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Abstract

Rationale: Renal pseudotumors, which mimic tumors on imaging, pose diagnostic challenges that can
lead to unnecessary interventions. Sensing ultrasound localization microscopy (sULM) is an advanced
imaging technique that uses ultrasound imaging and microbubbles as sensors to visualize kidney functional
units. This study aims to investigate whether sULM could differentiate between renal pseudotumors and
tumors based on the presence of glomeruli.

Methods: Eleven patients (6 tumors, 6 pseudotumors - | patient with 2 pseudotumors) were included.
Data on patient demographics, tumor characteristics, and sULM metrics were collected. Glomeruli were
quantified and compared among tumors, pseudotumors, and renal cortex using sULM. Additional
metrics, i.e., normalized speed and dispersity, were also analyzed.

Results: Renal tumors exhibited fewer detected glomeruli paths (mean: 10 £ 6 /cm? [range: 4-20])
compared to pseudotumors (26 + 5 /cm2 [19-32], p < 0.001) and normal renal cortex (26 + 6 /cm2 [15—
35], p < 0.01). Tumors displayed lower dispersity (0.13 £ 0.06 arbitrary units [a.u.] [0.07-0.20]) than both
the renal cortex (0.3 + 0.1 a.u. [0.1-0.4], p = 0.0012) and pseudotumors (0.22 + 0.05 a.u. [0.16-0.25], p =
0.0389), and lower normalized speeds of 0.08 + 0.04 without units (w.u.) [range: 0.03—0.17] compared to
the renal cortex (0.18 + 0.07 w.u. [0.11-0.28], p = 0.0014) and pseudotumors (0.14 % 0.02 w.u. [0.12—
0.16], p = 0.0497). sULM could effectively differentiate renal pseudotumors from tumors based on
glomerular detection and metrics estimation.

Conclusion: This initial exploration into the clinical utility of sULM suggests it could provide a
noninvasive tool to support patient management, particularly for individuals with contraindications to
conventional imaging methods. Further studies are needed to confirm these preliminary findings.

Keywords: ultrasonography; sensing ultrasound localization microscopy; kidney neoplasms; kidney glomerulus; pseudotumor

Introduction

Renal pseudotumors, composed of
nonneoplastic tissue, can display similar behavior to
tumors on clinical imaging [1-3]. Though usually
diagnosed by  contrast-enhanced = computed
tomography (CT) or magnetic resonance imaging
(MRI) [1], they can pose a challenging diagnosis and

may sometimes require biopsy. They can be
categorized as developmental, infectious,
granulomatous, or vascular based on their varied and
distinct origins [1]. The most frequent developmental
renal pseudotumor is the hypertrophied column of
Bertin [4] which manifests as cortical renal tissue
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pushing into the pelvis between the medullary  contrast-enhanced  ultrasound (CEUS), were
pyramids [5]. Additionally, focal compensatory retrospectively included. Three patients were

hypertrophy, another variant of renal pseudotumor,
can closely resemble the hypertrophied column of
Bertin [6].

Ultrasound localization microscopy (ULM) [7-9]
is an acoustic super-resolution technique that tracks
intravascular ultrasound contrast agents
(microbubbles) to map an organ’s microcirculation
[10,11]. This technique has achieved unprecedented
resolution in living animals [12-15] and human
organs [16-19]. While ULM provides detailed
microvascular maps, it cannot visualize the functional
units within organs. However, sensing ULM (sULM)
is a substantial technological enhancement in ULM
technique that utilizes microbubbles as sensors of
their immediate environment to visualize organ
functional units. By classifying microbubble tracks
based on an expected behavior predicted from
microanatomy knowledge, sULM has successfully
observed the kidney’s glomeruli in renal graft [20]
and native kidneys [21] by highlighting microbubbles
swirling at low speed within a confined capillary
bundle. This represents the first time that an imaging
technique has been able to visualize glomeruli in vivo,
as no other conventional imaging techniques can
achieve this due to the small size of the glomeruli [20].

Given that tumors are not populated by
glomeruli, sULM has the potential to differentiate
pseudotumors from tumors by observing the presence
of glomeruli. This clinical application could be useful
for patients who cannot benefit from enhanced CT
scan or MRI, such as patients presenting with severe
chronic renal failure or who are at risk of biopsy
complications, respectively [22-24]. This study’s
objective was to investigate whether sULM could
differentiate pseudotumor from tumor based on the
presence or absence of glomeruli. A secondary
objective was to test whether microcirculation,
explored via dispersity and normalized speed, could
provide additional arguments.

Methods

Ethics approval

This study was approved by the Ethics
Committee of the French Society of Radiology (CERF,
reference number CRM-2304-336). Patient recruitment
occurred in our genitourinary university center.

Population study

From January 1 to March 30, 2023, 14 patients
with 8 proven renal tumors and 7 renal pseudotumors
in whom a definitive diagnosis could not be
established using standard ultrasound and clinical

excluded due to the unavailability of the CEUS cine
loop (2 patients had 1 tumor, and 1 patient had 1
pseudotumor). A total of 6 renal pseudotumors (5
patients, including 1 with 2 pseudotumors) and 6
renal tumors (6 patients) composed the study
population.

Table S1 summarizes the standard ultrasound
and CEUS manifestations of the lesions.

Figure S1 summarizes the flowchart of the
study.

Data collection

Data collection encompassed demographic,
tumoral, and CEUS parameters. Demographic
information, including age, sex, body mass index
(BMI), and estimated glomerular filtration rate (eGFR)
was recorded for each participant. Lesion (tumor and
pseudotumor) characteristics collected included
tumor size, kidney side, maximum diameter (as
determined by ultrasound), diagnostic methods, and
radiographic evaluation of the renal masses score [25].
CEUS data included tumor depth, frame rate, and
loop duration.

All data were anonymized and subsequently
analyzed with MATLAB (version R2002a, MathWorks
Inc.; Natick, MA, USA).

Gold standard

The gold standard for tumors was pathological
analysis (on biopsy or surgical specimen) or typical
CT features for angiomyolipoma. For pseudotumors,
the gold standard was pathological analysis (on
biopsy) or concordance from CT scans and MRI
examination when unavailable. Figure S2 shows an
example of diagnosis (gold standard) provided by
imaging.

