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Towards reduced ultrasound localization
microscopy acquisition times by
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ABSTRACT

Background: Ultrasound Localization Microscopy (ULM) is a milestone in the medical vascular imaging context,
enabling the precise characterization of microvascular structures using ultrasound imaging. By accurately localiz-
ing contrast microbubbles (MBs) flowing in the circulatory system, ULM generates microresolved vascular images,
overcoming the ultrasonic diffraction limit. However, as ULM relies on precise localization and tracking of individual
MBs, high MB concentrations yield to increased localization errors and, ultimately, ULM failure. This constraint lim-
its ULM to low MB concentrations, resulting in long acquisition times that pose challenges in clinical settings.
Methods: Here, we show the feasibility of uncoupling a bi-disperse MB population, composed of two monodis-
perse MB populations. The uncoupling is performed through a signal processing pipeline that exploits the strong
nonlinear response of MBs having resonance frequency tuned with the transmission frequency. After uncoupling,
ULM density and velocity flow maps are generated.

Results: Density and velocity maps are generated after uncoupling, when injecting the bi-disperse population
individually and simultaneously in a vascular 3D-printed phantom. Furthermore, density maps generated after
uncoupling are compared with the one obtained using standard ULM. Results demonstrate the capability of the
proposed uncoupling pipeline to separate the bi-disperse population.
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Conclusions: This work presents a signal processing pipeline to uncouple a bidisperse MB population, formed

by two monodisperse MB populations. are validated in a 3D-printed phantom and demonstrate the feasibility of

the uncoupling which, in turn, would enable higher concentrations and reduce acquisition times for micro-vascular

imaging.

Key words: ultrasound localization microscopy, ultrasound contrast agents, microbubble uncoupling, monodis-

perse microbubble population, signal processing

Background

Ultrasound imaging is extensively used in the
clinical context owing to low cost, nontoxicity and
ease of use (1, 2). Because of these features, it is
applied in various medical fields, including mater-
nity, gynaecology, urology, cerebrovascular exami-
nations, and intraoperative procedures (3). Despite
its broad range of applications, imaging the micro-
vascular bed is challenging for ultrasound imaging.
Ultrasound is not able, per se, to resolve vascular
structures smaller than the diffraction limit, which
is half-awavelength (for instance, a 5 MHz ultra-
sound wave in tissue has a 300 pm wavelength)
(1,4). Micro-vascular structures reach down to 10 pm
(5), thus are indistinguishable to ultrasound (4, 5).
In an effort to break the ultrasound resolution limit,
Couture et al. (4) and Siepmann et al. (6) proposed
to accumulate localizations of injected microbub-
bles (MBs) to enhance microvascular imaging spa-
tial resolution. These works gave birth to Ultrasound
Localization Microscopy (ULM). ULM combines
the ultrasound-based medical imaging benefits, ena-
bling the visualization of static and dynamic prop-
erties of microvascular structures (4, 6). The spatial
resolution of ULM-generated images ranges from a
fifth to a tenth of the wavelength (8). ULM exploits
the strong acoustic scattering signals produced by
gas-filled contrast microbubbles, whose dimension
is substantially smaller than the typical ultrasound
wavelength (9). While the diffraction limit dictates
the resolution of MBs’ ultrasound images, which can
be estimated through a Point Spread Function (PSF)
(see Figure 1a as an example), individual MB can be

