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ABSTRACT

Microbubble (MB) tracking is an integral part of super-resolution ultrasound imaging by providing sharper
images and enabling velocity estimation. Tracking the MBs from the last to the first frame can generate different
trajectories than tracking from the first to the last frame, when the next positions of a track depends on its
previous positions, e.g., in Kalman-based methods. Our hypothesis is that tracking in a forward-backward
manner can increase the overall tracking performance. In simulations, MB positions with a parabolic flow profile
were generated inside two tubes. Three different tracking methods, including nearest-neighbor, Kalman, and
hierarchical Kalman, were investigated. Using the proposed forward-backward strategy, all estimated velocity
profiles for all trackers were improved and were closer to the actual velocity profiles with an improvement between
28% to 40% in the relative standard deviation (RSD) of the velocity values over 10 cross-sections of the tubes. A
Sprague Dawley rat kidney was scanned for 10 minutes using a BK5000 scanner and X18L5s transducer, which
is a linear array probe with 150 elements. The tracking results from the in vivo experiments showed that the
combined image of the forward and backward tracks had 35% additional unique track positions. It showed a
clear visual enhancement in the super-resolved velocity map. Overall, the improvement in visual aspects and
velocity estimates suggest forward-backward strategy as an upgrade for Kalman-based trackers.
Keywords: Particle tracking, Super-resolution imaging, velocity estimation, ultrasound microscopy

1. INTRODUCTION
Super-resolution ultrasound imaging (SRI) has been introduced in recent years by a number of research groups.1–5
The approach draws trajectories of microbubble (MB) contrast agents to visualize the microvasculature. Since
conventional ultrasound is limited to the macrovasculature, SRI opens a new window of possibilities for identification of early changes in small vessel morphology and its flow dynamics. Tracking of MBs is an integral part
of ultrasound SRI, as it improves the quality of the super-resolution (SR) images. Tracking also enables the
estimation of blood flow speed and direction. However, tracking performance degrades in the presence of high
MB concentrations and high localization uncertainty. Various particle tracking methods for optical microscopy,
ranging from simple nearest-neighbor (NN) to more advanced techniques, have been objectively compared using
different scenarios for tracking, and it was shown that tracking based on the Kalman (K) filtering was among the
best methods in most of these scenarios.6 However, none of the methods performed best across all scenarios.6
Many of the particle tracking methods have potential for use in SRI, which is inspired by optical microscopy.
The first tracking methods used for in vivo SRI were very simple, and included a basic maximum intensity
cross-correlation within a small search window and an NN tracker.2, 3 These studies revealed great potential for
estimating MB velocities in closely packed vessels. In 2016, a modified Markov chain Monte Carlo data association was used for detection and tracking of MBs.4 In 2017, a partial assignment tracking based on a bipartite
graph was proposed,7 which improved image quality in comparison with the optimal total distance assignment.8
The Kalman-based trackers were employed in ultrasound SRI in 2019 and 2020.9, 10 Finally, an improvement
for the K tracker by hierarchical Kalman (HK) tracking of MBs with different velocities was proposed, and its
performance was compared with the NN and K trackers.11, 12
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Figure 1: Block diagram for tracking MBs in a forward-backward manner
This paper investigates further improvements of the tracking performance when using backward tracks in
the conventional tracking strategies. The three trackers (NN, K, and HK) were compered in both forward and
forward-backward fashion through in vivo experiments and simulations.

2. METHOD
2.1 Tracking algorithm
The block diagram for tracking MBs in a forward-backward manner is shown in Fig. 1. The MB positions were
tracked conventionally from the first to the last frame, forming the forward tracks. Next, the frames were reversed
and MB positions were tracked from the last to the first frame, forming the backward tracks. The direction of
tracked MBs in the backward tracks was reversed, and then inserted into an image together with the forward
tracks, forming forward-backward tracks. Tracking was performed using the NN, K, and HK trackers. The
following is an explanation of the general and simple Kalman model used for MB tracking. Kalman filters require
certain models of the physics of the system. Simple models of blood flow suggest MBs follow the bloodstream
and cannot jump into random directions. This can be modeled linearly as ~r(n) = ~r(n − 1) + d~r(n) + ǫ(n) where
~r(n) = (rz (n), rx (n)) is the correct MB location at frame index n, d~r(n) = (drz (n), drx (n)) is the displacement
vector of the MB from frame index n − 1 to n, and ǫ(n) is the error term for this model. According to this
formulation, the new position of a MB is determined by the its previous position, in addition to its displacement
and an error. MB positions are assumed to be accurate and precise in order to form the Kalman filter prediction
state in the above equation. Observations and measurements, however, are always subject to some noise and
uncertainty. This measurements can be formulated as ~r(n) + ν(n), where ν(n) is a random noise signal. In the
Kalman framework, the above predictions and observations can be written as follows:
(
Prediction State:
~a(n) = F~a(n − 1) + ǫ(n)
(1)
~
Observation State: b(n) = H~a(n) + ν(n),
where ~a(n) = [~r(n), d~r(n)]T = [rz (n), rx (n), drz (n), drx (n)]T , ~b(n) is the uncertain position, ǫ(n) ∼ N (0, σǫ2 ) is
the error for the flow model, where N (0, σǫ2 ) is zero mean Gaussian distribution with standard deviation of σǫ ,
and ν(n) ∼ N (0, σν2 ) is the measurement noise, which has a standard deviation of σν . According to the linear
model of ~r(n) = ~r(n − 1) + d~r(n) + ǫ(n) and measurement model ~r(n) + ν(n), F and H are