CEUS acquisition

CEUS were performed wusing a clinical
ultrasound scanner Aplio i800 (Canon MS; Nasu,
Japan) and a convex abdominal probe i8cX1 (3MHz,
Canon, bandwidth [1.8-6.2] MHz), with focused
sectorial beams which decrease significantly the frame
rate, i.e. from 39 to 44 images per second. Patients
were positioned in the lateral decubitus position and
held their breath during the acquisition. A bolus of
1.2mL of contrast agent (SonoVue®, Bracco; Milan,
Italy), containing 8 pL of sulfur hexafluoride/mL was
injected intravenously. The size distribution of
SonoVue® is described in Schneider, M., 1999.
Characteristics of SonoVue™. Echocardiography, 16,
pp-743-746 [26]. In this article, the microbubbles are
described as: " The bubble concentration of
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SonoVue™ is between 100 and 500 million per ml.
The mean bubble diameter is 2.5 pm and more than
90% of the bubbles are smaller than 8 pm". The
mechanical index was reduced to 0.08 to preserve
microbubble integrity during acquisition. The frame
rate and duration depended on the kidney depth and
the length of the patient’s breath hold, respectively. It
should be noted that while SonoVue® is routinely
used in renal imaging within clinical settings, its
application remains off-label.

sULM post-processing

CEUS loops were divided into blocks of 200
frames each. A succession of steps was then applied
on each block to generate a ULM density map
(number of microbubbles tracks accumulated per
pixel). The first step involved bandpass temporal
filtering (frequency ranging from 0.5-5.5 Hz) in
separating the datasets into high-velocity filtered
microbubbles and slower non-filtered microbubbles.
Indeed, sULM uses a dual filtering, dual localization,
and dual tracking system to track both fast and slow
microbubbles. Thus, slow microbubbles are localized
and tracked thanks to “slow parameters” detailed
above. There is no filter applied to CEUS acquisition;
in fact, classical clinical CEUS acquisitions are based
on line-by-line contrast pulse sequence (CPS) which is
based on non-linear microbubble behavior; therefore,
it enhances all the microbubbles regardless of their
speed [27], and the localization/tracking is adapted to
track small displacement. On the other hand, fast
microbubbles are filtered with a bandpass filter to
enhance fast-moving microbubbles (applied on the
CEUS data with the same cutoff for all patients), and
localization/tacking parameters are adapted to follow
big displacement.

Then, we obtained microbubble super-resolved
positions in both lateral and axial dimensions using
targeted regional maxima on the filtered image, i.e.,
2D Gaussian filtering [28]. Microbubbles were then
tracked using the Hungarian algorithm and simple
tracker toolbox in Matlab [29]. These steps were
repeated for each block to obtain a ULM density map.
We use two different sets of microbubble tracking
parameters (detailed above) to establish 2 density
maps, which we combine into a composite map (with
slow flows in violet and fast flows in green).
Moreover, the sULM technique enables the
classification of microbubbles in the whole organ
vasculature, including glomeruli as previously
demonstrated [20].

The sULM parameters used in the study,
differences in the processing pipeline of sULM and
ULM (Figure S3), the advantage of tracking glomeruli
with sULM rather than temporal accumulation of clip

images (i.e. Power Doppler) (Figure S4), and double
post-processing “classification” are detailed in the
Supplemental Materials Section.

Glomeruli detection and count

We were able to carry out a count of glomeruli
on the ULM map using the normalized distance
metric [20], which represents cumulative distance
covered by each track divided by the distance
between the first and last points of the track [30,31].
Glomeruli were then targeted by selecting the points
greater than the 90th percentile of the filtered
normalized distance grid from a 2D Gaussian filtering
[20]. Tumors, pseudotumors, and the normal renal
cortex adjacent to the lesion (control) were manually

segmented. The number of glomeruli were
normalized by this segmented area (cm?).
sULM  algorithms used for vascular

reconstruction are available in the following GitHub
repository:  https://github.com/Engineer]B/akebia
[20]. Akebia, a standalone application useable without
MATLARB license, is available in the same repository.

sULM metrics: normalized speed and
dispersity

The normalized speed is defined as the distance
divided by time. The dispersity corresponded to the
number of times a track goes in the same direction,
taking the rounded location of each track, with a
tolerance of plus or minus 20°, divided by the number
of points constituting the track [20]. We compared
these 2 metrics between tumors, pseudotumors, and
normal renal cortex.

Figure S5 shows an explanation of these metrics.

Figure S6 shows conventional Doppler, CEUS,
sULM density, and sULM velocity maps, and Figure
S7 illustrates the different stages of sULM process
according to Denis et al. [20].

Statistical analyses

Statistical analyses were performed using
JAMOVI (version 2.3.26). We utilized JAMOVI's
capabilities to calculate descriptive statistics,
including the means, standard deviations (SDs), and
ranges. For inferential statistics, we conducted an
ANOVA test to determine if there were any
statistically significant differences between the means
of the 3 independent groups: normal renal cortex,
pseudotumors, and tumors. When an ANOVA test
identified significant differences, a Tukey post-hoc
test was employed to pinpoint specific group

differences. These analyses adhered to a 95%
confidence interval and assumed a Gaussian
distribution, which was confirmed by the

Shapiro-Wilk test. The levels of significance in our
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results were defined as follows: ‘ns’ indicating a
nonsignificant difference where P > 0.05, and
significant levels were denoted by P < 0.05.

Results

Patients, lesions, and CEUS characteristics

The average age of patients with tumors was 54
years [range: 30-68], while patients with
pseudotumors had an average age of 61 years [range:
47-68]. The gender distribution was 1 woman for
every 2 men in the tumor group, and 2 women for
every 3 men in the pseudotumor group. One patient
exhibited 2 pseudotumors. The mean eGFR was 32
[range: 21-98] for tumor patients and 70 [range: 21-
98] for pseudotumor patients. One patient in the
tumor group required dialysis.

Table 1 summarizes patient characteristics.