localized with precision below the diffraction limit
(4, 6, 10). By tracking the localized MBs through
a sequence of ultrasound images, ULM generates
the micro-resolved density maps. These tracks also
provide dynamic information on vascular structures,
such as flow velocity and direction, allowing ULM
to capture structural and functional information
(1, 4, 6, 11, 12). The level of detail provided by
ULM’s density and velocity maps has the potential
to be a powerful tool in the clinical context. Spe-
cifically, ULM preserves the benefits of ultrasound
(such as safety, cost-efficiency, and non-toxicity)
while offering resolution beyond the diffraction limit
at clinically relevant depth. Furthermore, ULM can
be implemented as a post-processing step, making
it easy to integrate into clinical practice to provide
a more comprehensive understanding of the circu-
latory system and its functioning. ULM could also
help understand the correlation between microvascu-
lar alterations and diseases like cancer, diabetes, and
arteriosclerosis, which is valuable for diagnostic and
therapeutic monitoring (1, 4, 3-15). Although the
technique has been present for more than a decade,
its clinical applications are limited by various factors,
including long acquisition times, high temporal reso-
lution and MBs’ inaccurate localization and tracking
due to noise and motion (1, 2, 11). This study ad-
dresses the ULM’s long acquisition time constraint.
MB localization precision is crucial for the quality of
the reconstructed images. However, ULM requires
isolated MB signals for accurate localization. Fail-
ing to ensure MB sparsity would cause overlapping
MB PSF in ultrasound images. Because localization
errors related to such situations are high, these MBs
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are usually excluded from the analysis. As a result,
ULM often operates with low MB concentrations,
leading to long acquisition times to accumulate an
adequate number of MBs to cover the microvascu-
lature in the region of interest. These limitations are
particularly restrictive in clinical applications where
microvascular imaging is of diagnostic relevance
(11, 16, 17) and where physiological motion is una-
voidable (11, 18, 19). To improve MB localization
despite high concentrations, different flavors of deep
neural network architectures have been proposed
(20-23). Furthermore, in (11), Huang et al. allevi-
ated the localization problem for high-density injec-
tions by dividing the MBs into subpopulations based
on flow dynamics. Unlike the polydisperse MBs
commonly used in ULM, monodisperse MBs exhibit
a narrow size distribution. This small size variabil-
ity enables optimal tuning of the imaging frequency
to match the MBs specific characteristics (e.g. MB
resonance frequency), thereby enhancing acoustic
performance and improving ultrasound contrast im-
aging. This has been demonstrated by studies show-
ing that monodisperse MBs reduce imaging artifacts
and enable the visualization of deeper blood vessels
(24-26). In this study, we leverage the advantages of
monodisperse MBs to overcome the trade-off be-
tween MB concentration and acquisition time. Spe-
cifically, we introduce a bi-disperse MB population
composed of two distinct monodisperse MB types.
We propose an uncoupling pipeline to separate these
two populations based on their different frequency
response. As a proof of concept, we apply this tech-
nique to ultrasound data acquired from a 3D-printed
vascular phantom.

Methods

Bi-disperse MB populations

By localizing and tracking the echoes produced
by individual MBs flowing in the circulation, ULM
generates micro-resolved density maps (1, 4, 7, 27).
In this study, we uncouple a bi-disperse MB popula-
tion. The bi-disperse population is composed of two
monodisperse MB populations, each having a different

frequency response. In particular, we select one popu-
lation (ps spz7,) generating mainly the fundamental re-
sponse, having the resonance frequency not tuned with
the transmission frequency and one population (p37.)
producing a strong nonlinear signal, having the reso-
nance frequency matching the transmission frequency.
Thus, the non-linear signal intensity allows for the
uncoupling of the two populations. ps sy, and psp.
diameter and resonance frequency are presented in
Table 1. Figure 1 shows the Point S Spread Function
(PSF) and frequency response of ps sy, (in Figure.
1a) and ps, (in Figure. 1b) obtained when acquir-
ing the data at 3 MHz in water. The frequency re-
sponse is evaluated as the Fourier transform along
the fast time at the maximum-intensity line, shown in
Figure 1 with the red dashed line. Being ps3,,, the
population whose resonance frequency matches the
transmission frequency, its frequency response is
strongly nonlinear (in Figure 1b). Oppositely, ps saz.'s
frequency response exhibits a linear behaviour.

The bi-disperse MB population used in this study
is produced by Solstice Pharmaceuticals. Each mono-
disperse MB population is created using a microfluidic
chip device (MicroSphere Creator, Solstice Pharma-
ceuticals, Enschede, the Netherlands) (28). The micro-
fluidic chip allows for control of the dimension, and
consequently, the resonance frequency of the MBs,
ensuring monodispersity (29). During the production
phase, the chip mixes the gas and liquid with a flow rate
tailored to the desired MB size. Following production,
the MB size distribution and resonance frequency are
measured. Figure 2 shows the size distribution of the
bi-disperse population when mixed over an hour. The
size distribution is measured every 5 minutes using a
Coulter Counter (MultiSizer 4e, Beckman Coulter,
Brea, CA). Figure 2a demonstrates that the MBs re-
main bi-disperse in a time window typical of ULM.
Figure 2b displays the resonance frequency of ps sy,

Table 1. Populations pssyp, and psyp, dimensions in mi-
cro-meter and resonance frequency in MHz.

P5.5MHz Psmrz
Diameter 2.5 ym 4.0 ym
Resonance Frequency 5.5 MHz 3 MHz
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Figure 1. Full field Point Spread Function (PSF) and frequency response in dB for ps 55, (a) and psppy, (b).

