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Abstract— Glomeruli are the filtration units of the kidney
and their function relies heavily on their microcirculation.
Despite its obvious diagnostic importance, an accurate
estimation of blood flow in the capillary bundle within
glomeruli defies the resolution of conventional imaging
modalities. Ultrasound Localization Microscopy (ULM) has
demonstrated its ability to image in-vivo deep organs in
the body. Recently, the concept of sensing ULM or sULM
was introduced to classify individual microbubble behavior
based on the expected physiological conditions at the mi-
crometric scale. In the kidney of both rats and humans, it re-
vealed glomerular structures in 2D but was severely limited
by planar projection. In this work, we aim to extend sULM
in 3D to image the whole organ and in order to perform
an accurate characterization of the entire kidney structure.
The extension of sULM into the 3D domain combined with a
3D subwavelength motion correction algorithm allow better
localization and more robust tracking. The 3D metrics of
velocity and pathway angular shift made glomerular mask
possible. This approach facilitated the quantification of
glomerular physiological parameter such as an interior
traveled distance of approximately 7.5 ± 0.6 microns within
the glomerulus. This study introduces a technique that
characterize the kidney phisiologyphysiology which can
serve as a method to facilite pathology assessment. Fur-
thermore, its potential for clinical relevance could serve as
a bridge between research and practical application, lead-
ing to innovative diagnostics and improved patient care. .

Index Terms— Sensing Ultrasound Localization
Microscopy, 3D Super-resolution echography, kidney,
glomeruli, medulla, vasa-recta, microbubbles.

I. INTRODUCTION1

GLOMERULI represent the filtration units of the kidney.2

In clinical practice, the change in the estimated glomeru-3

lar filtration rate (GFR) - measured by blood or urine tests4

- is directly related to the degree of renal dysfunction [1].5
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In fact glomerular diseases represents the highest impact on 6

kidney allograft loss [32]. In contrast to laboratory measure- 7

ments, imaging enables direct visualization and quantification 8

of kidney tissue remodeling, inflammation, and fibrosis [2]. 9

However, accurately estimating blood flow at the scale of 10

tenths of a millimeter within glomeruli defies the resolution 11

capabilities of conventional ultrasound, computed tomography 12

(CT), and magnetic resonance imaging (MRI) [3]. 13

Ultrasound Localization Microscopy (ULM) has demon- 14

strated its capacity to image in-vivo deep organs in the 15

body [4]–[6], including the human renal graft [7], brain [13] 16

and various human organs in 2D such as the liver and the 17

kidney [48]. It has emerged as a powerful technique that 18

has successfully overcome the limitations imposed by the 19

diffraction barrier, enabling the acquisition of high-resolution 20

images in-vivo. The technology has demonstrated its potential 21

for imaging the microcirculation in various organs such as 22

brain [33], spinal cord [34] and for healthy [26], [41] and 23

diseased kidney [46], [47] in 2D and in 3D [50] in rodents. 24

To harness ULM’s clinical benefits, we must integrate it into 25

routine medical practice and establish new biomarkers. Beyond 26

the mere attainment of exquisite images, there exists the 27

pressing need to explore and exploit ULM’s capabilities for 28

advanced medical analyses, such as the estimation of blood 29

volume and other relevant clinical features as discussed in a 30

recent review [35]. Therefore, the current focus should shift 31

towards harnessing ULM’s potential as a versatile tool for 32

quantitative and functional assessments, paving the way for its 33

practical implementation in clinical settings. Various research 34

studies goes into this direction such as using the vascular 35

properties to study obesity through the kidney [23], or for 36

functional [36] and dynamical imaging [37] of the brain or to 37

study human breast cancer [49]. 38

In a recent study [8], we introduced the concept of sensing 39

Ultrasound Localization Microscopy (sULM) in 2D, revealing 40

the kidney’s functional structures (glomeruli) in both rats and 41

humans grafts. By dividing the data into two categories of 42

velocity: slow microbubbles in the medulla and glomeruli 43

and fast ones in the bigger arteries, all kidney regions were 44

characterized using specific metrics relying on the kinetics of 45

these microbubbles. 46

However, a significant constraint in studying intrinsic mi- 47

crobubble behavior stemmed from the presence of vessels 48
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running transverse to the imaging plane. As the microbubble49