Table 1. Patient characteristics

Patient  Age (y) Sex BMI eGFR Lesion number
number (kg/m?) (mL/min/1.73m?)
54 [30-68] 2F/4M 26 [22-34] 77 [32-120] Tumor
1 30 F 24 84 1
2 67 M 26 72 2
3 59 M 26 66 3
4 64 M 22 32 4
5 68 M 25 90 5
6 35 F 34 120 6
61[47-68] 2F/3M 28 [25-30] 70 [21-98] Pseudotumor
7 64 M 25 21 7
8 68 M 27 63 8
9 47 F 30 Dialysis 9
10 64 F 28 98 10
11 63 M 29 97 11&12

BMI: body mass index; eGFR: estimated glomerular filtration rate; F: female; M:

Table 2. Lesion characteristics

male; y: year

Four of the 6 tumors were determined through
pathological analysis to be malignant, including 1
clear cell renal cell carcinoma, 1 papillary renal
neoplasm with reverse polarity, 1 renal tubule
mucinous spindle cell carcinoma, and 1 papillary
renal cell carcinoma. The remaining 2 were renal
angiomyolipomas with typical CT features. The
average diameter of the tumors was 30 mm [range:
17-51]. Among the 6 pseudotumors, 5 were confirmed
as hypertrophy of the column of Bertin using both
enhanced CT and MRI. Key indicators include tissue
continuity with the renal cortex and similar density or
signal intensity as the surrounding renal tissue. These
columns exhibit contrast enhancement patterns akin
to normal renal cortex on CT and MRI
post-administration of a contrast agent. They are also
distinguished from pathological lesions by their lack
of malignancy signs [32]. One was biopsied and
identified as focal compensatory hypertrophy. The
average diameter of these pseudotumors was 30 mm
[range: 16-41].

Table 2 summarizes lesion characteristics.

Regarding CEUS, the mean frame rate for tumor
was 39 Hz [range: 32-43], whereas it was 44 Hz
[range: 32-56] for pseudotumor. The average depth of
the lesions was 23 mm [range: 13-39] for tumors and
42 mm [range: 32-68] for pseudotumors. The mean
duration of the CEUS loop was 21 seconds [range: 17-
26] for tumors and 19 seconds [range: 17-40] for
pseudotumors.

Table 3 summarizes CEUS characteristics.

Lesion type Lesion number  Lesion diagnosis Diagnostic method Renal side ~ RENAL Score Max. diameter
(mm)
Tumor 1 Renal angiomyolipoma CT/MRI Right 10x 24
2 Papillary renal cell carcinoma Partial nephrectomy Right 8a 42
3 Clear cell renal cell carcinoma Biopsy Left 6p 21
4 Papillary renal neoplasm with Biopsy Renal graft ~ 7x 17
reverse polarity
5 Renal tubule mucinous spindle cell  Biopsy Right 5x 27
carcinoma
6 Renal angiomyolipoma CT/MRI Left 8x 51
Pseudotumor 7 Hypertrophy of the column of MRI Renal graft ~ 10x 35
Bertin
8 Hypertrophy of the column of CT/MRI Renal graft ~ 9x 19
Bertin
9 Focal compensatory hypertrophy  Biopsy Right 5p 41
10 Hypertrophy of the column of CT/MRI Right 9a 19
Bertin
11 Hypertrophy of the column of CT Right 7p 25
Bertin
12 Hypertrophy of the column of CT Left 6a 16
Bertin

CT: computed tomography; MRI: magnetic resonance imaging
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Table 3. Contrast-enhanced ultrasound characteristics

< 0.001), as well as between pseudotumors and
tumors (p < 0.001) (Figure 1). Detailed sULM metrics

Lesion Framerate CEUSloop Depth Time after SonoVue are summarized in Table 4. Representative examples
b £ durati injecti in: : .
namoe (fps) uration (5) _ (mum) injection (min ; 9 of renal tumors and pseudotumors are provided in
Tumor 39[3243] 21[1726]  23[13-39]  03:43 [02:40-05:23] Fi 2 and 3 vel
| 5 20 18 0240 igures 2 and 3, respectively.
2 2 21 26 05:23
S 43 20 z 04:02 Table 4. Sensing ultrasound localization microscopy metrics
4 39 26 15 03:05
5 43 17 13 03:36 Lesion Kidney cortex
6 32 23 39 02:42 CEUS loop Lesion Surface Number of Surface  Number of
. g . 15-03- duration  number mask glomeruli mask glomeruli
Pseudotumor 44 [32:56] 19[17-40]  42[32-68]  02:25 [01:15-03:45] © i Setectedem? (omt)  etested/em
7 49 20 35 01:29 mean + SD mean + SD
8 32 40 32 03:33 [range] [range]
9 56 10 68 03:45 21[1726] Tumor 28 10+6[420] 13 26 6 [15-35]
10 39 10 36 0115 [1.5-4.7] [0.8-3.3]
11 43 17 38 02:10 20 ! 29 4 09 18
12 43 19 40 02:05 2 2 47 ’ 12 2
20 3 15 20 0.9 25
CEUS: contrast-enhanced ultrasound; Fps: frames per second
2 4 17 13 33 2
17 5 22 8 1.0 2
Glomeruli account B 6 38 4 08 15
. 19 [17-40] Pseudotumor 1.3 26 +5[19-32]
With a mean of 10 + 6 /cm? [range: 4-20], renal [11-17]
tumors exhibited fewer detected glomeruli paths than =~ 20 7 11 2 08 %
. 4 12 27 1. 2
did both renal pseudotumors (mean of 26 + 5 /cm? 12 2 e ” Oz 22
-~ : + 5 . .
[19-32]) and ‘kldney ‘Co'rtex (mean‘ of '26 * 6 /cm 10 1 1 % 06 2
[15-35]). While statistical analysis indicated no 1 13 19 07 P
significant difference in detected glomeruli paths 19 12 15 32 0.6 33
between kidney cortex and renal pseudotumors (p =  SD: standard deviation
0.60), there was a statistical difference in detected
glomeruli paths between kidney cortex and tumors (p
* kK
k%
ns
351 -y { x Normal data point !
X i X Outlier !
. S
30
X X
x
X
X X
25¢ X
o~
E X
o ¥ X
2 20} x
[
£ =
O
]
15
_T_
10
X
X
5 -
e
Cortex Pseudotumor Tumor

Figure 1. Glomeruli account for the kidney cortex, pseudotumors, and tumors. Renal tumors exhibited fewer detected glomeruli paths (mean of 10 + 6 /cm2 [range:
4-20]) compared to both renal pseudotumors (mean of 26 + 5 /cm2 [19-32]) and kidney cortex (mean of 26 + 6 /cm2 [15-35]). ANOVA analysis: F-value of 16.21 and p-value
< 0.0001. Tukey test: no significant difference between the cortex and pseudotumor groups (p = 0.6018). Statistical difference between cortex and tumor groups and between
pseudotumor and tumor groups was p < 0.001 for both. ***: p < 0.001; ns = not statistically significant.
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Figure 2. sSULM of clear cell renal cell carcinoma (ccRCC) (patient 1). A & B. US Doppler image (A) and CEUS (B) showing an exophytic renal tumor (ccRCC)
(white-dotted area). C & D show normalized distance metrics. (C) This metric enhances glomerular behavior, highlighting the detected glomeruli in blue points on the density map;
(D) Note the presence of glomerular paths in the renal cortex and some artifacts mimicking glomeruli in the renal tumor. (The traces projected on the grid are displayed in red
on the image. The colorbar corresponds to the count of the number of bubbles per pixel. Scale bars indicate 10 mm. ND= normalized distance; w.u.= without units; a.u. = arbitrary

units.