The frequency response is evaluated as the Fourier transform along the fast time at the maximum-intensity line,

highlighted by the red dashed line.
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Figure 2. Size distribution (a) and resonance frequency (b) measurements for ps 53z, (2.5 pm) and

Pz (4.0 pm), evaluated after MB production.

and p3pyz.. As in (30), the resonance frequency is es-
timated through attenuation for individual popula-
tions. Briefly, a 7.5 MHz (for ps 55/:.) and 5 MHz (for
P transducer (V309-SU and V320-SU, Olympus,
Waltham, Massachusetts, USA) generate an acoustic
beam, which after traversing a bubble screen, is re-
flected and received by the same transducer. The pulser
(DPR300 Ultrasonic Pulser Receiver JSR Ultrasonic
NY, USA) synchronises the transmitting and receiving
phases (30). In transmission, a broad-bandwidth pulse
is sent to the bubble screen. Then, the attenuation is
measured as the difference between the received power
spectrum crossing the MB screen and a reference spec-
trum measured without MBs. Finally, the resonance
frequency is estimated to be the frequency showing
the highest attenuation. The high control of the MB
dimensions and their stability over time offers the pos-

sibility to select two distinguishable M B populations.

Data acquisition

Ultrasound data were acquired with MBs flowing
through a custom 3D printed flow phantom running
at a constant flow rate with MBs varying concentra-
tions (dilution of 10000x-20000x in de-gassed wa-
ter). The phantom is printed in collaboration with
PROM Facility, Rovereto, Italy, using the Selective
Sintering Laser technique, which fuses polymer pow-
ders material via laser (31). The laser thermal source
allows heating of the polymer at a specific location,
thus building the 3D solid structure layer-bylayer at
a sub-millimetre scale. The material used to print the
3D vascular phantom (Flexa TPU, elastic module
76 MPa, and, density 1.04 g/ cm?) permitted ultrasound
imaging. The 3D model design is visible in Figure 3.
The model has three injection points, and channels
with varying dimensions ranging from a diameter of
2 mm to 1.5 mm. The experimental data acquisition is
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Figure 3. Experimental set up. The phantom has three injection points, two of which are connected through
tubes to a pair of syringes, each containing a specific MB population. Continuous injections are performed us-
ing a syringe pump. Data acquisitions are performed using the ULAOP and and a linear array.

performed with the phantom positioned vertically in
a tissue-mimicking gel to avoid any movement during
the acquisition process, as shown in Figure 3. In the
study, we utilize two injection points, each connected to
a syringe pump flowing at a constant rate of 2 ml/min.
Each syringe contains a different MB population. MB
populations are diluted in de-gassed water and kept in
suspension with a steering plate. Injections of 20 ml
are performed continuously. Ultrasound data are ac-
quired for each MB population singularly and simulta-
neously. For individual injections, we inject MBs into
the first channel and water in the second channel for
Ps.50mm While for ps ., the injections are reversed.

To acquire the radio-frequency data, we employ
a programmable ultrasound platform (ULAOP), and
a linear array probe (Esaote LA533, Florence, Italy
(32)), placed horizontally to the 3D printed channels,
as shown in Figure 3. Line-by-line was implemented
acquiring 64 lines for each image. A pulse with a
center frequency of 3 MHz and bandwidth of 1 MHz
was used in transmission. For each record, 250 frames
are acquired with a frame rate of 187 Hz. The sampling
frequency is 50 MHz.

ULM data processing

To generate the density and dynamic maps of
the MB populations, we implement a common ULM
framework, summarized in Figure 4. After data acqui-
sition, filtering is applied to the ultrasound RF data.
Specifically, filtering is implemented by a Butterworth
band-pass filter, with 2 MHz and 20 MHz as lower

and upper cut-off frequencies. A singular value decom-
position (SVD) filter is then applied. The SVD filter
removes the first k-value of the decomposition, assum-
ing that these represent the coherent spatio-temporal
background signal (1, 4). In this study, the k-value is
experimentally selected to 5, consistent with the range
discussed in other studies (4, 33). Next, the MBs un-
coupling is deployed to generate two subsets of ul-
trasound images, each of which represents one of the
uncoupled populations (43, for population pspy,
and A5 spypy for population ps sps,)- Finally, the ULM
framework comprising detection, localization, track-
ing, and accumulation is applied. The detection step is
performed using two different methods (7, and 7cc):

ix)‘ The
technique, presented by Couture et. al. (33),
assumes that an MB echo is represented by the

1. Localization using Pixel Intensity (Iﬁ

brightest pixels in the ultrasound image. The
technique requires estimating 7 (the number
of MBs) present in each frame. Here,  is op-
timally selected to 30-50 MBs/frame based on
the dilution. Next, the 7 brightest pixels, iso-
lated at least by the dimensions of a MB PSF
are considered MB detections.