deviates from the 2D imaging plane, its intensity progressively50

diminishes until it vanishes. This hinders the continuous track-51

ing of the microbubble throughout its intravascular course.52

Moreover, relying on a lone 2D imaging plane restricts the53

potential diagnostic capabilities of sULM. While a conceivable54

solution involves multi-plane imaging, acquisition time be-55

comes important [15]. Conversely, accurate quantification are56

hindered through 2D projections. Thus, a comprehensive solu-57

tion lies in whole-organ 3D imaging, which not only addresses58

the aforementioned issues but also diminishes the requirement59

for user interpretation and manual probe placement.60

In a recent work, 3D transcranial ULM was proposed as61

a discriminator between ischemic and hemorrhagic stroke in62

early phase for a preclinical model [21]. Various studies,63

propose a shift from qualitative imaging methods to a more64

quantitative approach. In fact, ULM was also used to study65

vasodilatation [38], [39], [45] in the brain as well as in the66

heart [40] both in pre-clinical studies.67

In the presented work, our objective is to demonstrate that68

the implementation of 3D sULM enables accurate tracking69

of microbubble pathways throughout the entire intravascular70

trajectory. Additionally, we emphasize the capability of 3D71

sULM to achieve precise quantification of various physiolog-72

ical parameters, including factors like glomerular blood flow73

and size, working towards a more accurate estimation of the74

glomerular filtration rate (eGFR).75

II. MATERIALS AND METHODS76

A. In-vivo rat model77

All animal experiments were performed in accordance with78

the ARRIVE guidelines and approved by the local ethics com-79

mittee (ethics committee on animal experimentation n◦034).80

The protocol is registered by the ministry of research under81

number #33913-2021082311153607. In accordance with the82

3R rules, the number of animals in our study was kept to the83

necessary minimum. Experiments were performed on 8 Wistar84

male rats (Janvier Labs, Charles River, Envigo) aged between85

8 and 12 weeks. Only 5 rats were included due to technical86

problem with data acquisitions and saving. All 8 rats were87

used to set-up and validate the micro-CT terminal perfusion88

of baryum sulfate solution. Also, they allowed the realization89

of a complete 3D sULM mapping. Rats were anesthetized90

during the entire experiment (4% Isoflurane) and maintained91

at a temperature of 37°C using a heating table. The animals92

died during the injection of the micro-CT contrast medium93

detailed later in this section.94

B. Ultrasound acquisitions95

To perform the ultrasound acquisition, the left kidney was96

externalized through an incision in the abdomen (See Fig.1 a).97

The organ was then placed on an acoustic absorber and fixed98

with a needle to avoid movement. A 25G catheter was placed99

in the tail vein to perform microbubbles injections (SonoVue,100

Bracco, Italy) needed for volumetric sULM. The animal was101

Fig. 1. Graphical methods: a In vivo setup of the rat kidney b 3D ROI of
different renal zones were selected from sULM rendering. Representa-
tive cubes were chosen for each renal zone on the 3D density mapping
and three different metrics used in this study: c normalized velocity, d
Remanence and e the pathway angular shift is characterized as the
difference between two successive angles, as derived and modified from
[18]. Note that PAS does not account for distance normalization between
the initial and final points.