Other sULM metrics

With a mean of 0.13 + 0.06 a.u. [range: 0.07-0.20],
renal tumors exhibited lower dispersity than did both
renal pseudotumors (mean of 0.22 + 0.05 a.u. [0.16-
0.25]) and kidney cortex (mean of 0.3 £ 0.1 a.u. [0.1-
0.4]). While statistical analysis indicated no significant
difference in dispersity between kidney cortex and
renal pseudotumors (p = 0.513), there was a statistical
difference between the dispersity of kidney cortex and
tumors (p = 0.0012), as well as between pseudotumors
and tumors (p = 0.0389) (Figure 4A).

Renal tumors exhibited lower normalized speed
(mean of 0.08 + 0.04 w.u. [range: 0.03-0.17]) than did
both renal pseudotumors (mean of 0.14 + 0.02 w.u.
[0.12-0.16]) and kidney cortex (mean of 0.18 + 0.07
w.u. [0.11-0.28]). Statistical analysis indicated no
significant difference in normalized speed between
kidney cortex and renal pseudotumors (p = 0.272).
However, there was a statistical difference between
both kidney cortex and tumors (p = 0.0014), as well as
between pseudotumors and tumors (p = 0.0497)
(Figure 4B). We also quantified the absolute speeds
(without normalization). With a mean of 2 £ 1 cm/s
[range: 1-4], renal tumors exhibited lower speed than
did renal pseudotumors (mean of 3.4 £ 0.8 cm/s [2.3-
4.6]) and kidney cortex (mean of 4 £ 1 cm/s [range: 2-
6]). Statistical analysis indicated no significant

difference in speed between the kidney cortex and
renal pseudotumors (p = 0.1871), however there was a
statistical difference between the speed of kidney
cortex and tumors (p = 0.0011), as well as between the
speed of pseudotumors and tumors (p = 0.0237).

Detailed dispersity and normalized speed values
are summarized in Table S2.

Discussion

Renal tumors exhibit fewer glomeruli paths per
square centimeter (mean: 10 + 6 /cm? [range: 4-20])
than do both pseudotumors (mean: 26 £ 5 /cm? [19-
32]) (p < 0.001) and kidney cortex (mean: 26 £ 6 /cm?
[15-35]) (p < 0.001). These results underline the ability
of sULM to distinguish renal pseudotumors, the site
of glomeruli, from tumors that do not have glomeruli
[33]. Furthermore, tumors displayed lower
normalized speeds and dispersity values than did
both renal cortex (p = 0.0012 and p = 0.0014) and
pseudotumors (p = 0.0389 and p = 0.0497).

In addition to having a lower density of
glomeruli in tumors, the dispersity and normalized
speed results observed in the renal cortex align with
our previous study, in which we showed that the
glomeruli tracks were both significantly slower and
less dispersed than those of the main vessels of the
renal cortex [20]. The speed results without
normalization are consistent with those in the
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literature [34,35]. Attributable to the presence of
glomeruli, these metrics are similar between
pseudotumors and renal cortex (healthy tissue), but
are notably diminished in tumors. Several
pathophysiological mechanisms may contribute to
this diminution. Vascular anomalies, characterized by
aberrant and tortuous vessel architecture, disrupt
conventional hemodynamics [36]. Further,
heterogeneous perfusion patterns, wherein disparate
regions of the tumor exhibit varying blood supply,
contribute to localized reductions in blood flow [37].
Increased interstitial pressure, frequently noted in
tumors, may also compress vasculature, thereby
impeding circulation [38]. Hypercoagulability, a
common complication in cancer patients, heightens
the risk of thrombosis in microvessels [39]. Rapid
cellular proliferation within tumors can induce
hypoxia and acidosis, which are detrimental to both
vascular function and circulatory efficiency [40]. The
immune-mediated inflammatory response to the

tumor further exacerbates vascular congestion and
dysfunction [41]. Additionally, the physical presence
of tumor cells can directly obstruct microvascular
channels. These multifactorial influences render the
vascular milieu of tumors complex and often
compromised [42]. Finally, tumor-induced
neoangiogenesis may lead to entrapment or
stagnation of microbubbles in CEUS, thereby
obscuring anticipated differences in remanence.

To date, most super-resolution ultrasound
applications are concentrated on preclinical animal
models and pilot clinical studies [43]. Our pilot study
introduces a clinically significant application of
sULM'’s ability to distinguish renal pseudotumors
from tumors. This approach may be especially
beneficial when traditional imaging techniques, such
as enhanced CT or MRI, are impractical or have
potential risks. This is particularly common for
patients with severe chronic renal failure or

biopsy-related risks.

Figure 3. sULM of hypertrophy of the column of Bertin (patient 7). A & B. Superb microvascular imaging Doppler image (A) and CEUS (B) showing an endophytic renal
pseudotumor (hypertrophy of column of Bertin) (white-dotted area). C & D show normalized distance metrics. (C) This metric enhances glomerular behavior, highlighting the
detected glomeruli in blue points on the density map. (D) Note the presence of glomerular paths in the renal cortex and the pseudotumor. (The traces projected on the grid are
displayed in red on the image. The colorbar corresponds to the count of the number of bubbles per pixel. Scale bars indicate 10 mm. ND= normalized distance; w.u.= without units;