2. Localization through correlation (7cc). Similar
to (5, 33), this technique utilizes a mean PSF
obtained by acquiring the ultrasound data of
Ps.smmand psag, in water. The PSF is specific
to each population and is obtained by averag-
ing the PSF of 20 MBs in different acquisi-
tions. The PSF for the two populations can be
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Figure 4. At the top (a) uncoupling pipeline for the bi-disperse MB population. Uncoupling is performed
after data acquisition and filtering. As a result of the uncoupling, a set of images for each population (hps sy,
for ps.smr, and hpayy, for psyp,) are obtained. Next, a ULM framework comprising of detection, localization,
tracking and accumulation, is applied. At the bottom (b) detail of the uncoupling procedure of ps sy, and
Pamm- First, the first and second harmonics are filtered employing a Butterworth filter in the frequency domain.
Successively, the envelope detection is used to generate the images of the first (h;) and second harmonics (hy).
Images of the two populations hps sy, and hpsyg, are evaluated as h; -h, and h, respectively.

seen on the right side of Figure 4b. For each
frame, a 2D normalized cross-correlation be-
tween the filtered images and the MB PSF
is evaluated. This results in a crosscorrelation
map, where the peaks correspond to MB de-
tections. To further improve the detection per-
formance, a threshold of 0.5 is selected as the
minimum correlation to consider the pixels as
MB signals. This threshold value was empiri-
cally selected based on the data of this study.
If the correlation is lower than the threshold
value, the pixels are considered background
noise and are excluded.

Localization through correlation and pixel
intensity (I,;, + ncc). This detection technique

consists of merging in cascade the 7cc and 1,,,
methods. In particular, the detections iden-
tified by 7cc proceed to the localization step
only if their intensity, evaluated at its center, is
among the % brightest pixels. The correlation
threshold and % are optimally selected as 0.4
and 12 respectively.

The comparison between these detection algo-
rithms provides proof of the robustness of the pro-
posed uncoupling pipeline. In this way, we confirm
the uncoupling capability when using a standard al-
gorithm (brightest pixel) while demonstrating the
possibility of improving performance using a model-
based algorithm (normalized-cross-correlation) and



THE ULTRASOUND JOURNAL 2026; VOL.18, N.1: 18060 DOI: 10.5826/TUJ.2026.18060 7

a combination of the two. To ensure a fair compari-
son between the methods, the parameter values are
empirically determined through a parameter search
optimization. Note that the results using I, + ncc de-
tection method are produced only for simultaneous
MB injections as this represents the more realistic sce-
nario. After detection, a Gaussian fitting (4, 7, 1) is
performed to further refine the localization estimate.
For each detection, a Gaussian distribution is fitted by
subsampling the pixels by a factor of 10, as described
in (1). Next, MB centroids for each population are
tracked through a bipartite matching algorithm. The
algorithm finds the optimal frame-to-frame pair for
all the MB signals, matching them in such a way that
the total distances of all the MBs are minimized (1,
32, 34). Repeating the process for all the frames in a
record generates MB tracks. To improve tracking pre-
cision, MBs with persistence shorter than 7 frames are
discarded. Finally, density and dynamic maps are ob-
tained through the accumulation of these tracks.

Microbubble uncoupling

The uncoupling is performed as a pre-processing
stage (see Figure 4). First, we apply a Butterworth

A
h, h,
o 0
N S -5
z -10 -10
‘% -1 -15
Q. -20 20
25 -25
0 -30
h,
0 0
N 5 -5
= 10 40
E -15 -15
n -20 -20
a. -25 -25
-30 -30

filter to separate the first and second harmonic compo-
nents. The filter has a center frequency of 3 MHz and
6 MHz for the first and second harmonic respectively,
and 1 MHz of bandwidth. Next, we apply a Hilbert
transform to generate the ultrasound images associ-
ated with the first (4;) and second (4,) harmonic signal.
As shown by Figure 4b, the uncoupling is performed
as follows:

- pssmmeis the population characterized by a res-
onance frequency (5.5 MHz) not matching the
transmission frequency (3 MHz) and, as a con-
sequence, by a linear response. ps s, images
(hys.5n1) are obtained by subtracting the first
(hy) and second (4,) harmonic images:

bijMHz: b= by (1)

An example of PSF for Ay, by and 5,5 55417 is shown
in Figure 5b.

- psmm is the population whose resonance fre-
quency matches the transmission frequency
(3 MHz) and thus has a strong nonlinear

B Equation (1) Equation (2)
Ppamu, = hy - hy Npamnz = hy
Pps sz = hy - hy Nps.smuz= 2

0 0
& 5
10 -10
15 -15
-20 -20
25 -25
30 -30

Figure 5. Example of h; and h, for populations psyyy, and pssym, (a). Results of applying Equations 1 and 2

to both populations(b).
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response. Py, is isolated by imaging the sec-
ond harmonic:

/?p3MHz = by )

The first (5;) and second (4,) harmonic PSFs of
a MB belonging to population ps,, are shown in
Figure 5b.