under isoflurane anesthesia (4% for induction, 2.5% for main- 102

tenance) with appropriate analgesia (subcutaneous injection of 103

0.1 mg/Kg of buprenorphine 30 minutes prior to experiments). 104

Ultrasound acquisitions were then performed with a 256- 105

channels research ultrasound scanner (verasonics, Kirkland, 106

USA) and an 8 MHz multiplexed matrix probe (Vermon, 107

France). Five hundred blocks were acquired, with 200 images 108

per block and a framerate of 130Hz. Each image being the 109

result of a compounding of 5 plane waves oriented according 110

to ± 5◦ (in the elevation axis and in the lateral axis). The 111

sequence was decomposed according to a light configuration 112

[9], and lasted for 8 minutes, with repeated bolus injections of 113

50 µL/min every 1 minute. The multiplexed probe is divided 114

into 4 panels of 256 elements each. The sequence used here 115

uses a so-called ”light” configuration, i.e. 10 shots per angle, 116

corresponding to a transmission with one panel and a reception 117

with its neighboring panels [9]. The sequence lasted for 8 118

minutes, with repeated bolus injections of 50 µL/min every 119

1 minute. The pulse duration is about 2 cycles with a pulse 120

repetition frequency (PRF) of 13.5 kHz. The data were then 121

reconstructed with a classical delay and sum beamforming [19] 122

on a [98.5, 150, 150] µm grid, before reaching the final sULM 123

resolution of [9.85, 9.85, 9.85] µm [20], [29]. 124

C. Micro computed tomography (micro-CT) acquisitions 125

Micro-CT data were acquired on the same rats as the 126

ones subjected to ultrasound acquisition at the Live Imaging 127

Platform of the Odontology UFR Montrouge, France (Skyscan 128

1172, Bruker, [5, 5, 5] µm). 129

The X-ray opaque contrast medium consists of a mix- 130

ture of barium sulfate (Micropaque 100 g, Guerbet, France), 131
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PBS (Phosphate Buffer Saline, Cochin INSERM U1016), and132