a.u. = arbitrary units.
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Figure 4. Dispersity and normalized speed for the kidney cortex, pseudotumor, and tumor. Renal tumors exhibit lower dispersity (mean of 0.13 % 0.06 a.u. [range:
0.07-0.20]) compared to renal pseudotumor (mean of 0.22 + 0.05 a.u. [0.16-0.25]) and kidney cortex (mean of 0.30 % 0.11 a.u. [0.10-0.38]). ANOVA analysis: F-value of 6.89 and
p-value of 0.005. Tukey test: no significant difference between the kidney cortex and pseudotumor groups (p = 0.513). Statistical difference between kidney cortex and tumor
groups (p = 0.0012), and between pseudotumor and tumor groups (p = 0.0389). Renal tumors exhibited lower normalized speed (mean of 0.08 + 0.04 w.u. [range: 0.03-0.17])
compared to renal pseudotumor (mean of 0.14 * 0.02 w.u. [0.12-0.16]) and kidney cortex (mean of 0.18 + 0.07 w.u. [0.11-0.28]). ANOVA analysis: F-value of 6.32 and p-value
of 0.0065. Tukey test: no significant difference between the kidney cortex and pseudotumor groups (p = 0.272). The statistical difference between kidney cortex and tumor
groups was p = 0.0014 and the statistical difference between pseudotumor and tumor groups was p = 0.0497. **: p < 0.001; ns=not statistically significant. w.u.= Without Units; a.u.

= arbitrary units.

While this study’s findings are promising, the
study design has several limitations. First, this study
represents an initial exploration into the potential of
sULM for differentiating renal tumors from
pseudotumors. The limited sample size is a significant
constraint, which affects the generalizability of the
results. With a small patient cohort, this work should
be considered a preliminary proof of concept rather

than definitive evidence. Further investigations with
larger, more diverse patient populations are necessary
to validate these early results and to better
understand the diagnostic performance of sULM in
clinical settings. Moreover, the co-localization of the
glomeruli and the specific kinetic of the microbubbles
observed in sULM was demonstrated only indirectly
in animals. Direct demonstration would require
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co-registering deep microscopy techniques, such as
two-photon microscopy and sULM, which remains
challenging. Additionally, the patient cohort was
small, with a focus on hypertrophy of the column of
Bertin and focal compensatory hypertrophy. Further
research with larger and more homogenous patient
groups and a broader spectrum of pseudotumors,
such as Junctional Parenchymal Defect and focal
infection disease, is crucial to confirming these trends
and establishing the reproducibility of sULM in
various pseudotumors and patient populations.
Additionally, this study’s figures for the glomerular
count within the cortex were lower than the real
physiological number [44,45], though consistent with
other sULM results in the literature. This may be
linked to loops of limited duration and exploration in
2 dimensions, which does not allow all glomeruli to
be imaged [20,21]. Further, the presence of glomerulus
paths in tumors could be artefactual, particularly
linked to their heterogeneous neovascularization, as
well as out-of-plane paths due to the 2D imaging [20).
Some glomerular paths in the renal cortex can be
linked to artifacts, as is the case with pseudotumors.
The advancement of 3D imaging techniques could
benefit similar research plans in the future by
improving the ability to capture an organ’s complete
volume and thereby offering both improved accuracy
and reduced artifacts [13,15,46,47]. Then, in our view,
the glomeruli-linked microbubble behavior is specific
and understandable based on our previous studies in
animals where glomeruli were automatically
segmented in rat’s kidney with 3D sULM [48] and
transplanted kidneys. Although the other metrics
such as speed and dispersity display statistically
significant difference between diseases and healthy
tissue, we have not built a full understanding of the
relation between these metrics. Thus, we chose to
show them as secondary results and restrict the
interpretation of these results. Moreover, the masks of
tumors, pseudotumors, and renal cortex were
segmented by hand in this study. Then is a
well-established technique for characterizing various
kidney lesions, with numerous studies demonstrating
its clinical utility. Spiesecke et al. [49] showed that
CEUS correctly identified 8 out of 9 neoplastic lesions,
missing only one oncocytoma among the 32 included
patients. Irregular vessel structure (88.9% vs. 13.0%, P
= 0.007) and hyperenhancement (66.6% vs. 17.4%, P =
0.031) were significantly more common in neoplasic
lesions compared to developmental pseudotumors.
Compared to histopathology, CEUS demonstrated a
sensitivity of 89% (95% CI 57-98), a specificity of 96%
(95% CI 80-99), a positive predictive value of 89%
(95% CI 57-98), and a negative predictive value of 96%
(95% CI 79-99) for ruling out renal malignancy in

developmental pseudotumors. These findings are
consistent with McArthur et al. [50], who also
highlighted the advantage of CEUS’s lack of
nephrotoxicity. Similarly, Mazziotti et al. [4]
demonstrated that CEUS concordance with CT and
MRI characterizing of all 24 pseudotumors deemed
ambiguous at conventional and power Doppler US.
CEUS provides an immediate alternative to referring
patients for CT or MRI when B-mode US results are
unclear. Renal pseudotumors with regular vascular
architecture remain isoechoic to normal renal
parenchyma in all enhancement phases following the
administration of US contrast agents. In contrast,
renal tumors typically exhibit distinct contrast
enhancement patterns, such as early enhancement in
the arterial phase or late wash-out phase,
corresponding to about 90 to 95% of cases [49,51-53].
Our study was designed as a pilot to explore the
potential of sSULM in cases where conventional US
and CEUS were inconclusive. In our retrospective
analysis, we applied sULM specifically to such
challenging cases; therefore, we could not conduct a
direct comparative study between US, CEUS, and
sULM within this dataset. The rationale for using
sULM in this context stems from its unique ability to
visualize glomerular capillaries, offering insights that
are not accessible with conventional methods. While
CEUS provides a visualization of macrocirculation,
SULM enables a detailed view of the functional unit
network, which may offer additional diagnostic
information in ambiguous cases where CEUS alone is
insufficient. Moreover, sULM could be particularly
useful in cases where the injection of CT-scan contrast
agents is contraindicated, such as in patients with
renal insufficiency. A direct comparison between
CEUS and sULM would be valuable to demonstrate
the added diagnostic value of sULM over standard
CEUS. However, given the retrospective nature of our
study and the specific inclusion criteria, such a
comparison was not feasible in our current analysis. A
prospective study comparing US, CEUS, and sULM in
a well-defined cohort of patients, including those
where CEUS results are inconclusive, would be an
excellent next step to rigorously evaluate the added
benefits of sULM and complete this first pilot study.
Then, were able to successfully perform sULM on
every patient included in this study. However, it is
important to note that sULM requires high-quality
CEUS acquisition. In a larger study with more
patients, it is likely that not all scans would meet the
necessary quality criteria, and sULM might not have
been feasible for every patient. For example, in
Bodard et al. [21], among 15 patients, sULM of native
kidneys could not be performed in 3 cases (2 due to
the inability to achieve breath-holding and 1 due to
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the kidney being positioned too deep (>8cm)).
Moreover, the sULM process requires the absence of
motion, which necessitates that patients hold their
breath during the acquisition of the scanning section.
Regarding the specific context of native kidneys, their
anatomical position allows the operator to stabilize
their hand on the patient’'s abdomen during
acquisition, helping to minimize movement.
However, it is important to note that slight residual
motion may still occur, and breath-holding is not a
feasible solution in routine clinical practice and can be
challenging for some patients. The breath-hold
duration can be reduced by increasing the ultrasound
frame rate. Although the operator can attempt to
optimize frame rate acquisition by adjusting settings,
reducing the acoustic window, or decreasing the
depth of exploration, these adjustments are still
constrained by the capabilities of current clinical
ultrasound scanners. The research community has
actively proposed and developed various methods to
address this challenge. These solutions range from
filtering techniques and ultra-fast development, for
which an acquisition of only a few seconds allows a
complete mapping to be obtained [17] to more
advanced approaches such as sparsity-based
algorithms [54,55] and deep learning methods [56-61].
Additionally, tissue motion correction techniques
could help partially mitigate this limitation [62].
However, CEUS sequence is specifically intended to
maximize the detection of both slow- and fast-moving
microbubbles, thus preserving the detailed vascular
mapping required. Applying a filter for slow-moving
microbubbles could lead to the unintended exclusion
of quasi-static bubbles, potentially compromising the
depiction of subtle microvascular structures such as
glomeruli. Accelerating ULM remains an active area
of research, and we anticipate that solutions for faster
and more robust imaging will emerge in the near
future. Finally, given that patients with renal failure of
glomerular origin possess abnormal glomeruli, there
is a critical need to evaluate how these abnormalities
might influence the accuracy of sULM in detecting
glomeruli. The current technique may count
remaining glomeruli, including those that are
abnormal, and this capability requires further detailed
investigation.