Note that, by applying 1 to population ps,
would cancel out this MB population signal. Similarly,
using equation 2 to image ps spz, would cancel out its
contribution. As such, the equations allow to selec-
tively image each MB population, thus permitting the
uncoupling. To verify this, we perform the experiments
having only one population injected in one channel,
meanwhile flushing water in the other. This choice
would allow us to understand the potential cross-talk
between the two MB populations. Next, we apply the
proposed pipeline when injecting the two MB popula-

tions at the same time.

Results

This work demonstrates the feasibility of un-
coupling the bi-disperse MB population based on
the intensity of each MB’s population nonlinear re-
sponse. In fact, we are able to reconstruct density and
flow dynamics maps in a 3D printed phantom us-
ing the proposed uncoupling pipeline (Figure 4).
Figures 6a and 6b show respectively the density and
flow direction maps for the detection method based
on the brightest pixels (I,
correlation method (7cc). Data are acquired after sepa-

) and normalized cross-

rate injections of each population, and the uncoupling
generates images of population pssyy and Py,
marked as 4,5 spsz, and Ay3p4p.- Figure 6b shows the flow
direction images which are color-coded, with red mark-
ing the flow away from the probe, and blue the flow
towards the probe. Individual injections serve as an ini-
tial validation for the uncoupling pipeline while having
a ground truth. During single injections and in case of
perfect uncoupling, the residual images obtained by at-
tempting to image the non-injected population should
be empty. For instance, in 6a first column, only ps/5, has
been injected. After injection, the uncoupling and ULM

pipeline produce images of both populations 4,35/, and
hys s> using Equations 1 and 2, respectively. As such,
hy3pr displays tracks of the MB population, since p3pz,
is the population injected. On the other hand, As 5y,
is empty, as it attempts to image the population which
is not present. We mark the residual images with a red
background for both the density and flow direction
maps (Figure 6). Intensity profiles of two cross-sections
for both detection methods (Z,;,and 7cc) are displayed in
Figure 7a and 7b, for ps s, and ps sy respectively. Ad-
ditionally, the full width half maximum (FWHM) val-
ues further highlight the ability of the proposed pipeline
to depict the geometry of the vascular structures (see
arrows in Figure 7).

Table 2 shows the quantitative metrics for the den-
sity maps generated for the two populations utilizing
I,
results in terms of saturation, evaluated as the number of

and 7cc as detection methods. The table presents the

pixels covered by M Bs tracks, mean detections per frame
and mean tracks per record. The mean track/record is
the average value of the total tracks found after applying
the bi-partite tracking algorithm. The mean detections/
frame and mean tracks/frame metrics are particularly
relevant in discussing the performance of the uncoupling
pipeline. In fact, knowing which MB population is pre-
sent in each channel, the number of residual detections
and tracks is a direct evaluation of false positives. Fi-
nally, we evaluate the percentage of mean accepted track
per record, which represents the percentage of the total
number of tracks after filtering out short tracks. This
metric reflects tracks quality, since short tracks are likely
the results of poor detections and noise, and, as such,
are unreliable for micro-vascular reconstruction (8, 35).
Figure 8 shows the 7cc generated tracks for both popula-
tions superimposed with the 3D printed phantom design.
Figure 9 and Table 3 show the density maps and the eval-
uation metrics generated when injecting the two popu-
lations simultaneously for the three detection methods.
Furthermore, a comparison with density maps gener-
ated by using a standard ULM pipeline before uncou-
pling for I,;,and 7cc detection methods is presented in
Figure 10. Note that for 7,,,
ber of MBs present per frame has been increased to ac-

detection method the num-

count for more MBs in one frame. Regarding the 7cc
detection method, the same correlation threshold has
been applied.
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Figure 6. ULM-generated density (a) and flow direction (b) maps for population
Psmuz (hpsmn,) and ps sy, (hps sm,) after individual injection as indicated by each
column subtitle. The first row of (a) and (b) represents the images of psyy, and
Ps.smu, When injecting MBs; the second row shows the images of each when inject-
ing the other. Images are shown for detection methods I,,and ncc. In (b), flow direc-
tion is color-coded: red = flow away from the probe, blue = flow toward the probe.
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Table 2. Results for the two detection methods L (brightest pixel) and ncc (normalized cross-correlation).

