trackers, and inserting them into one map, it was demonstrated that the combination of trajectories
from different velocities carried more information from all the maps. Also, an image fusion method using
discrete wavelet transform is applied on the intensity maps of these three different velocities. Qualitative and
quantitative experiments were conducted to exhibit the enhancements of the combined and the fused intensity
map. Comparing three intensity maps with their combination and fusion and also a magnified area showed
the fused one had better visual appearance than the others. Standard deviation (SD), average gradient (AG),
entropy (H) and spatial frequency (SF) were used for quantitative comparison. According to SD, AG, H, and
SF, the fused intensity map had 10%, 46%, 2%, and 46% higher scores compared to the combined intensity map.
Also, the fused intensity map had 19% and 22% higher scores compared to the intensity map with maximum
velocities of 80 mm/s according to AG and SF, respectively.

Keywords: Super resolution ultrasound imaging, ultrasound image enhancement, particle tracking, image fusion

1. INTRODUCTION

Particle tracking is an integral and important part of super-resolution ultrasound imaging (SRI).1 Microbubble
(MB) tracking has been investigated in several ultrasound SRI studies, including nearest-neighbor (NN),2,3

Kalman (K),4,5 and Hierarchical Kalman (HK) methods.6,7 Improved tracking of MBs in SRI helps to enhance
the quality of the final image for SRI and applications for blood flow velocity estimation.

Recently, a new SUper Resolution ultrasound imaging approach using Erythrocytes (SURE) has been in-
troduced .8,9 This approach uses erythrocytes (red blood cells) as targets instead of fragile MBs. Hence, the
acquisition of the SURE data can be accomplished in seconds, due to the abundance of erythrocytes as targets
instead of several minutes, if MBs were used as targets.

This study used the NN tracker for tracking erythrocytes in SURE images to create an intensity map of
trajectories. This intensity map is created by accumulation short trajectories for the erythrocytes from the
NN tracker. Three intensity maps resulted from tracking erythrocytes with maximum velocities of 20, 40, and
80 mm/s. These three intensity maps were also combined into one intensity map for all tracks intensity map
to investigate and compare the quality of the different intensity maps. An image fusion method based on the
discrete wavelet transform is also investigated.
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2. METHOD

In this study, the kidney of a Sprague-Dawley rat was scanned for SURE imaging. SURE data were acquired
using a synthetic aperture ultrasound sequence using a Verasonics Vantage 256 scanner and a GE L8-18iD (GE
Health Care, USA) hockey stick probe. The frame rate was 208.3 Hz. 8,9 This data was beamformed on a GPU
card, and the motion vector field was found from the envelope of signal.10 The images were spatially aligned, and
singular value decomposition (SVD) processing was used for removing stationary signals. The SURE pipeline
detected peaks from the remaining signals for each frame. In this study, 16,000 frames of the acquired data were
used for tracking. 8,9 The positions of these detected peaks are used as targets for tracking, where the simple
and fast nearest-neighbor (NN) tracker was used. In the NN method, a target in the next frame was found to
determine the closest target to the current target. 2,3, 6 The maximum linking distances of 0.1, 0.2, and 0.4 mm
were used for imaging, giving a constraint on the maximum velocities of 20, 40, and 80 mm/s. Only targets
that appeared in the last three consecutive frames were considered as valid targets, and shorter trajectories
were removed. The intensity map of SURE imaging is achieved by accumulating short trajectories resulting
from the NN tracker. Tracked targets with different constraints on maximum velocity generate different track
maps that depict various details. Lower linking distance results in a better view of smaller vessels, however,
it provides fewer tracks for large vessels with faster flow. Each SURE intensity map from maximum velocities
of 20, 40, and 80 mm/s reveals specific trajectories, where each one of them alone does not have all details.
Inserting all trajectories of these different velocities into one intensity map potentially make it possible to create
a more detailed intensity map. This is called the combined intensity map. An image fusion method is also used
to fuse the intensity maps of the three different velocities, i.e., 20, 40, and 80 mm/s. Image fusion aims to
gather all important information from the input images into a single image. 11 The Discrete Wavelet Transform
(DWT) image fusion method is a multi-scale transform based method used to fuse intensity maps of the three
different velocities.12 In this method, all three intensity maps are transformed using DWT with a Haar wavelet
and decomposition level of two. The approximations of the three intensity maps are averaged. The horizontal,
vertical, and diagonal coefficients of these intensity maps from the DWT are fused based on the maximum
selection rule that it used to select the high frequency component from the DWT. Finally, the fused intensity
map is created by applying the inverse DWT on it. This is called the fused intensity map. Four metrics were
used to evaluate the quality of the intensity maps.13

SD: Standard Deviation measures the variability of the intensity map, where a high variance means the map’s
intensities are far from the mean and conveys a high contrast of the intensity map. f(i, j) is the intensity map,
µ is mean value of intensity map and m and n are intensity map dimensions.