The potential of sSULM extends beyond renal
pseudotumor differentiation. Future research avenues
could encompass tumor characterization, monitoring
of treatment response, assessment of angiogenesis,
and guidance of treatment planning. Continued
advancements in image analysis algorithms and
computational techniques hold the potential to
further optimize sULM's ability to detect subtle tissue
variations and perform real-time analysis, thereby

bolstering its clinical utility.

Conclusion

In conclusion, our study presents a proof of
concept highlighting the potential first clinical utility
of sULM in differentiating renal tumors from
pseudotumors based on glomerular presence. This
could represent an advancement towards the
integration of sULM into clinical practice. However,
further prospective studies with larger patient cohorts
are necessary to confirm these findings and establish
sULM'’s diagnostic value more robustly.

Abbreviations

CT: computed tomography

MRI: magnetic resonance imaging

ULM: ultrasound localization microscopy

sULM:  sensing  ultrasound localization
microscopy

CEUS: contrast-enhanced ultrasound

BMI: body mass index

eGFR: estimated glomerular filtration rate

SD: standard deviation

US: ultrasound

cm? square centimeter

pm: micrometer

p: probability (used for statistical significance)

ccRCC: clear cell renal cell carcinoma

Supplementary Material

Supplementary information, figures and tables.
https:/ /www.thno.org/v15p0233s1.pdf

Acknowledgements

The authors thank the Philippe Foundation,
L'INSTITUT SERVIER, and the French Society of
Radiology for their support.

Funding

This study was funded by the European
Research Council under the European Union Horizon
H2020 program (ERC Consolidator grant agreement
No 772786-ResolveStroke).

Data sharing statement

The code (sULM algorithms) used in the
analyses for vascular reconstruction is available in the
following GitHub repository: https://github.com/
Engineer]B/akebia [25]. Akebia, a standalone
application that can be used without a MATLAB
license, is also available in the same repository.

The data supporting the findings of this study
[Demographic (age, sex, body mass index, and
estimated glomerular filtration rate), lesion (tumor

https://lwww.thno.org



Theranostics 2025, Vol. 15, Issue 1

243

and pseudotumor) characteristics (tumor size, kidney
side, maximum diameter, diagnostic methods, and
radiographic evaluation of the renal masses score [25]
), CEUS parameters (tumor depth, frame rate, loop
duration), CEUS cine loops, gold standard
(pathological analysis, CT and MRI imaging)] are
available from the corresponding author upon
reasonable request, according to the Ethics Committee
of the French Society of Radiology (CERF, reference
number CRM-2304-336).

Competing Interests

O.C. holds patents in the field of ultrasound
localization microscopy (EP4011299A1). O.C. is one
founder and shareholder of the ResolveStroke startup
and received speaker fees from Bracco. JM. C.
receives speaker fees from Canon MS, General Electric
MS, Hitachi MS, Philips Ultrasound, Siemens
Ultrasound, and Supersonic Imagine. Other authors
have no conflicts of interest to disclose. The authors
also disclosed the off-label use of SonoVue for the
kidney is discussed in this article; readers should
consult product labeling for approved indications.

References

1. Bhatt S, MacLennan G, Dogra V. Renal pseudotumors. AJR Am J Roentgenol.
mai 2007;188(5):1380-7.

2. Kolbenstvedt A, Lien HH. Isolated renal hilar lip on computed tomography.
Radiology. avr 1982;143(1):150.

3. Dyer RB, Chen MY, Zagoria R]J. Classic signs in uroradiology. Radiographics.
2004;24 Suppl 1:5247-280.

4. Mazziotti S, Cicero G, D’Angelo T, Marino MA, Visalli C, Salamone I, et al.
Imaging and management of incidental renal lesions. Biomed Res Int.
2017;2017:1854027.

5. Lafortune M, Constantin A, Breton G, Vallee C. Sonography of the
hypertrophied column of Bertin. AJR Am J Roentgenol. 1986,146(1):53-6.

6. Bodard S, Lollivier D, Hélénon O. Renal pseudotumor related to
compensatory hypertrophy in atrophic ischemic kidney. Diagn Interv
Imaging. 2022;103(4):233-5.

7. Errico C, Pierre ], Pezet S, Desailly Y, Lenkei Z, Couture O, et al. Ultrafast
ultrasound localization microscopy for deep super-resolution vascular
imaging. Nature. 2015;527(7579):499-502.