gelatin. It was injected at the end of the ultrasound acquisitions133

through an aortic catheterization. All of the animal’s blood134

was replaced by the contrast medium, i.e., approximately 200135

mL/animal. The organ was then stored in a Petri dish for 48 h136

in 4% of PFA before being scanned in the micro-CT system137

described above.138

Only 4 rats have usable micro-CT data due to the complex139

nature of the contrast agent injection [8], [10] procedure and140

the high risk of animal mortality during the process.141

No statistical analysis was performed to compare sULM and142

micro-CT due to non-rigid deformations. Simply the manual143

registration on the AMIRA (Thermofischer, USA) software,144

allowed a descriptive assessment in 1 rat, i.e. the rat with145

the micro-CT and the most complete 3D sULM possible (see146

Fig.8).147

D. Whole organ volumetric sULM148

The construction pipeline of the 3D sULM mapping is149

shown in Fig.2. First, classical ultrasound compounded B-150

Mode volumes are acquired (Fig.2 a).In Fig.2 a classical151

ultrasound Bmode volume reconstruction, Fig.2 b shows152

the clutter filtering using a low-threshold Singular Value153

Decomposition singular value decomposition (SVD) where154

the first six singular values were annulled, this value is155

empirically-determined and set for all rats. The detection was156

made using a local maximum on 900 MBs/volume with a157

local signal to noise ratio (SNR) value of 9. c highlights the158

microbubble localization step using radial symmetry algorithm159

[11], [12], and d shows the tracking step using the Hungarian160

algorithm [14] with a maximum linking distance of 2.3 voxel.161

It is worth to mention that in this work, the localization and162

tracking were done on an unique dataset. Contrary to 2D163

sULM [8], where the dataset was divided into two sup-groups:164

fast moving microbubbles and slow moving microbubbles.165

Thanks to the volumetric acquisition, we were able to precisely166

track the microbubble along its entire path within the blood167

vessels without any loss of visual continuity without the need168

of separating dataset. One explanation comes from the natural169

sparsity of microbubble data in 3D, making localization and170

tracking more feasible and another reason is a better matching171

between pairs of localization under constraints of maximum172

linking distance.173

E. 3D ROI in different renal zones174

An arbitrary 3D region of interest (ROI) was delineated175

within the four principal regions of the kidney: main vessels,176

inner medulla, outer medulla, and cortex, as depicted in Fig.1177

b. The ROIs were defined as cubic structures measuring 100178

pixels on each side, corresponding to a size of 985 µm. Note179

that the cortical ROI is not seen from this angle.180

F. 3D sULM metrics181

sULM is built upon an a-priori knowledge of the local182

environment based on previous invasive microscopy studies183

such as histology [17]. To highlight specific microbubble184

behaviour, we employed two different metrics that we define 185

hereafter. 186

• Microbubble velocity: characterized as the mean displace- 187

ment magnitude between every two successive points 188

along a trajectory, divided by the corresponding time 189

interval (Fig.1 c). 190

• The Remanence Time : established as the maximum 191

period during which a microbubble was tracked within 192

a glomerular sphere, i.e. of 50 µm radius in the rat [16], 193

[17]. The center was defined as the median of the list of 194

points constituting the track (Fig.1 d). 195

• The Dispersity: corresponded to the number of times a 196

track went in the same direction, by taking the rounded 197

value of the location, with a tolerance of plus or minus 198

20◦, divided by the number of points making up the track 199

(Fig.1 e). 200

• The Pathway Angular Shift (PAS): delineated as the angu- 201

lar difference computed between sets of three consecutive 202

points along a track. To illustrate, envision a track con- 203

sisting of ten points. The initial trio of points yields two 204

lines, from which an angle can be derived. Subsequently, 205

the subsequent three points generate another pair of lines, 206

yielding a second angle. The disparity between these two 207

angles defines the PAS ((Fig.1 f).) 208

G. Statistical analysis 209

Statistical analyses were performed to evaluate the metrics 210

between the different regions of the kidney using a two-tailed 211

parametric unpaired Student’s t test with GraphPad Prism 9 212

software. The significance of the results is as follows: ns = 213

P ≥ 0.05, ∗ = P ≤ 0.05, ∗∗ = P ≤ 0.01, ∗∗∗ = P ≤ 0.001, 214

∗ ∗ ∗∗ = P ≤ 0.0001. All the metrics were calculated inside 215

the above mentioned 3D ROIs as seen in Fig.1 b and averaged 216

on 5 different rats (n = 5 included). 217

Fig. 2. 3D sULM steps: a B Mode, b tissue filtering, c microbubble
localization and tracking, d tracks accumulation.
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Fig. 3. 3D intra-bloc subwavelength motion correction: a 3D ULM reference image without motion correction b 3D ULM reference image with the
proposed 3D motion correction c volumetric phase correlation between a reference frame and a given frame intra-bloc d Subwavelength motion
estimation in the lateral, elevational and axial direction and e 3D trajectory of the displacement within one bloc (200 frames).

H. 3D subwavelength rigid motion correction218

Motion induced by breathing, heartbeat and muscle con-219

traction are usually higher than the micrometric scale of220

ULM (∼ 10 µm). Hence, the estimation of tissue motion221

and the compensation play a crucial role for the quantification222

significance in ULM. Various motion compensation techniques223

has been applied for ULM such as speckle tracking [25] to224

correct for full deformation, two-stage motion correction that225

account for non-rigid and rigid deformation [42]. Lagrangian226

beamformer [27] was developed based on non-rigid motion227

registration to form images directly in the myocardium’s228

material coordinates. Yet, motion correction for volumetric229

ULM remains challenging. In our study, we introduce an230

innovative a 3D subwavelength rigid motion correction method231

that utilizes phase correlation, a technique that has previously232

demonstrated its effectiveness in improving ULM resolution233

in 2D [28]. Briefly, inside a bloc of 200 frames (intra-bloc)234

the phase correlation is computed between a given Bmode235

B-Mode volume and a reference BMode B-Mode volume236

which is chosen to be central volume (i.e. frame = 100) as237

depicted in Fig.3 c. The inverse Fourier transform of the238

phase correlation is a Dirac peak in [∆x∆y∆z]. The intra-bloc239

motion is thus estimated in the lateral, elevational and axial 240

dimensions (Fig.3 e) and its 3D trajectory is shown in d. The 241

proposed 3D subwavelength motion compensation intra-bloc 242

shows a significant improvement in the final image resolution 243

(b compared to the reference image without motion correction 244

a). 245

III. RESULTS & DISCUSSION 246

A. Vascular mapping along the entire microbubble path 247

The relatively high sufficient volumetric frame rate of our 248

ultrasound acquisitions, enabled us to follow the microbubbles 249

throughout their intravascular journey. Thanks to a single filter 250

and a single tracking algorithm, a complete 3D mapping of 251

the entire kidney in 5 rats was established. We sucessfuly 252

observed the particularities of the microcirculation in each of 253

the regions of the kidney (rat 8 in Fig.4 a, and b). In the main 254

vessels, the microbubbles move very fast and are subdivided 255

into interlobar arteries, arcuate arteries. The return path has 256

also been reconstructed into an efferent arteriole, arched and 257

interlobar veins In the cortex, some microbubbles ascend in 258

the afferent artery, swirl in the glomerulus before returning 259

to the cortex. We were also able to follow the entire route 260
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Fig. 4. 3D ULM mapping: a Vascular mapping allows reconstruction of the entire volume of the kidney and b Zooming into the cortex allows
observation of the renal functional units: the glomeruli