SD =

√∑m
i=1

∑n
j=1 (f(i, j) − µ)2

m× n
(1)

AG: Average Gradient measures the amount of clarity and sharpness of the intensity map. A high averaging
gradient indicates more contrast between the variation in pattern details of an intensity map and the clarity of
it.

AG =

∑m
i=1

∑n
j=1 ((f(i, j) − f(i+ 1, j))2 + (f(i, j) − f(i, j + 1))2)1/2

m× n
(2)

H: Entropy measures the amount of information present in the intensity map, where PF (k) stands for prob-
ability of an intensity value k in the intensity map. Higher value of the entropy in an intensity map indicates a
more detailed map.

H = −
∑
k

PF (k) log2 PF (k) (3)
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SF: Spatial Frequency measures the amount of overall activity level in the horizontal and vertical direction
and sharpness in regions of the intensity map.

SF =
√
RF 2 + CF 2, RF =

√∑
i

∑
j (f(i, j) − f(i, j − 1))2

m× n
, CF =

√∑
i

∑
j (f(i, j) − f(i− 1, j))2

m× n
(4)

3. RESULTS AND DISCUSSION

In the qualitative experiment, a visual comparison of the intensity maps is depicted in Fig. 1. The intensity
maps of tracked trajectories for velocities of 20, 40, and 80 mm/s are shown in Fig. 1 (a)-(c). All intensity maps
are shown log-scaled with a 30 dB dynamic range for visual comparison. The combined and fused intensity maps
are shown in Fig. 1 (d) and (e), which have a better visual appearance compared with Fig. 1 (a)-(c). For a
better and closer look, magnified areas of a part of the intensity maps of the SURE image in Fig. 1 are depicted
in Fig. 2.

In the quantitative experiment in Table 1, the scores of the four metrics SD, AG, H, and SF are listed for
intensity maps of maximum velocities of 20, 40, and 80 mm/s and the combined and the fused intensity map. For
a fair comparison, all intensity maps are normalized with the minimum and maximum of each intensity map for
the four metrics. According to SD, AG, H, and SF, the fused intensity map had 10%, 46%, 2%, and 46% higher
scores compared to the combined intensity map. Also, the fused intensity map had 19% and 22% higher scores
compared to the intensity map with maximum velocities of 80 mm/s according to AG and SF, respectively.

Table 1: The quantitative performance metrics for the three intensity maps and the combined and the fused
intensity maps.

Intensity maps / Metrics SD AG H SF

Intensity map (Constraint: 20 mm/s) 7.57 1.88 3.74 2.95

Intensity map (Constraint: 40 mm/s) 13.32 2.36 4.52 3.61

Intensity map (Constraint: 80 mm/s) 19.32 2.92 5.08 4.32

Combined intensity map 15.11 2.39 4.77 3.62

Fused intensity map 16.61 3.50 4.87 5.29

4. CONCLUSION

In this study, the NN tracker was used to create an intensity map of a new approach for ultrasound super
resolution imaging called SUper Resolution ultrasound imaging using Erythrocytes (SURE). SURE imaging
makes it possible for image acquisition in seconds by using erythrocytes instead of microbubble. Three intensity
maps of SURE were created from different velocity constraints of 20, 40, and 80 mm/s. These intensity maps are
achieved by the accumulation of trajectories of erythrocytes positions in SURE imaging. The tracked trajectories
of these three different velocities were inserted together, called the combined intensity map. In addition, an image
fusion method based on discrete wavelet transform was applied to the three different velocity maps, called the
fused intensity map. The results were investigated quantitatively and qualitatively. The three individual intensity
maps were compared with the combined and fused intensity maps of the SURE image from the rat kidney. The
combined and the fused intensity map showed better visual appearance compared with individual maps. The
fused intensity map had 10%, 46%, 2%, and 46% higher scores compared to the combined intensity map according
to SD, AG, H, and SF. Also, the fused intensity map had 19% and 22% higher scores compared to the intensity
map with maximum velocities of 80 mm/s according to AG and H, respectively.
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(a) (b)

(c) (d)

(e)

Figure 1: SURE intensity images for the different tracking velocities. All intensity maps are log-scaled with a 30
dB dynamic range. (a) 20 mm/s, (b) 40 mm/s, (c) 80 mm/s, (d) Combined intensity map, (e) Fused intensity
map.
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(a) (b)

(c) (d)

(e)

Figure 2: Magnification of a selected area from the SURE intensity images for the different tracking velocities in
Fig. 1. All intensity maps are log-scaled with a 30 dB dynamic range. (a) 20 mm/s, (b) 40 mm/s, (c) 80 mm/s,
(d) Combined intensity map, (e) Fused intensity map.
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