8. Couture O, Hingot V, Heiles B, Muleki-Seya P, Tanter M. Ultrasound
Localization Microscopy and Super-Resolution: a state of the art. IEEE Trans
Ultrason Ferroelectr Freq Control. 2018;65(8):1304-20.

9.  Christensen-Jeffries K, Couture O, Dayton PA, Eldar YC, Hynynen K,
Kiessling F, et al. Super-resolution ultrasound imaging. Ultrasound Med Biol.
2020;46(4):865-91.

10. TinevezJY, Perry N, Schindelin J, Hoopes GM, Reynolds GD, Laplantine E, et
al. TrackMate: An open and extensible platform for single-particle tracking.
Methods. 2017;115:80-90.

11. Kuhn HW. The Hungarian method for the assignment problem. Naval
Research Logistics Quarterly. 1955;2(1-2):83-97.

12. Tang S, Song P, Trzasko JD, Lowerison M, Huang C, Gong P, et al. Kalman
Filter-Based Microbubble Tracking for Robust Super-Resolution Ultrasound
microvessel imaging. IEEE Trans Ultrason Ferroelectr Freq Control.
2020;67(9):1738-51.

13. Chavignon A, Heiles B, Hingot V, Orset C, Vivien D, Couture O. 3D
Transcranial Ultrasound Localization Microscopy in the rat brain with a
multiplexed matrix probe. IEEE Trans Biomed Eng. 2022;69(7):2132-42.

14. Lowerison MR, Huang C, Lucien F, Chen S, Song P. Ultrasound localization
microscopy of renal tumor xenografts in chicken embryo is correlated to
hypoxia. Sci Rep. 2020;10(1):2478.

15. Heiles B, Correia M, Hingot V, Pernot M, Provost ], Tanter M, et al. Ultrafast
3D Ultrasound Localization Microscopy using a 32 x 32 matrix array. IEEE
Trans Med Imaging. 2019;38(9):2005-15.

16. Opacic T, Dencks S, Theek B, Piepenbrock M, Ackermann D, Rix A, et al.
Motion model ultrasound localization microscopy for preclinical and clinical
multiparametric tumor characterization. Nat Commun. 2018;9(1):1527.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

Huang C, Lowerison MR, Trzasko JD, Manduca A, Bresler Y, Tang S, et al.
Short acquisition time super-resolution ultrasound microvessel imaging via
microbubble separation. Sci Rep. 2020;10(1):6007.

Demené C, Robin J, Dizeux A, Heiles B, Pernot M, Tanter M, et al. Transcranial
ultrafast ultrasound localization microscopy of brain vasculature in patients.
Nat Biomed Eng. 2021;5(3):219-28.

Bodard S, Denis L, Hingot V, Chavignon A, Hélénon O, Anglicheau D, et al.
Ultrasound localization microscopy of the human kidney allograft on a clinical
ultrasound scanner. Kidney Int. 2023;103:50085-2538(23)00125-4.

Denis L, Bodard S, Hingot V, Chavignon A, Battaglia J, Renault G, et al.
Sensing ultrasound localization microscopy for the visualization of glomeruli
in living rats and humans. EBioMedicine. 2023;91:104578.

Bodard S, Denis L, Chabouh G, Battaglia J, Anglicheau D, Hélénon O, et al.
Visualization of renal glomeruli in human native kidneys with sensing
Ultrasound Localization Microscopy. Invest Radiol. 2024;59:561-568.
Campbell SC, Uzzo RG, Karam JA, Chang SS, Clark PE, Souter L. Renal mass
and localized renal cancer: evaluation, management, and follow-up: AUA
Guideline: Part II. ] Urol. 2021;206(2):209-18.

Bodard S, Kharroubi-Lakouas D, Guinebert S, Dariane C, Gillard P, Sakhi H, et
al. [Cancer imaging and prevention of renal failure]. Bull Cancer.
2022;111:50007-4551(22)00392-7.

Bodard S, Dariane C, Bibault JE, Boudhabhay I, Delavaud C, Timsit MO, et al.
[Nephron sparing in the management of localized solid renal mass]. Bull
Cancer. 2023;50007-4551(23)00199-6.

Kutikov A, Uzzo RG. The R.EN.A L. nephrometry score: a comprehensive
standardized system for quantitating renal tumor size, location and depth. J
Urol. 2009;182(3):844-53.

Schneider M. Characteristics of SonoVue™. Echocardiography. 2007;
16(s1):743-6.

Phillips PJ. Contrast pulse sequences (CPS): imaging nonlinear microbubbles.
IEEE Int Ultrasound Symp; 2001. p. 1739-45.

Heiles B, Chavignon A, Hingot V, Lopez P, Teston E, Couture O. Performance
benchmarking of microbubble-localization algorithms for ultrasound
localization microscopy. Nat Biomed Eng. 2022;6(5):605-16.

Kuhn HW. The Hungarian method for the assignment problem. Nav Res
Logistics Q. 1955;2(1-2):83-97.

Lin F, Shelton SE, Espindola D, Rojas JD, Pinton G, Dayton PA. 3-D
Ultrasound Localization Microscopy for identifying microvascular
morphology features of tumor angiogenesis at a resolution beyond the
diffraction limit of conventional ultrasound. Theranostics. 2017;7(1):196-204.
Lowerison MR, Sekaran NVC, Zhang W, Dong Z, Chen X, Llano DA, et al.
Aging-related cerebral microvascular changes visualized using ultrasound
localization microscopy in the living mouse. Sci Rep. 2022;12(1):619.

Algin O, Ozmen E, Gumus M. Hypertrophic columns of bertin: imaging
findings. Eurasian ] Med. 2014;46(1):61-3.

Thoenes W, Storkel S, Rumpelt HJ. Histopathology and classification of renal
cell tumors (adenomas, oncocytomas and carcinomas). The basic cytological
and histopathological elements and their use for diagnostics. Pathol Res Pract.
1986,181(2):125-43.

Ogasawara Y, Takehara K, Yamamoto T, Hashimoto R, Nakamoto H, Kajiya F.
Quantitative blood velocity mapping in glomerular capillaries by in vivo
observation with an intravital videomicroscope. Methods Inf Med.
2000;39(2):175-8.

Engbjerg JS, Sardella D, Bordoni L, Trepiccione F, Capasso G, Ostergaard L, et
al. The distribution of blood in renal glomerular capillaries is a new
physiological parameter, Which Is Affected by Diabetes and ACE-inhibition.
FASEB J. 2019;33(51):748.11-748.11.