of the microbubble in the glomerulus. Finally, in the medulla,261

the microbubble path is less trivial but remains a characteristic262

of the renal physiology. The microbubbles appear to follow a263

straight path towards the center of the kidney, i.e. along the264

vasa recta at the level of the Malphigian pyramids. After a265

certain depth inside the inner medulla, a loss of visualisation266

of these microbubbles is remarked. This can be due to the267

limitation of the current spatiotemporal filter. In fact, the268

spatiotemporal based filter employed here might be unable269

to differentiate fixed or slow moving microbubbles from the270

tissue signal, since both are highly coherent in space and271

time. Moreover, the relatively short ultrasound block duration272

and the time delay between each block of the volumetric273

ultrasound acquisition present additional explanations for the274

reduced visualization of slow-moving microbubbles.275

The main regions of the kidney can be easily distinguished276

through specific track features. In Fig.5, multiple individual277

tracks were manually chosen and displayed as a function278

of their velocity and the total distance traveled DTotal. All279

tracks are not on the same scale Four distinct track clusters280

are evident: green for glomeruli-like tracks, blue for medulla281

tracks, red for main vessel tracks, and black for outlayer tracks.282

Glomeruli-like tracks appear slender, forming bundles with283

spinning microbubbles. Medulla tracks are broader, displaying284

elongated yet sinuous trajectories. Main vessel tracks, even285

wider, remain straight. Velocity analysis distinguishes them:286

medulla tracks move slowly (1-5 mm/s), cortex tracks range287

from 5 to 10 mm/s, and main vessel tracks accelerate (10-15288

mm/s). This observation of cortex velocity aligns with earlier289

research studies [43], [44]. Black outlayer tracks segment into290

two: high-velocity (12-14 mm/s) tracks cover short distances,291

possibly due to framerate limitations capturing swift flows.292

An intermediate-speed outlayer track that might represents a293

microbubble in the afferent artery, just entering the glomerula294

or another possible scenario. Remarkably, within the medulla,295

no track surpasses 0.1 mm in distance owing to its slow pace;296

the brief acquisition time restricts extended tracking. Lastly,297

it is notable that tracks within the medulla and the glomeruli298

can exhibit comparable speed and travel distance, posing a299

challenge for differentiation, as discussed further on. 300

B. 3D metrics to characterise the microcirculation 301

In order to characterize the kidney’s microcirculation on a 302

macroscopic scale accurately in 3D, we conducted a compar- 303

ative analysis of metric values across various renal regions 304

in rats. First, volumetric sULM velocity rendering is shown 305

in Fig.6 a. Values ranging from 1 to 10 mm/s, the low speed 306

corresponds to the tracks in the inner medulla and in the upper 307

region of the cortex, intermediate speeds are more present in 308

the arteries of the cortex and finally high speed dominate in 309

the main vessels (interlobar and arcuate arteries). Two cross 310

sections in the coronal and sagittal planes in b and c display 311

the velocity values. Statistical analysis of the metrics were 312

represented by boxplot topped by a Student’s statistical test 313

with a confidence level of 95% (Fig.6 d, f and h) and their 314

spatial representation are displayed in Fig.6 b, c, e and g. 315

The boxplot in Fig.6 d shows that the velocity can be a 316

good discriminater between the four regions of the kidney. 317

The microflow speed is high in the main vessels and almost 318

double the speed in the cortex while the latter is also double 319

the speed in the medulla, the deeper the microbubble flows in 320

the inner medula, the lower their velocity gets. No statistical 321

significance in difference between the inner and outer medulla. 322

Note that the speed in the main vessels should be in order 323

of cm/s in rat’s kidney [22] hence it is underestimated due 324

to a volumetric imaging rate of 130 frame/s. The path of 325

the microbubbles found in the medulla, whether internal or 326

external, exhibit statistically slower, more dispersed, and more 327

remanence compared to those present in the cortex (Fig.6 f 328

and h). The difference with the values of the metrics between 329

the cortex and the main vessels is statistically significant. For 330

instance, the remanence in the cortex is around 10 frames 331

while it is around 6 in the main vessels. Regarding the values 332

of the metrics in the medulla and the glomeruli, they seem to 333

be similar (Fig.6 f and h). The similarity is hardly surprising, 334

given that both structures are composed of capillaries. 335
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Fig. 5. Ethology of 3D sULM tracks: manually selected tracks from all the renal regions. Medullar tracks in light blue. Glomeruli-like tracks in
green, Main vessel tracks in red and outlayer tracks in black. All volumetric views are centered on the tracks for displaying clarity, thus tracks do not
have the same scale. The tracks are displayed regarding the average velocity on the red x-axis and the total traveled distance ion the green blue
y-axis.