1 0 1 0


 0 1 0 1
, H = 1 0 0 0 .
F=
 0 0 1 0
0 1 0 0
0 0 0 1
In a Kalman filter, both prediction and observation states are used to estimate MBs’ true position. When
the MB positions were estimated, they were linked to the estimated positions for the next frame in a similar

Table 1: Parameters used in the hierarchical Kalman tracker
Level
1
2
3
4
5
Velocity [mm/s] 0 ∼ 3 3 ∼ 6
6∼9
9 ∼ 12
12 ∼ 15
σǫ
0.006 0.012
0.018
0.024
0.03
σν
0.025 0.0125 0.00625 0.003125 0.0015
fashion to the NN tracker. So a Kalman tracker can be considered a location estimator that uses a Kalman filter
followed by a linking stage. In both the NN and K trackers, the linking distance of 250 µm was used. The initial
values of the σǫ and σν in the K tracker were set to σν = 0.0025 and σǫ = 0.025. The parameters were chosen
experimentally by generating SR images of the kidney with different combinations of parameters and looking
for visually more smooth and longer tracks. In the HK tracker, 5 levels of the Kalman filters were employed
to track 5 different velocity ranges. At each level, the maximum linking distance was vmax /fr , where vmax is
the maximum of velocity range and fr is the system frame rate. Additionally, the values of σǫ and σν were
updated at each level as listed in Table 1. The experimental procedure of parameter tuning for the HK tracker
was described in our previous study.12

2.2 Simulation
The MB positions inside two tubes with radii of 125 µm and 250 µm were simulated in MATLAB (Mathworks,
U.S.). An average of 31 MBs per frame with a frame-rate of 55 Hz were generated for 2 minutes. The MBs
inside the tubes followed a parabolic flow with peak velocities of 5 mm/s and 10 mm/s, with a uniformly random
lifetime. An uncertainty in the localization was included by adding a random Gaussian error with standard
deviation of 50 µm to the MB positions. The MB positions were tracked using the three different tracking
algorithms. The velocity maps were obtain by inserting the tracks and the estimated velocities into a highresolution image. The velocity profiles over 14 cross-sections of the tubes were calculated and their relative
bias (RB) and relative standard deviation (RSD) were used for assessment of accuracy and precision of velocity
estimation.

2.3 In vivo experiment
The in vivo motion-corrected data from a rat kidney were processed using the HK tracker in both the forward
and forward-backward manner. The data were collected with the similar procedure as our previous clinical pilot
study,13 and the MB positions were corrected for the tissue motion.14 The wavelength (λ) of the imaging system
was 154 µm. To assess the new unique track positions, forward and backward tracks were inserted into two high
resolution images with a pixel size of 5µm. Then, the percentage of the new backward track positions compared
with the forward tracks was calculated as
Pnew =

Pn

i=1

Pm

¯

j=1 Ib (i, j)If (i, j)
Pm
i=1
j=1 If (i, j)

Pn

× 100,

(2)

where If and Ib are the binary images of forward and backward tracks with the image dimensions of n × m, and
I¯f (i, j) = 1 − If (i, j).

3. RESULTS
The velocity profiles of tracked MBs in simulations with known ground truth profiles are shown in Fig. 2.
The RSD of the profiles with forward tracks was the same as the RSD in forward-backward ones, when the NN
tracker was employed. On the other hand, the improvement of RSD was between 28% to 40%, when the forwardbackward strategy was employed with the K and HK trackers. The RB was not affected by the forward-backward
strategy.
The SR images of the cortical region of a rat kidney, shown in Fig. 3, demonstrates a clear difference between
the two strategies. Fig. 3.c includes roughly double the amount of tracks in comparison with Fig. 3.a (28,681
tracks vs. 14,510 tracks). It seems that the cortical radial veins (green) and arteries (red) in the cortex were

Figure 2: Relative bias (RB) and relative standard deviation (RSD) of velocity profiles of small (top) and
large (bottom) tubes. The velocity is estimated using the nearest-neighbor (NN), Kalman (K), and hierarchical
Kalman (HK) trackers with forward (F) and forward-backward (FB) configurations. The forward and forwardbackward estimates are shown by blue and red colors, respectively. The dashed lines shows the mean profile and
shaded area is the standard deviation around the mean value. The ground-truth profile is shown by the green
line.
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Figure 3: Super-resolved velocity map of the cortical region of a rat kidney with hierarchical Kalman tracking in
(a) forward and (c) forward-backward manner. The color-wheel in the top left corner indicates the flow direction
in the image. The scale bar in the bottom right is one wavelength. Three regions of (a) and (c), marked by
rectangles, are zoomed in (b) and (d).

filled more with the MB trajectories in Fig. 3.c. This is shown better in the zoomed images Fig. 3.b and Fig.
3.d. Calculating new track positions for the backward tracks using (2), showed 35% additional positions that
were not found in the forward tracks.

4. CONCLUSION
Tracking MBs in a forward-backward manner can improve the quality of ultrasound SR images. It also enables
velocity estimation with lower RB and RSD. Simulations showed that the relative standard deviation of the
velocity estimates can decrease up to 40% by adopting forward-backward strategy. In all forward-backward
trackers, the velocity profiles were closer to the actual velocity profiles. Finally, the forward-backward tracking
of the MBs in a rat kidney resulted in 35% additional unique track positions.
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