Ipix
Injections of psy, Injections of ps sy,
bysar hys sare b5 s hysar
Saturation (%) 9.1 4.1 10 0.5
Mean detections/frame 6 4.2 15 2
Mean tracks/record 150.3 124.9 358 20
Mean accepted tracks (%) 57 15 27.7 1
nec
Injections of psy, Injections of ps sy,
bysair s saarre by s s hysnn

Saturation (%) 10.7 1 12 0.4
Mean detections/frame 5 1.5 11.2 1

Mean tracks/record 104.5 14 334 12

Mean accepted tracks (%) 28.2 31 16.7 0.1
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Figure 8. Superimposed image of the ULM generated density
maps with the phantom design utilizing ncc as detection method.
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Figure 9. Density maps generated after uncoupling when injecting the MB populations simultaneously. Maps
are generated using Ipix (a), ncc (b) and Ipix+ncce (c).
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Figure 10. Standard ULM generated density maps (before uncou-
pling) for the simultaneous injections using two detection methods:
L and nce.
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Table 3. Results for the three detection methods when injecting the two MB populations simultanously.

L, nec L,;, + nec
by s hysar 5.5MHz bysar hys sare by same
Saturation (%) 14.1 12.4 13.2 18.3 13.1 8.9
Mean detections/frame 10 10 21 17 12 12
Mean tracks/record 168.6 347 822 923 199 84
Mean accepted tracks (%) 74.2 44.7 57.3 62.8 72.2 82.5
Discussion present in the residual images. For instance, observe

In this article, we present an acoustically separa-
ble bi-disperse MB population composed of two
monodisperse MB populations. Separation is achieved
through an uncoupling pipeline that exploits differ-
ences in the nonlinear acoustic responses of the two
MB populations. This approach potentially enables the
use of higher MB concentrations in ULM vascular im-
aging, resulting in faster vascular filling and shorter
data acquisition times. Reducing acquisition times is
essential for clinical translation of ULM, as it decreases
susceptibility to physiological motion such as respira-
tion, cardiac pulsatility, and organ displacement. Re-
sults highlight the performance of the technique when
individual (Figure 6) and simultaneous (Figure 9) in-
jections are performed. Figures 6 and 9 show density
maps obtained utilizing different detection methods:
the brightest pixel (Z,

method, and normalized cross-correlation (7cc), a

), a context-unaware detection
model-based detection approach and the combination
of the two (Z,
These results confirm the robustness of the proposed

.+ nee) (only for simultaneous injections).
uncoupling pipeline in separating the bi-disperse pop-
ulation. Furthermore, the flow direction maps
(Figure 6b) demonstrate that the proposed pipeline
preserves flow information. Note how the color encod-
ing, with blue representing MB flow towards the probe
and red away from it, is consistent with the direction
imposed by the experimental setup. The performance
of the proposed method is further supported by the
quantitative results in Table 2, where saturation, mean
detections and mean tracks decrease in the residual
column (marked in red in Table 2, reinforcing uncou-
pling capability). Figure 6 demonstrate that ncc out-

performs IP This is visible from the spurious tracks

i

the tracks present in the lower part of image 4,5 5p:;
generated using I,,, for injections of 3y, In this im-
age, 1,;,~generated images show a high number of false
positives tracks compared to #cc. The reason for I,
lower uncoupling performance lies in the way I,
works. 1, detections are pushed to find the 7 brightest
pixels. However, these pixels might be the result of un-
coupling errors or the filtering results, leading to false
positive detections and the appearance of spurious
tracks. I,;, detects on average 4.2 MBs/frame for
Ps.smm. When injecting psuy, (see Table 2). For the
same case, 7zcc detects 1.5 MBs/frame, showing better
uncoupling performance. The improved separation ca-
pability of a model-based detection method (7cc) is
confirmed by the mean tracks per record and the mean
percentage of accepted tracks in Table 2. On average
for pspp. injections, nec accepts 3.1 % of the detected
tracks for psspy,, whereas I, accepts 15 % of the
tracks, causing the appearance of false tracks. Despite
a similar mean number of tracks/record for ps,,, for
acquisitions where only sy, is present, the mean
tracks/record substantially drops for ps sy, (from
124.9 to 14 tracks/record) when using 7zcc method. The
high number of tracks indicates a large number of
tracks likely caused by false positive MB detections,
reflecting I,;, poorer uncoupling performance. How-
ever, these false positive tracks are partially filtered out
by the track length threshold. The robustness of 7cc’s
detection performance is further evident from the den-
sity profiles shown in Figure 7. For instance, observe
the profile for cross-section 1 in Figure 7b, where ncc
allows the visualization of different phantom branches
with comparable intensity. Although I,;, produces
tracks for both channels, the number of detected M Bs
flowing in one of the two channels is significantly
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higher. While 7cc shows better separability, the perfor-
mance improvement comes at the cost of a higher
computational demand. Table 3 confirms the superior-
ity of ncc for uncoupling the two populations when in-
jected together across all the metrics. The mean
detections per frame (see Table 3) are higher for the 7cc
method, leading to more tracks and a more saturated
final density map, confirming the analysis of single in-
jections. However, the tracks obtained with the 7cc
method for population ps/z, (Figure 9 b) appear to be
more scattered and less smooth, probably due to the
higher number of detections, which makes tracking
more challenging. Figure 9a and b present a few spuri-
ous tracks, which are absent for the results produced by

the If’ix

discarded tracks, observable by the higher number of

+ nce method (Figure 9¢). In fact, the number of

accepted tracks in Table 3, is lower with respect to the
other two methods. This can be explained by the fact
that 1,,,
on correlation and the other based on pixel intensity,