Fig. 6. Comparison of the metrics within different renal regions: main vessels, cortex, inner medulla, and outer medulla. a Volumetric
velocity map. Velocities within the different regions in the coronal (blue) and sagittal (green) planes are shown in b, c. Boxplot for velocity estimation
in d. Dispersity within the different regions e and its corresponding boxplot f. Remanence within the different regions, g and its corresponding
boxplot h.

C. Glomeruli physiological estimation336

To estimate physiological parameters like the glomerular337

filtration rate, it is essential to carefully pinpoint glomeruli338

within the cortex. This task is achieved through a systematic 339

two-step approach: Firstly, cortical tracks are extracted by 340
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Fig. 7. Whole organ volumetric sULM reveals accurate estimation of glomeruli physiology: a Volumetric sULM rendering with three different
families encoded in color. Medulla in green, main vessels in orange and glomeruli in blue. b shows a zoom on a part of the kidney. The probability
of density of all the glomeruli tracks (in blue) of the total traveled distance i.e. the track length of the tracks counted as glomeruli c.

applying a velocity threshold (3 < track speed < 6 mm/s)341

which is in agreement with the in-vivo measurement of [43],342

[44]. This velocity parameter serves as a discriminant, effec-343

tively distinguishing various segments of the kidney’s structure344

(refer to Fig. 6 d). Subsequently, the Pathway Angular Shift345

(PAS) metric (outlined in Sec. II-F) is employed on the tracks346

established via the dual velocity cutoff. If the computed PAS347

value surpasses a designated threshold of 40 degrees, all data348

points exhibiting PAS > 40◦ are identified as localizations349

within the glomerulus. Note that the threshold value used in350

PAS is empirical.351

Figure 7 depicts the central findings of this study. In Fig.7a,352

3D sULM rendering of the kidney is displayed, with a closer353

view provided in b. Note that the kidney view in Fig.7 a and354

b is the same as Fig.4. Here, glomeruli are highlighted in355

blue, main vessels in orange, and the medulla in green. In356

Fig. 7 c demonstrates the probability function for the total357

traveled distance, which reaches its peak at 18 µm. Notably,358

due to the complex presence of various vessel loops within359

the capsule, determining the size of the glomeruli through360

microcirculation is impractical. To approximate a size-related361

metric, we propose utilizing the total traveled distance within362

the glomeruli. Upon statistical analysis encompassing all the363

glomeruli across the rat population, a total traveled distance364

of 7.5 ± 0.6 µm is obtained. This measurement is notably365

smaller than the actual glomerular size (which boasts a 50-366

micron diameter).367

D. Ex-vivo reference technique368

The preparation of ex vivo specimens for micro-CT imaging369

is a crucial step that eliminates the influence of neural or370

chemical signals responsible for vessel constriction or dilation,371

thus affecting vessel proportions. Nevertheless, it’s vital to372

acknowledge that the micro-CT imaging process itself can373

be invasive and may introduce significant artifacts while374

quantifying results. Factors such as tissue swelling, perfu-375

sion pressure during contrast administration, and the effects376

of contrast curing and paraffin embedding can complicate377

precise measurements of vessel dimensions. As a qualitative378

comparison, we observe identical microvascular structures for379

both techniques as seen in Fig. 8. However, as mentioned in380

[24], comparing in-vivo super-resolution ultrasound with ex-381

vivo microvascular imaging technique (micro-CT) becomes 382

complex. 383

IV. CONCLUSIONS & LIMITATIONS 384

In this study, we proposed a whole organ ultrasound imaging 385

technique. The utilisation of 3D sULM in rat kidneys allowed 386

an accurate volume reconstruction of the microvascular map- 387

ping in 5 rats. The high sufficient volumetric rate of the acqui- 388

sition and the low threshold of spatiotemporal filtering made 389

it possible to follow the microbubbles along their intravascular 390

with a single tracking algorithm. In this manner, we achieved 391

a comprehensive examination of microbubble behavior within 392

cappillaries such as in both the vasa recta of the medulla and 393

the nephrons in the cortex. This work allowed us to witness, 394

microbubbles circulating within the renal functional units in 395