Nagy JA, Chang SH, Dvorak AM, Dvorak HF. Why are tumour blood vessels
abnormal and why is it important to know? Br ] Cancer. 2009;100(6):865-9.
Gillies R], Schornack PA, Secomb TW, Raghunand N. Causes and effects of
heterogeneous perfusion in tumors. Neoplasia. 1999;1(3):197-207.

Wu M, Frieboes HB, McDougall SR, Chaplain MA], Cristini V, Lowengrub J.
The effect of interstitial pressure on tumor growth: coupling with the blood
and lymphatic vascular systems. ] Theor Biol. 2013;320:131-51.

Nasser NJ, Fox ], Agbarya A. Potential mechanisms of cancer-related
hypercoagulability. Cancers (Basel). 2020;12(3):566.

Chiche J, Brahimi-Horn MC, Pouysségur J. Tumour hypoxia induces a
metabolic shift causing acidosis: a common feature in cancer. ] Cell Mol Med.
2010;14(4):771-94.

Cedervall J, Dimberg A, Olsson AK. Tumor-induced local and systemic impact
on blood vessel function. Mediators Inflamm. 2015;2015:418290.

Baluk P, Hashizume H, McDonald DM. Cellular abnormalities of blood
vessels as targets in cancer. Curr Opin Genet Dev. 2005;15(1):102-11.

Song P, Rubin JM, Lowerison MR. Super-resolution ultrasound microvascular
imaging: Is it ready for clinical wuse? Z Med Phys.
2023;33:50939-3889(23)00043-0.

Kanzaki G, Tsuboi N, Utsunomiya Y, Ikegami M, Shimizu A, Hosoya T.
Distribution of glomerular density in different cortical zones of the human
kidney. Pathol Int. 2013;63(3):169-75.

Nyengaard JR, Bendtsen TF. Glomerular number and size in relation to age,
kidney weight, and body surface in normal man. Anat Rec.
1992;232(2):194-201.

Riemer K, Tan Q, Morse S, Bau L, Toulemonde M, Yan ], et al. 3D acoustic
wave sparsely activated localization microscopy with phase change contrast
agents. Invest Radiol. 2024;59:379-390.

https://lwww.thno.org



Theranostics 2025, Vol. 15, Issue 1

244

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

Favre H, Pernot M, Tanter M, Papadacci C. Boosting transducer matrix
sensitivity for 3D large field ultrasound localization microscopy using a
multi-lens diffracting layer: a simulation study. Phys Med Biol. 2022;67(8).
Chabouh G, Denis L, Bodard S, Lager F, Renault G, Chavignon A, et al. Whole
organ volumetric sensing ultrasound localization microscopy for
characterization of kidney structure. IEEE Trans Med Imaging.
2024;43:4055-4063.

Spiesecke P, Fischer T, Maxeiner A, Hamm B, Lerchbaumer MH.
Contrast-enhanced ultrasound (CEUS) reliably rules out neoplasm in
developmental renal pseudotumor. Acta Radiol. 2021;62(6):821-9.

McArthur C, Baxter GM. Current and potential renal applications of
contrast-enhanced ultrasound. Clin Radiol. 2012;67(9):909-22.

Sidhu PS, Cantisani V, Dietrich CF, Gilja OH, Saftoiu A, Bartels E, et al. The
EFSUMB guidelines and recommendations for the clinical practice of
contrast-enhanced ultrasound (CEUS) in non-hepatic applications: update
2017 (Short Version). Ultraschall Med. 2018;39(2):154-80.

Mazziotti S, Zimbaro F, Pandolfo A, Racchiusa S, Settineri N, Ascenti G.
Usefulness of contrast-enhanced ultrasonography in the diagnosis of renal
pseudotumors. Abdom Imaging. 2010;35(2):241-5.

Zbroja M, Kuczynska M, Drelich K, Mikos E, Zarajczyk A, Cheda M, et al.
Contrast-enhanced ultrasound in the diagnosis of solid renal lesions. J Clin
Med. 2024;13(13):3821.

You Q, Trzasko JD, Lowerison MR, Chen X, Dong Z, ChandraSekaran NV, et
al. Curvelet transform-based sparsity promoting algorithm for fast Ultrasound
Localization Microscopy. IEEE Trans Med Imaging. 2022;41(9):2385-98.
Bar-Zion A, Solomon O, Tremblay-Darveau C, Adam D, Eldar YC. SUSHI:
sparsity-based ultrasound super-resolution hemodynamic imaging. IEEE
Trans Ultrason Ferroelectr Freq Control. 2018;65(12):2365-80.

van Sloun RJG, Solomon O, Bruce M, Khaing ZZ, Wijkstra H, Eldar YC, et al.
Super-resolution Ultrasound Localization Microscopy through deep learning.
IEEE Trans Med Imaging. 2021;40(3):829-39.

Milecki L, Poree J, Belgharbi H, Bourquin C, Damseh R, Delafontaine-Martel P,
et al. A deep learning framework for spatiotemporal Ultrasound Localization
icroscopy. IEEE Trans Med Imaging. 2021,40(5):1428-37.

Chen X, Lowerison MR, Dong Z, Chandra Sekaran NV, Llano DA, Song P.
Localization free super-resolution microbubble velocimetry using a long
short-term memory neural network. IEEE Trans Med Imaging.
2023;42(8):2374-85.

Liu X, Almekkawy M. Ultrasound Localization Microscopy using deep neural
network. IEEE Trans Ultrason Ferroelectr Freq Control. 2023;70(7):625-35.
Xing P, Poree J, Rauby B, Malescot A, Martineau E, Perrot V, et al. Phase
Aberration Correction for in vivo Ultrasound Localization Microscopy using a
spatiotemporal complex-valued neural network. IEEE Trans Med Imaging.
2024;43(2):662-73.

Zhang Y, Zhou W, Huang L, Shao Y, Luo A, Luo J, et al. Efficient microbubble
trajectory tracking in Ultrasound Localization Microscopy using a gated
recurrent unit-based multitasking temporal neural network. IEEE Trans
Ultrason Ferroelectr Freq Control. 2024;PP.

Hingot V, Errico C, Tanter M, Couture O. Subwavelength motion-correction
for ultrafast ultrasound localization microscopy. Ultrasonics. 2017;77:17-21.

https://lwww.thno.org