+ ncc method acts as a two layer filter, one based

which selects few and more likely MBs detections. It is
worth noting that this method requires fine-tuning of
more parameters; £’ the number of brightest pixels and
the correlation level. Increasing £ means more MBs
detected, which could be noise. However, if the corre-
lation threshold is set high enough (e.g. > 0), the pos-
sibility of these detections being noise is low. Although

the approach 1, +ncc produces similar results to 7,

the need of more data for vascular filling and the need
of further parameter tuning, makes it more difficult to
translate clinically. Besides the detection method, the
number of tracks resulting from the uncoupling allows
to discriminate the two populations. To demonstrate
the potential advantage of using the proposed tech-
nique with respect to standard ULM, we compare the
density maps generated before (Figure 10) and after
uncoupling (Figure 9). Compared to standard ULM,
the reconstructed maps highlight how the proposed
pipeline better reconstructs the geometry of the phan-
tom for both methods. The main reason for the im-
proved performance can be explained by the fact that,
when both MBs are present, there is a higher concen-
tration of M Bs, which make standard ULM more dif-
ficult. For I,
probably due to the higher number of overlapping

density maps, fewer tracks are present,

MBs detections. On the other hand, 7cc appears to

reconstruct the vasculature, but more spurious tracks
are present. These results strengthen the clinical utility
of the proposed uncoupling pipeline, which improves
the MB localization eflicacy and imaging speed of
ULM under high MB concentrations. All of this
might alleviate the long acquisition times hindering
ULM practical implementation. From a clinical stand-
point, reduced acquisition times are especially impor-
tant in applications in which microvascular
characterization yields clinically meaningful biomark-
ers and motion remains a major challenge. For exam-
ple, in oncologic imaging, characterization of tumor
microvascular density, tortuosity and flow provides
clinically meaningful biomarkers, but prolonged ac-
quisition times increase sensitivity to motion artifacts
(11, 18). Similarly, in renal imaging where respiratory
motion is prominent, the feasibility of ULM is strongly
influenced by acquisition duration (19, 20). In these
contexts, the ability to operate at higher MB concen-
trations, while preserving separability may improve
robustness to motion and support the translation of
ULM into routine clinical practice. Results highlight
the advantage of using 3D printed vascular phantoms
as physical ground truth for assessing ULM-generated
maps. There are few missing branches in the recon-
structed density maps, which can be explained by the
misalignment between the imaging plane and the
phantom positioning. Nevertheless, the reconstructed
tracks align with the phantom geometry (Figure 8)
and the vascular dimension estimated from ULM im-
ages are consistent with those of the phantom. In Fig-
ure 7, the channel width is evaluated at the FWHM of
the intensity profiles and found to be approximately
2 mm, matching the phantom’s inner diameter. This
study presents several limitations. Firstly, the stability
and separability studies have been tested on data ac-
quired in a 3D printed phantom. While these in vitro
results provide an opportunity to validate the proposed
approach, testing it on clinical iz vivo data is essential
to assess the method’s feasibility in a physiological
context, characterized by many challenges, such as tis-
sue attenuation, clutter noise, spectral distortion and
motion. Furthermore, a natural extension of the study
involves injecting a mixture of the two monodisperse
populations, rather than performing injections either
individually or simultaneously. This next step is crucial
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not only for validating the MB response when both
populations are present, but also verifying the uncou-
pling performance of the proposed algorithms and in-
feasibility ~ of

concentrations. By mixing the two populations, we can

vestigating  the increasing MB
assess the effectiveness of the uncoupling technique in
real-world scenarios. Furthermore, given the control
on 64 elements, line-by-line imaging has been imple-
mented for this study. While this choice guarantees a
wide field of view, it comes at the price of lower frame
rates compared to ultrafast imaging normally imple-
mented in standard ULM. In future iz vivo studies, we
plan to implement plane wave imaging, which would
allow to achieve higher frame rates. Finally, a limita-
tion of this study is the variability of the iz vifro ex-
periments due to the manual selection of the imaging
plane and phantom instability. As a consequence, some
vascular branches present in the phantom are not visi-
ble in the final density and velocity maps. To solve this,
improvements on the replicability of the set up can be
performed. In addition, 3D imaging would solve the
imaging plane selection issue.