3D, in-vivo, in the pre-clinical phase. Additionally, we could 396

observe microbubbles in the medulla, a complex region that 397

remains relatively understudied in nephrology. The vasa recta 398

appears to be correctly reconstructed from the main vessels, 399

and we were able to characterise it using 3D metrics. The use 400

of metrics in each of the renal zones enabled us to compare 401

the behaviour of microbubbles in the different structures of the 402

kidney. Moreover, an innovative glomerular mask was adopted, 403

uniting microflow velocity with the PAS. This straightforward 404

method enables a precise quantitative evaluation of glomerular 405

Fig. 8. Comparison of the main structures between 3D sULM and
micro-CT imaging on the rat kidney. a) 3D sULM, b) Micro-CT.
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physiological parameters—an important stride towards GFR406

estimation.407

One of the main limitations of this study lies in the408

specificity of the metrics used for each of the applications.409

It would be important to test each metric under various condi-410

tions such as: pre-clinical and clinical settings, and evaluating411

performance across healthy organs and pathologies.412

Another limitation stems from the absence of a readily413

applicable technique for direct comparison with 3D sULM’s414

high resolution. Micro-CT imaging, the closest candidate,415

presents challenges due to its invasive nature, potentially416

causing discomfort to animals and consequently compromising417

contrast fixation.418

Finally, the low-threshold spatiotemporal filtering allowed419

us to observe very slow flows in the cortex and medulla.420

Nevertheless, we observed a loss of signal from microbubbles421

in the center of the vasa recta (medulla). In our opinion, this422

decrease in intensity is due to the filtering, which considers the423

microbubble to be quasi-static and coherent (due to its high424

intensity), and therefore the microbubble signal and the tissue425

are indistinguishable entities during the process. The lack of426

precise localization could potentially result in pairing errors427

within the center of the medulla, creating a ”blurred” effect in428

this region. However, since the medullary region is a relatively429

understudied capillary complex, this remains a hypothesis that430

requires further investigation and verification.431

A. Perspectives432

The emergence of 3D sULM as a promising technique433

brings about new possibilities. Its non-invasive, in-vivo char-434

acteristics provide distinct advantages. As we delve into opti-435

mizing the use of 3D sULM to gain deeper diagnostic insights436

into various pathologies, it’s important to exercise caution437

and acknowledge the current limitations it carries. Important438

validation process involves ensuring its applicability across439

diverse biological systems and experimental conditions.440

Extending the visualization duration of microbubbles is a441

critical aspect of 3D sULM. It effectively transforms them442

into mobile pressure sensors, enabling dynamic adaptation to443

various environments during their prolonged journeys. This444

augmentation in acquisition time empowers microbubbles to445

explore diverse conditions, yielding a richer trove of informa-446

tion. From a technological standpoint, this advancement relies447

on faster and more powerful hard disks, allowing continuous448

acquisitions without inter-block waiting times, and enhancing449

the capabilities of 3D sULM.450

Additionally, faster computing capabilities would enable451

real-time processing and direct visualization of the acquired452

3D sULM data. This feature would be invaluable for guiding453

imaging procedures, allowing researchers to verify the quality454

of the data as it is being acquired, and potentially making455

adjustments on-the-fly to optimize the imaging process.456

Finally, to ensure accurate localization and tracking of457

both fast and slow microbubbles, there is a crucial need for458

more robust clutter filtering techniques. Deep learning-based459

filters, such as neural networks, offer promising solutions,460

harnessing their potential to effectively distinguish clutter from461

microbubble signals. Additionally, exploiting the non-linear 462

properties of contrast agents [30], [31] combined with sULM 463

can further enhance the filtering process. 464
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Cité), and specifically Lotfi Slimani for the micro-CT acqui- 468

sitions with the Skyscan 1172 Bruker. 469

This study was funded by the European Research Council 470

under the European Union Horizon 586 H2020 program/ERC 471

Consolidator grant agreement No 772786-ResolveStroke. 472

O.C. holds patents in the field of ultrasound localization 473

microscopy and is a cofounders and shareholders of the 474

ResolveStroke startup. 475

REFERENCES 476

[1] M. Lenz, A. Harland, P. Egenolf, M. Horbach, C. von Hodenberg, 477

P. Brinkkoetter, T. Benzing, P. Eysel and M.J. Scheyerer “Correlation 478

between kidney function and mortality in pyogenic spondylodiscitis: the 479

glomerular filtration rate (GFR) as new predictive parameter?,” European 480

Spine Journal, vol. 32, no. 4, pp. 1455-1462, Feb. 2023 481

[2] J. Kassirer, “Clinical evaluation of kidney function: Glomerular func- 482

tion,” New England Journal of Medicine, vol. 285, no. 7, pp. 385-389, 483

Aug. 1971 484

[3] M. Irazabal, L. Rangel, E. Bergstralh, S. Osborn, A. Harmon, J. Sunds- 485

bak, K. Bae, A. Chapman, J. Grantham, M. Mrug and others “Correlation 486

between kidney function and mortality in pyogenic spondylodiscitis: the 487

glomerular filtration rate (GFR) as new predictive parameter?,” Journal 488

of the American Society of Nephrology: JASN, vol. 26, no. 1, pp. 160, 489

Feb. 2015 490

[4] C. Errico, J. Pierre, S. Pezet, Y. Desailly, Z Lenkei, O. Couture, M. 491

Tanter, ‘Ultrafast ultrasound localization microscopy for deep super- 492

resolution vascular imaging,” Nature, vol. 527, no. 7579, pp. 499-502, 493

Nov. 2015 494

[5] K. Christensen-Jeffries, O. Couture, P. Dayton, Y. Eldar, K Hynynen, 495

F. Kiessling, M. O’Reilly, GM. Pinton, G. Schmitz, Tang MX and 496

others, ‘Super-resolution ultrasound imaging,” Ultrasound in medicine 497

& biology, vol. 46, no. 4, pp. 865-891, April 2020 498

[6] O. Couture, V. Hingot, B. Heiles, P. Muleki-Seya, M. Tanter, ‘Super- 499

resolution ultrasound imaging,” IEEE transactions on ultrasonics, 500

ferroelectrics, and frequency control, vol. 65, no. 8, pp. 1304-1320, Aug. 501

2018 502

[7] S. Bodard, L. Denis, V. Hingot, A. Chavignon, A. Aissani, O. Heleon, 503

D. Anglicheau, O. Couture and JM. Correas “Ultrasound localization 504

microscopy of the human kidney allograft on a clinical ultrasound 505

scanner,” Kidney International, vol. 103 no. 5, pp. 930-935, May. 2023 506

[8] L. Denis, S. Bodard, V. Hingot, A. Chavignon, J. Battaglia, G. Renault, 507

F. Lager, A. Aissani, O. Heleon, O. Couture and JM. Correas “Sensing 508

ultrasound localization microscopy for the visualization of glomeruli in 509

living rats and humans,” Ebiomedicine, vol. 91, May. 2023 510

[9] A. Chavignon, B. Heiles, V. Hingot, C. Orset, D. Vivien and O. Couture 511

“3D transcranial ultrasound localization microscopy in the rat brain with 512

a multiplexed matrix probe,” IEEE Trans on Biomedical Imaging, vol. 513

69, no. 7, pp. 2132-2142, Dec. 2021 514

[10] P. Blery, P. Pilet, A. Vanden-Bossche, A. Thery, J. Guicheux, Y. 515

Amouriq, F. Espitalier, N. Mathieu, P. Weiss, “Vascular imaging 516

with contrast agent in hard and soft tissues using microcomputed- 517

tomography,” Journal of Microscopy, vol. 262, no. 1, pp. 40-49, Nov. 518

2016 519

[11] B. Heiles, M. Correia, V. Hingot, M. Pernot, J. Provost, M. Tanter, 520

O. Couture, “Ultrafast 3D ultrasound localization microscopy using a 521

32x32 matrix array,” IEEE Transactions on Medical Imaging, vol. 38, 522

no. 9, pp. 2005-2015, Sept. 2019 523

[12] B. Heiles, A. Chavignon, V. Hingot, P. Lopez, E. Teston, O. Couture, 524

“Performance benchmarking of microbubble-localization algorithms for 525

ultrasound localization microscopy,” Nature Biomedical Engineering, 526

vol. 6, no. 5, pp. 605-616, Sept. 2022 527



9
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