Conclusions

In this study, we demonstrate the feasibility of
uncoupling a bi-disperse MB population. Results
show the ability of the proposed uncoupling pipeline
to generate dynamic and functional maps when singu-
larly and simultaneously injecting distinct MB popula-
tions in two separate phantom branches. We tested the
proposed uncoupling framework using two detection
methods. 7,;, performs detection based on the bright-
est pixels, whereas 7cc utilizes cross-correlation for de-
tecting MBs. Both methods allow the uncoupling of
the two selected populations. However, results show
a better performance of a model-based approach (7cc)
). Fur-
thermore, we compare the reconstructed density maps

with respect to a context-unaware method (Z,,,
before and after uncoupling. Results confirm that
standard ULM fails to capture the vasculature, possibly
due to high MBs concentrations, whereas by utilizing
the uncoupling technique, the reconstructed vascular
structures appear to better represent the ground truth
geometries. Results confirm that standard ULM fails

to capture the vasculature, possibly due to high MBs
concentrations, whereas by utilizing the uncoupling
technique, the reconstructed vascular structures ap-
pear to better represent the ground truth geometries.
The results demonstrate that the proposed approach
can address ULM’s key challenges, including pro-
longed acquisition times and low MB concentrations,
thereby supporting its practical and clinical applicabil-
ity. As a future work, we plan to simultaneously in-
ject in the same channel the two populations to verify
the advantage of using a bi-disperse population over a
poly- and/or mono-disperse population. Furthermore,
we plan to perform in vivo experiments to verify the
separability of the bi-disperse MB population and the
performance of the proposed uncoupling pipeline to-
wards advanced ULM. This would ultimately allow for
an increase of MBs concentrations, thus alleviating the
need for long acquisition time for micro-vascular im-
aging. In addition, it is worth highlighting that in this
study we 3D-printed a vascular phantom compatible
with ultrasound imaging. As a next step, we aim at 3D
printing structures having dimensions and geometries
comparable with the iz-vive vascular bed. The phan-
toms would provide a fully controllable tool to validate
ULM’s results both in terms of geometry depiction
and velocity information. Finally, the use of differ-
ent populations might benefit not only on a practical
level (shortening the acquisition time) but also on a
more diagnostic and monitoring level. Distinguishable
populations might represent a first step towards an ad-
vanced and optimized contrast-enhanced ultrasound
imaging system. For instance, depending on the MBs’
sizes, different populations might selectively transit
in micro-vessels characterized by different properties,
expanding ULM capability to characterize the micro-
vascular flow.

Supplementary information. See supplementary material
for images and videos pre- and post- uncoupling on the
website: https://www.mattioli1885journals.com/index.php/
theultrasoundjournal/article/view/18060
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APPENDIX
Supplementary files

The manuscript presents a novel bi-disperse MB population, composed by two monodisperse MB popula-
tions. One population (p3MHz) is characterized by a strong non linear response, whereas the other MB popu-
lation (p5.5MHz) mainly presents a fundamental response. To uncouple the bi-disperse MB population, the
following equations are applied:

- h3MHz = h2, (Eq. 1)

- hp5.5MHz = h1-h2. (Eq.2)
where h3MHz and hp5.5MHz represent the images of the two uncoupled populations. H1 and h2 represent the
images of the first and second harmonic after filtering by means of Fourier in the frequency domain of the MB
signal.

In the supplementary files we present the results of individual injections and simultaneous injections. Experi-
ments with individual injections serve as an initial validation for the uncoupling pipeline while having a ground
truth. During single injections and in case of perfect uncoupling, the residual images, obtained by attempting to
image the non-injected population, should be empty. On the other hand, simultaneous injections serve as a proof-
of-concept of the separability when both MB populations are present.

Video 1 presents videos of singular injections of p3MHz. The video presents the results obtained before (a)
and after (b) SVD filtering, and after uncoupling (c and d). In particular, (c ) presents the results after apply-
ing equation Eq. 1 and (d) Eq. 2. In other words, in (¢ ), we are imaging the population that is being injected
(p3MHz) and in (d) we are imaging the residuals.

Video 2 presents videos of singular injections of p3MHz. The video presents the results obtained before (a)
and after (b) SVD filtering, and after uncoupling (c and d). In particular, (¢ ) presents the results after applying
equation Eq. 2 and (d) Eq. 1. In (¢ ), we are imaging the population that is being injected (p5.5MHz) and in (d)
we are imaging the residuals.

Figure S1 shows the intensity projection obtained after simultaneous injections of the bi-disperse population.
The colors code the two different MB populations.

Results of individual and simultaneous injections confirm the performance of the proposed uncoupling
technique.

See the supplementary files on the website:
https://www.mattioli1885journals.com/index.php/theultrasoundjournal/article/view/18060
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